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Preface

Vertebrate palaeontology is always in the news: aston-
ishing, ancient basal chordate and vertebrate fossils are
announced from China; fossil hunters argue about
which was the largest dinosaur of all, or the oldest
dinosaur with feathers; an ancient fossil bird is an-
nounced that adds 100 million years to their history;
ever-older specimens of human heings areunearthedin
Africa.

When I wrote this book in 1989, I felt that there wasa

need for an up-to-date account of what is known about
the history of vertebrates, but also for a summary of the
latest of these exciting discoveries, The first edition was
published in 1990. The second edition, substantially
modified, appeared in 1997. It offered extensive cover-
age of the new discoveries of the early 1990s, as well
as comprehensive cladistic coverage of the main verte-
brate clades, Since 1990, the book has hopped from
publisher to publisher: it was commissioned by Unwin
Hyman, who were soon after acquired by Harper
Collins, and their science list was in turn acquired by
Chapman & Hall, so the first edition appeared under
three publishers’ logos, in 1990, 1991 and 1995. The
second edition appeared with Chapman & Hall, but
they were then taken over by Kluwer, and this book was
marketed by their Stanley Thornes subsidiary for a
while, before passing to Blackwell Science in 2000. |
hope these wandering days are now over.

The first edition appeared in Spanish in 1995 ( Pale-
ontologia y evolucion de los vertebrados, Edition Perfils,
Lleida) and the second in Ttalian in 2000 ( Paleontologia
dei Vertebrati, Franco Lucisano Editore, Milano), and a
German edition is in progress. This is a measure of the
international appeal of vertebrate palaeontology and
the demand from students and instructors for up-to-
date information.

The story of the evolution of the vertebrates, the

animals with backbones, is fascinating. There is cur-
sently an explosion of new research ideas in the field—
the origin of the vertebrates, dramatic new fish
specimens unlike anything now living, the adaptations
required for the move on to land, the relationships of
the Palaeozoic and Mesozoic tetrapods, the origins and
biology of the dinosaurs, the role of mass extinctions in
vertebrate evolution, new Mesozoic birds, the earliest
mammals, ecology and mammalian diversification, re-
constructing the tree of life and reconciling morpho-
logical and molecular evidence, the origins and
evolution of human beings.

I have four aims in writi ng this book. First, | want to
present a readable narrative of the history of the ver-
tebrates that is accessible to any interested person,
whether having a professional or an amateur interest
in the subject. The book broadly follows the time-
sequence of major events in the sea and on land, so that
it can be read as a continuous narrative, or individual
chapters may be read on their own. I have tried to show
the adaptations of all major extinct groups, both in
words and in pictures,

The second aim is to highlight major evolutionary
anatomical changes among vertebrate groups. This
book is not a classic anatomy text and there is no space
togiveacomplete accountof all aspects of the hard -part
and soft-part anatomy of the major groups. However,

I' have selected certain evolutionary anatomical
topics, such as the vertebrate brain, the jaws of bony
fishes, tetrapod vertebral evolution, posture and
gait in archosaurs and endothermy in mammals, to
present an overview of current thinking, including
evolutionary and developmental aspects, where
appropriate.

The third aim is to show how palaeobiological in-
formation is obtained. It is important to understand
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the methods and debates,and not simply 1o assume that
all knowledge is fixed and immutable. To do this, I sum-

" marize in Chapter 2 the methods used by vertebrate

palaeontologists in collectingand preparing’the fossils,
in using them to Jearn about ancient environments,
biomechanics and palaeobiology, ar?d as evidence 'fnr
discovering parts of the great evolutionary tree aof life.
Then, throughout the text, I present short boxed t!w-
matic sections that are divided into three ca_:cgar_ms:
tree of life controversies (deuterostome relationships,
jawless fishes, sarcopterygians, basal tetrapods, am-
niotes, dinosaurs and the origin of birds, mo]tC!.llfll’
information on mammalian phylogeny, hominin
relationships), exceptional fossils or faunas (basal chor-
dates from China,a rich fossil deposit of early _mrapods:.
dramatic new discoveries of Cretaceous birds, fossil
mammals with hair, new basal humans fr(larn Chad)
and palaeobiology of selected unusual ancient v,:rte
brates (biology of ahelmeted fish, jaw action and diet of
dicynodonts, biology of a pack-hum'mg t%inasaur, ther-
mal physiology of the dinosaurs, hair in pterosaurs,
horse-eating birds, the earliest whales). 3
The fourth aim is to survey the present state of dis-
covery of the tree of life of vertebrates. The chn'io—
gramsare setapart from thebody of the textand fulllists
of diagnostic characters are given. In some cases, there
are controversies among palacontologists, or between
the morphological and the mu]ecu]al: results, and these
are explored. In many cases it was adifficult task to rep-
resent current views fairly, yet incisively. Some parts of
the tree appear to have been relatively stable fl?r ten
years or more, whereas athers are changing rapidly —
these aspectsare indicated. The c]adogramsti‘{mughout
the book may be linked to provide an overview of lh_c
vertebrate tree of life,and this is replicated in the classi-
fication (Appendix).

1 am indebted to many people. I thank Roger Jones
and Clem Earle of Unwin Hyman who commissioned
the first edition, and Ward Cooper of Chapman & Hall
whao steered the second edition through. The following
people read parts of the first and second edition_& or
made other valuable contributions: Dick Aldridge,
Peter Andrews, Chris Beard, Derek Briggs, Henri Cap-
petta, Bob Carroll, Luis Chiappe, Jenny Clack, Milfc
Coates, Liz Cook, Joel Cracraft, Eric Delson, Da?ld
Dineley, Susan Evans, Jens Franzen, Nick Fraser, Brian
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Gardiner, Alan Gentry, David Gower, Lance Grande,
tBev Halstead, Jim Hopson, Axel Hungerbiihler,
Christine Janis, Philippe Janvier, Dick Jefferies, Tom
Kemp, Zofia Kielan-Jaworowska, Gillian King, Liz
Loeffler, John Maisey, Andrew Milner, Alec Panchen,
Mike Parrish, tColin Patterson, Mark Purnell, Jeremy
Rayner, Robert Reisz, Bruce Rubidge, 1Bob Savage,
Pascal Tassy, Paul Sereno, Glen Storrs, Mike Taylor,
Nigel Trewin, David Unwin, Cyril Walker, Peter
Wellnhofer and Bernard Wood. For the third edition, [
thank Phil Donoghue and Kevin Padian for their help-
ful advice on how to update the second edition, as well
as Kenneth Angielczyk, David Archibald, David
Berman, Jenny Clack, Mike Coates, Joel Cracraft, Phil
Donoghue, Gareth Dyke, Andrzej Elzanowski, Susan
Fvans, David Gower, Lance Grande, Christine Janis,
Philippe Janvier, Jiirgen Kriwet, Adrian Lister, Luo Zhe-
Xi, Sean Modesto, Kevin Padian, Kevin Peterson, Mark
Purnell, Robert Reisz, Olivier Rieppel, Chris Stringer,
Bernard Wood and Adam Yates who read individual
chapters, and Bill Harrison and Hezy Shoshani, who
volunteered valuable comments. !

My special thanks go to three misfs. Libby Mul-
queeny (Belfast) who drew most of the diagrams for the
book in a frenzy of work, John Sibbick (Bath) who pre-
pared the spectacular chapter openers, and Debbie
Maizels (Surrey) for the new computer-generated

: artwork. T also thank those pecple, who are acknnwl
edged separately thranghaut lh'e boak, who mppfhl::
photographs and drawings. Finally, tha"k“ “’ pi
Francis and Delia Sandford at Blackwell Publishing for
commissioning the revision, Rosie Hayden and Harry

Langford for theircareful work on the text, and Cee Pike

for design work.

Michael |. Benton
March 2004
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2 Vertebrate Origin
KEY QUESTIONS IN THIS CHAPTER

1 Whatare the closest living relatives of vertebrates?

2 When did deuterostomes and chordates originate?

3 What are the key characters of chordates?

# How do extraordinary new fossil discoveries from
China help us understand the ancestry of vertebrates?

INTRODUCTION

Vertebrates areall the animals with backbones, the fish-
es, amphibians, reptiles, birds, and mammals. These
animals have attracted a great deal of study. The efforts
of generations of vertebrate palacontologists have
been repaid by the discovery of countless spectacular
fossils: the heavily armoured fishes of the Siluro-
Devonian, seven- aud eight-toed amphibians, sail-
backed mammal-like reptiles, early birds and dinosaurs
with feathers, giant rhinoceroses, rodents with horns,
horse-eating flightless birds, and sabre-toothed cats.
These fossils tell us where the living vertebrates have
come from, and they show us glimpses of different
worlds that seem so bizarre that they would defy the
imagination ofa science fiction writer. Despite all of this
information that has accumulated over the past 200
years, the origin of the group is hotly debated.

One thing is clear from examination of living ani-
mals. The vertebrates are members of a larger group,
termed the Phylum Chordata, and their closest living
relatives are marine animals such as the sea squirts and
amphioxus (see below). These creatures do not have
bone, one of the characters of most vertebrates, but they
share other features, such as a notochord, a flexible
tough rod that runs along the length of the body down
the back. The notochord in living chordates s generally
made from 25 outer sheath of collagen, a tough fibrous
connective tissue that encloses turgid fluid-filled
spaces. Chordates also have V-shaped muscle blocks
(myomeres ' along the length of their body. The ques-
tion about the origin of vertebrates then broadens out
to focus on the origin of chordates.

Looked at more widely, vertebrates are a minor twig
on the ‘Universal Tree of Life' (Figure 1.1). Molecular
studies through the 1990s (e.g, Woese, 2000; Wolf et al.,
2002) showed that previous conceptions of the tree

Mitochondria

Fig. 1.1 The'Universal Tree of Life’ the commanly accepted
view of the relationships of all organisms. Note the location of *
‘Animals, a minor twig in the tree, close to plantsand Fungi.
(Based on various sources.)

were wrong, and that the fundamental splits in the tree
oflifewereallamong Bacteria, separating the two major
groups Bacteria and Archaea. The familiar plants, ani-
mals and fungi are part of Eukaryotes, the major group
characterized by complex cells with a nucleus, relative
late-comers in the broad scheme of things.

Modern studies (e.g. Nielsen er al,, 1996) confirm
that a major clade within Metazoa, the animals, is Bila-
teria, supported by both morphological and molecular
evidence (Eernisseand Peterson, in press). The Bilateria
includes the bilaterally symmetrical organisms, com-
prising three clades: Lophotrochozoa (brachiopods,
phoronids, annelids, molluscs and many minor
groups), Ecdysozoa (arthropods, nematodes, pria-
pulids and some minor groups) and Deuterostomia
(echinoderms, hemichordates and chordates). The
arigin of vertebrates has long been a profound mystery,
but now some clarity is emerging.

The purpose of this chapter is to explore the various
lines of evidence that can be used to reconstruct the
story of the origin of the vertebrates: the study of
modern animals that are vertebrate-like in some fea-
tures, the study of molecular rel ationships, and fossils.
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1.1 SEA SQUIRTS AND THE LANCELET

There are two basal groups of living chordates, the sea
squirts and the cephalochordates (amphigxusl. Am-
phioxus certainly looks superficially ﬁsh—llkF. but the
adult sea squirts could hardly look like less likely rela-

tives of the vertebrates!

1.1.1 Urochordata: seasquirts

Atypical sea squirt, or tunicate, is Ciona(Figure 1.2(a)),
which lives attached o rocks in seas around the w?rid,
it is 3 100150 mm 1all bag-shaped organism -wnh a
translucent outer skin (the wnic) and two openings, or

siphons, at the top. The body is firmly fixed to a hard
substrate. 4
The internal structure is fairly complex (Figure
1.2(b)). A large pharynx fills most of the inrurnallspace,
and its wallsare perforated by hundreds of gill slits, ea;h
of which bears a fringe of cilia, fine hair-like vibratile
structures. Seawater is pumped through the inhalant
siphon into the pharynx by beating movements of the
cilia, and the water is then passed through a surround-
ing cavity, theatrium, and ejected through the exhalant
siphon. The pharynx serves mainlyto capture foad pa r-
ticles from the stream of seawater that flows th rough it.
The seawater is drawn into a filter bag of mucus, which
is produced inside the phm bya gland k.nown asthe
endostyle. During feeding, this gland continuously se-
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Muddy sediment

{a)
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dorsal nerve cord

e |
fin-ray boxes 10 mm

(o)

cretes mucus into the oesophagus, together with the
food particles that it has filtered from the seawater, and
the food is passed to the stomach for digestion.

Why is Ciona identified as a chordate? The pharynx
and other structures are in fact very like those of the
cephalochardates and lamprey larvae, but further evi-
dence is to be found in the larval stage, when the sea
squirt is a tiny free-swimming tadpole-shaped animal
with a head and a tail. The larval sea squirt (Figure
1.2(¢)) hasa notochord that runs along the tail, and this
identifies it as a chordate. There are muscles on either
side of the notochord that contract alternately, cansing
the tail to beat from side to side, and this drives the ani.
mal forward in the water. The larva has a dorsal nerve
cord, running along the tail just above the notochord,
and this expands at the front info a very simple brain
which includes a light sensor (an ‘eye’) and a tilt
detector,

The larva then settles on a suitable surface. It up-
ends on to the tip of its ‘snout” and attaches itself by
means of adhesive suckers (Figure 1.2(d)). The noto-
chord and tail portion wither away, and the pharynx
and gutexpand to fillup the body cavi ty. This extraordi
nary metamorphosis accurs rapidly to allow the adult
to start feeding in its new way as soon as pussihle.

1.1.2 Cephalochordata: amphioxus

Another chordate generally reckoned to be related
closely to the vertebrates is the amphioxus or lancelet,

s
)zi%%} 20NNy,

iz

endostyls

pharynx

Fig. 1.3 Amphioxus,a cephalochordate:
(3) modes oflife, including swimming and
burrowing into sand for protection; (b)
internal anatomy. (Modified from Pough
etal, 2002 and other sources.)

buccal cirri

Branchiostoma, a representative of the Cephalochor-
data (or Acraniata). The adult amphioxus is convinc-
ingly chordate-like, being a 50 mm long cigar-shaped
animal which looks likea young lamprey or eel, yet Jack-
ing a head. Amphioxus swims freely by undulating its
whole body from side to side, and it burrows in the sed-
iment on the sea-floor (Figure 1.3(a)).

Amphioxus feeds by filtering food particles out of
the seawater. Water is pumped into the mouth and
through the pharynx by cilia or the gill slits, and food
particles are caught up in a bag of mucus produced by
the endostyle, the feeding system seen also in tunicates
and in the larvae of the lamprey. The mucus with its
contained food particles is pulled into the gut for diges
tion, whereas the seawater passes through the gill slits
into the atrium. Oxygen is also extracted, and the waste
water then exits through the atriopore,

The anatomy of amphioxus, with its pharynx,
notochord, dorsal nerve cord, myotomes, and
endostyle (Figure 1.3(b)), is typically chordate.
Swimming and burrowing are by means of lateral
contractions of the myomeres acting against the stiff
rod-like notochord.

1.2 PHYLUM HEMICHORDATA:
PTEROBRANCHS AND ACORN WORMS

Another unusual group of living marine deuterostomes
may offer further clues about the origin of the chor-
dates. These are the hemichordates, a phylum that in-

A haia!
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Fig. 1.4 Typical hemichordates: (a) ‘l anatomy. { Modified from Jefferies, 1986.)

Saccoglossus, mode of life and external
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live in burrows low on the shore in Europe and else-
where. Saccoglossus (Figure 1.4(c)) has a long muscular
proboscis that fitsinto a fleshy ring or collar behind. The
mouth is placed beneath this collar, and seawater and
sand are pumped through the gut and expelled through
an anus at the posterior end of the body. The long body
is pierced by small holes at the front end, probably
equivalent to the gill slits of Cephalodiscus, sea squirts,
and amphioxus.

It was suggested that the Pterobranchia and En-
teropneusta should be regarded as two separate,
but closely-related, groups (Peterson, 1995), although
more recent molecular work (Winchell et al,, 2002)
concurs with morphological data (Smith etal., in press)
that Hemichordata is indeed a valid phylum, and
more closely related to echinoderms than to chordates.
Hemichordates do not have a notochord at any stage,
but they possess gill slits, as in chordates, and giant
nerve cells in the nerve cord of the collar region that are
probal::lyequi'vnlcnno similar nerve cells in amphioxus
and primitive vertebrates. Both pterobranchs and en-
teropneusts share morphological characters indicating
monophyly of the Hemichordata, such as the stomo-
chord (an anterior buccal tube on the dorsal partofthe

pharynx) and mesocoelomic ducts.

1.3 DEUTEROSTOME RELATIONSHIPS

The relationships of chordates used to be rather prob-
lematic, but intensive analyses of morphological and
molecular data have shown a clearer picture (Eernisse
and Peterson, in press: Smith er al,, in press). The Phy-
Ju1:n Chordata is part of a larger clade, the Deuterosto-
mia, which in turn is part of a yet larger clade of all the
bilaterally symmetrical animals, the Bilateria (see p-2).
But what exactly diagnoses the Deuterostomia? The
clue comes from embryology, the study of the early
phases of development in, and just out of.‘thr egg.

1.3.1 Embryologyand the position of the anus
In early development each animal starts as a single cell.

fScmn this o:y begins to divide, first into two cells, then
our, then eight, sixteen, and so on (Figure 1.5(a—)).

Eventually a hollow ball of cells is produced, called the
blastul; stage (Figure 1.5(d)). A pocket of cells then
moves inwards, forming the precursor of the gut and
other internal structures. The opening of this deep
Puc!cel is called the blastopore. You can imagine push-
ing in the walls of a hollow rubber squash ball with your
thumb to produce a model of this embryonic pattern,
known as the gastrula stage (Figure 1.5( e-g)).
Embryologists noticed some time ago that animals
fall into two large groups depending on the relative ori-
.ematiun of the mouth and anus. The classic story is that
in most invertebrates (the protostomes), the blasto-
pore becomes the mouth (Figure 1.5(h)), whereas in
ot?'ners (the deuterostomes), including the chordates,
this opening becomes the anus (Figure 1.5(i)), and the

blastopore =
mouth

{ .

secondary mouth  blastopore — anus
(i)

secondary anus
{h)

Fig. 1.5 Embryonic development: (a—g) sequence of cell
division inamphioxus, from the single-cell stage (a), through

the blastula stage (d), to the gastrula stage (g). (h) Fate of the
blastophore in protostomes, and (i) in deuterostomes. [Figures
(a-g), after Hildebrand and Goslow, 2001, copyright © 2001 John
Wiley & Sons, New York; (h, i), after Jefferies, 1985, |

Tl e
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mouth is a secondary perforation. Such a dramatic
turnaround, a switch from mouth to anus, seems in-
credible. Note, however, that many protostomes show
deuterostomy, and this condition may be primitive and
shared by all Bilateria (Eernisse and Peterson, in press).
Nevertheless, this peculiarity of embryological devel-
opment appears to solve the question of the broader re-
lationships of chordates.

1.3.2 Relationships of the Deuterostomia

The deuterostomes are the phyla Chordata, Hemichor-
data and Echinodermata. Another minor phylum, the
Chaetognatha, or artow worms, was formerly included
here, but they show more protostome than deuteros-
tome characters. The closest major group of living rela-
tives of the chordates and hemichordates are thus the
echinoderms—sea urchins, star fish, sea lilies, and sea
cucumbers.

Can the status of the Deuterostomia be confirmed?
The assumption is that Deuterostomia is a mono-
phyletic group, or a clade, in other words, 2 group that
had a single common ancestor, and which includes allof
the descendants of that ancestor {see p.31). The mono-
phyly of the Deuterostomia is confirmed by the fact that
they possess unique characters that are not seen in other
animals (Smith et al, in press): a posterior blastopore
that generally becomes the anus, gill slits (present only
in precursors of the echinoderms) and other characters.
There has been some dispute over the relationships of
the taxa within Deuterostomia (see Box 1.1), although
this is now largely resolved.

The chordates all share several unique features
such as a notochord, a dorsal hollow nerve cord with a
shared developmental pattern, an endostyle organ
(equivalent to the thyroid gland of vertebrates), and a
tail used for swimming. It is generally reckoned that
only chordates have true tails. A tail technically may be
defined as adistinct region extending behind the viscer-
al cavity, and in particular located entirely behind the
anus. Non-chordates, such as insects, worms, molluscs,
jellyfish, and sea urchins, do not have tails. What of the
fossil evidence?

1.4 CHORDATE ORIGINS

There are many putative early fossil chordates,and their
numbers have grown hugely since 1995, with the
announcement of remarkable new finds from the
Chengjiang Formation of China, an Early Cambrian
deposit (see Box 1.2). These new specimens, combined
with studies of modern forms, give clues about the early
evolution of chordates, but there are many disputes.

1.4.1 Diverse early chordates

There are four main categories of possible early
chordates: possible urochordates, possible cephalo-
chordates, vetulicolians, and carpoids. At one time,
conodonts, represented in the fossil record generally
only by their tooth elements, were treated as dubious
chordates. Conodonts are now placed firmly within the
Vertebrata, as jawless fishes, asare some of the taxa from
Chengjiang, such as Haikouichthys and Myllokunmin-
gia(see Chapter 3). .

Urochordates have a patchy fossil record. Isolated
impressions of sac-like bodies, and trace fossils, mark-
ings made in or on the sediment by the activities of ani-
mals, have been ascribed to tunicates, The best fossils
dre small sac-like specimens from Chengjiang, Shank-
ouclava, that shows a large perforated branchial basket,
branchial slits, and an elongate endostyle (Chen er al.,
2003). There is also a possible degenerating tail, sug-
gesting this might be a larva that had just settled (cf.
Figure 1.2(d}).

The fossil record of cephalochordates is not much
better. The Chengjiang locality has also yielded a
a superficially amphioxus-like cephalochordate,
Cathaymyrus, as well as the yunnanozoons, which have
also been identified as cephalochordates, although
others assign them to the Vetulicolia (see belowl. In
the absence of hard tissues such as bone, these non-
vertebrate chordates are not often preserved.

1.4.2 Vetulicolians and yunnanozoons

The Vetulicolia is a newly-named group, one of the
most extraordinary findings from the Chengjiang
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PW BOX 1.1 DEUTEROSTOME RELATIONSHIPS

Three substantially different schemes for deuterostome relationships have been propased. The ‘traditional view (e.g. Maisey,
1986, Peterson, 1995; Danoghue et al., 1998; illustration (a)) was to place the hemichordates as basal to chordates since th ey
bath share ciliated gill slits and giant nerve cells, as well as other features, which are not seen in echinoderms. Enteropneusts
were sometimes said to be closer relatives of chordates since their gill slits are similar, they have a very short dorsal hollow
nerve cord, and a number of other features of the gut not seen in pterobranchs (Peterson, 1995 ). Mast authors regard
amphioxus as the closest relative of the Vertebrata on the basis of 1015 features that are not seen in tunicates.

The ‘calcichordate’ model (Jefferies, 1986, 1997; illustration (b)) places hemichordates basal to echinoderms and uro-
chordates as sister group to vertebrates, based on evidence from embryology and fossils.

The third view {illustration (c)) is supported by morphological and molecular dataand is now widely accepted (Smith etal.,
inpress). The first molecular studies in which the 18 S tRNA genes of echinoderms, hemichordates, and chordales were com-
pared were inconclusive, but newer work (e.g. Bromham and Degnan, 1999; Cameron et a/., 2000: Peterson and Eemisse,
2001; Furlong and Holland, 2002; Winchell et af., 2002) definitively pairs hemichordates with echinoderms, as the clade Am-
bulacraria, and places cephalochordates closer to chordates than urochordates. See Box 3.1 for phylogeny of Vertebrata.

HEMICHORDATA HEMICHORDATA
= 1
g P

e @
EES e LT R 2
ST &L L S

<

E H
D CHORDATA D CHORDATA
A Cc ; G DEXIOTHETICA
A DEUTEROSTOMIA A DEUTEROSTOMIA I = AMBULACRARIA
{a) (b) (c}
Cladog howing the relati ip oimemamdeutemslmneoroups:[a}|he‘traditiunal"mm!al.{b)the‘cmcrchordare'muual,andmlhe
lecular model. S phies.ABEUTERBSTOMIA,blastonnrcbewmesanusduriug‘ lop . bipartite I, mesocoelomic

ducts; B, stomochard, paired gill slits; €, multiple pairs of gill slits, pharyngeal slits U-shaped, dorsal holiow nerve cord, preoral ciliary organ,
mouth anteriar and ventral and anus posterior and ventral or dorsal, multiciliated cells: B CHORDATA, notochord present and not attached to
qut, darsal hallow nerve cord with newural-plate stage in development, endostyle organ, atrue tail used in swimming: E, digestive caecum, open
capillary junctions, somites present, lateral-plate mesoderm. neural tube difterentiated into grey and white matter, cerebral vesicle in brain;

F. ciliated extensions of the mesocoel either absent or present as water vascular system (but not as lophophore), anus not anterior and dorsal:
G DEXIOTHETICA, dexiothetism (rotation and partial loss afright side of precursor form), stane canal, calcite skeleton internalization of
protostome; H, specialized olfactory areas in buccal cavity, hind-tail tripartite, dorsal longitudinal canal connected with notochord: |
AMBULACRARIA, trimeric arrangement of the adult coelom, axial complex with hydropore, dipleureula larva with neotroch

S

Formation, and still highly controversial. The group
was named by Shu etal. (2001) on the basis of three gen-
era, Vetulicola, Xidazoon and Didazoon (Figure 1.6(a,
b}). These animals look like sausage balloons, knotted
in the middle: the body is in two parts, with bulbous

sections in front of, and behind, a flexible connection.
There is a large mouth with a strengthened rim, and
preserved internal structures include the guts and a
possible endostyle, Both parts of the body appear to
be crossed by transverse bands of tissue. On the
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BOX 1.2 THE CHENGJIANG FOSSIL SITE

The Chengjiang fossil site in Yunnan Pruvir_tc
tionally preserved organisms, falling early mf
ent levels through several hundred metres 0

I-known Burgess ‘Shale, a b
thought ta correspond to the already wel . iddle G I
ous gxcep\'mnaﬂy preserved arthropods and the putative chardate Pikaia. Chengjiang,
middie of the Early Cambrian, some 525-520 Myr ago.

however, is older, dating from

V tulicolian Xidazoon (a), and the basal vertebrate Myllokunmingia (b), both facing right. Scale barsin
ures 1.6 (b) and 3.1(a). (Courtesy of Shu Degan.)

Typical Chengjiang fossils, the i
millimetres. Compare with interpretive drawings in Fig

e, south-west China, is exciting bewuse.it is one of the ulde§t sources of e:};e;
the great Cambrian radiation of animals in the sea, The_x fossils come f;(é!;l e
mainly fine-grained sediments. When the sﬁg was discoverad, nj 1984, itw ¢
iddie Cambrian locality in Canada that has yielded numer:

the
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The Chengjiang site is rich, havi
: , having produced more than 10,0
;n;z!z ol'ta,r'rhmpods (trilobites and trilobite-like forms) spun;;eg Ub?pec
euterostom icoli . :
i Es, such as the vatullcqlrans andyunnanozoons (Figure 1 7). aswell =
s are like Burgess Shale animals, but others, such as -f).as well as the first fishes (Shu, 2003). Some of

animals lived on the bott e ; the basal deuterostomy i
om of the sea-bed, filtering organic matter from the sedimen‘luT:esrlesi‘:‘:a ?[:;I;jmque. o Yok
. loaters and swim-

mers, and some of rthropods we,
The E:mangjia:qml:terl\g ‘asrgf: ;reymrnap rine mll:jcf“eaﬁypredalors, S ey i et
udstones that prese i :
placed by phosphat ; 1t presserve soft issues of many animals in exquisite detail
phateand others by pyrite. Some soft tissues survive as thin organic ﬁl?:sy ﬂ‘mﬂ‘;:fri:;;"s&de"'quISItlg koedreslag
2 iment waathers on con-

tact with the air to a IIGhl grey ol oW colou! € 10 S may also e
%, s ’yell W colo r, and th i T
) i details i 1 i ek f sis” y also be arey, or sometimes reddish, and with internal

imens, and the fauna consists of 90
_ 0r more specie:
achiopods, worms, and other groups, including pop:sih;

Read more at http://palaeo.gly.bris.ac.uk/Pal

Paleozoic/Cambrian/Chengjang.htmi aeofiles/Lagerstatten/chngjang/index himi and http://www. palaeos.com/

(b)

Fig.1.

dorsal nerve cord
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ve. absc‘nce of a notochord in vetulicolians is '
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en, 2001; Mallatt and Chen, 2003), The other te
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Fig. 1.7 Phylogenciic ree of the extant
deuterostomes, with suggested locations of

the major fossil groups.

chordates (Shu et al., 1996), and then downwards as
basal deuterostomes allied to the vetulicolians (Shu
et al, 2003b). The problems revolve around different
interpretations of coloured blobs, lines, and squiggles
in the fossils. There are plenty of fossils—literally
thousands —but anatomical interpretation is cr itical.
Haikouella and Yun are 25-40 mm long,
and preserved as flattened bluish-grey to black films on
the rock. Chen efal. (1995) wereable to seea notochord,
a filter-feeding pharynx with an endostyle, segmented
musculature, and branchial arches, all chordate charac-
ters. Chen et al. (1999) and Mallatt and Chen (2003)
went further, identifying an enlarged, possibly three-
part, brain and paired lateral eyes in Haikouella, hence
indicating it might have had a distinctive, enlarged
head, a key feature of vertebrates. Shu et al. (1996)
argued, however, that there is no notochord, and that
this tubular structure is actually the gut. In addition,
they suggested that the segmented musculature was
wrongly identified. In contrast, they claimed to see key
hemichordate features in Yunnanozoon, and especially
that the budy is divided into three parts from front to
back, a proboscis, a collar, and a trunk that is divided
into a branchial and a gut region, just s in the living
acorn worm (Figure 1.4(c)). Shu (2003) and Shu et al.
(2003b) subsequently noted similarities between the

ok

&

i

yunnanozoons and the vetulicolians, and moved them
down from the hemichordates to a basal position,
among deuterostomes (Figure 1.7): they could see no
evidence of a notochord, a large brain, lateral eyes, or
any of the other chordate features previously reported.

143 Carpoids

The fourth group of putative fossil chordates is much
more diverse. The carpoids, sometimes called sty-
lophorans or calcichordates, are a group of about 60
species of asymmetrical organisms that had a calcitic
{calcium carbonate) outer skeleton of a particular kind
in which the mineral is pierced by numerous small
holes. They date from the Middle Cambrian to Middle
Devonian (520-370 Myr). They consist of two parts
(Figure 1.8), a compact body portion and a long seg-
mented appendage. Most authors have interpreted the
carpoids as aberrant echinoderms, but Jefferies (1986,
1997) argued strongly that theyarea mix ofbasal echin-
oderms, cephalochordates, sea squirts, and vertebrates.
There are four criticisms of Jefferies’ (1986, 1997) ‘calci-
chordate” hypothesis.
1 Morphological and molecular phylogenetic analyses

agree on a tree of living forms (Box 1.1) that does not
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Fi9.1.8 The carpoid Mitrocystites mitra from the Mid-
Ordoyician of Bohemia (Czech R public), dorsal view, shy
the calcite plates that compose the body and the flexible‘arm’
folded over at the top. Scale, specimen isabout 30 mm long.
(Courtesy of Bernard Lefebvre. )

&

currespond to the requirements of the ‘calcichordate’
hypothesis.

2 Much of the ‘calcichordate’ hypothesis depends on
interpretations of anatomical structures that are dis-
puted. For example, Jefferies (1986, 1997) interprets the
carpoid appendage as a tail, whercas his critics call it a
locomotory stem or feeding arm. A major opening in
the body is called a mouth by Jefferies, and an anus by
others. He interprets a series of openings as pharyngeal
gill slits, whereas others call them inhatant respiratory
pores.

3 Thetheoryalsoinvolvesa number of major character
losses. The calcite skeleton of the carpaids and echino
derms wasapparently lost three times, on the linesto the
cephalochordates, tunicates, and vertebrates. [t is more
Pparsimonious (economical) to assume that the calcite

skeleton of echinoderms (and carpoids) evolved once
and was not fost,

4 The carpoids have been determined as a mono-
phyletic group (Ruta, 1999), sharing the flattened ‘bag-
like' shape, the appendage, and numerous details of the
plates that caver the body, and the various openings. If
the group is monophyletic, and that is debated, it can-
not be distributed in different places all through the
phylogeny of deuterostomes.

The postulated presence of gill slits in carpoids
(Jefferies, 1986, 1997) is potentially interesting, as
these could then be seen as a deuterostome character
that was subsequently lost in the echinoderms, If then
we are not descended from carpoids, where did the
chordates come from?

L.4.4 Developmentand vertebrate origins

The development of living vertebrates and basal chor-
dates indicates a great deal about their ancestry.
Embryos may be sliced thinly on a microtome, rather
like a mini salami-slicer, and three-dimensional recon-
structions are made from tracings of the thin-sections
by computerized methods. In addition, and most im-
portantly, studies of the g allow developmental
biologists to relate specific anatomical structures ta
genes. In many cases, they have found that genes that
code for particular organs or functions are shared
amongwidely different species that may have had enor-
mously long independent histories. So, hypotheses of
homology between organs can be tested by identifying
shared genes, and recent work on amphioxus has been
remarkably informative (see Box 1.3).

These recentstudiesshed light onan older theory for
the origin of vertebrates, that we arose ultimately from
the sea squirt tadpole. [n the 1920, the distinguished
zoologist Walter Garstang noted the similarities be-
tween the larval sea squirt (Figure 1.2(c)), adult am-
phioxus (Figure 1.3(b)) and vertebrates. The sea squirt
tail seemed to him to be a transient appendage that
evolved as an outgrowth from the body to ensure wide
dispersal of the larvae before they settled. Garstang
(1928) proposed that the evolutionary link between the
sea squirts and all higher chordates is through a process
termed paed phosis, the full develop of the
gonads and reproductive abilities in an essentially juve-
nile body. According to his view, an ancient sea squirt
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notochord.

There are many examples of such shared developmental genes. The expression patterns of amphioxus homologues of
the genes called Distal-less, Otx, Hox-1and Hox-3 have indicated that the amphioxus nerve cord, which has no obvious
divisions except for a slight anterior swelling, has counterparts of the vertebrate forebrain and hindbrain. Expression of the
genes Pax-1, Pax-2/5/8and Brachyury homologues has sup ported the homologies of amphioxus and vertebrate gill slits and

Soeventhoughamphioxus adults haveavery simple brain, and simple sense organs (the ‘eye spot’), the genes are shared,
and phylogenetic precursors of vertebrate brain regions, eyes, and other organs are there in amphioxus. Even that most typi-
cal of vertebrate organ systems, the skeleton, has its gene and marphological precursors in amphioxus.

Most importantly, amphioxus shares embryonic cells that are hamalogous with the neural crest of vertebrates. The
neural crestwas thought to be a unique developmental feature of vertebrates, and indeed it is a developmental pracursor of vir-
tually all the distinctive vertebrate characters. The neural crest starts asagroup of cells that forms an either side of the devel-
oping spinal cord and migrates to all areas of the body, providing the starting point for much of the head and face, and
contributes to many other parts of the body such as the skin, nervous system and limbs, producing the cranial nerves, the fin
rays, the pharyngeal gill skeleton, and other key vertebrate characters. The genes distal-less, snail, Pax-3/7 and Msx are ex-
pressed in migratory embryonic cells of amphioxus as well as in the neyral crest of veriebrates, so the gene homologies point
to morphological homologies, and indicate the evolutionary source of the neural crest.

Read more about amphioxus development at, mtp:flacadsmjc.umpuria.edu!simnﬂverstrudarrmoﬁel.nun.

and the neural crest at hitp:/Awww.teaching-biomed.man.ac.uk/moran/intro.itm and
hrtp‘ﬂanatomy.med.unsw.edu.au!cblfembryofﬂoﬂesmmst,mm, and the song ‘It's a long way from amphioxus', sung to the
tune of ‘It's a long way to Tipperary’, with audio performance, at hittp:/rvrwiw flounder.com/amphioxus. htm.

larva failed to metamorphose and became adult (i.e.re-
productively mature) as a swimming larval form. This
elegant theory, however, is rejected by recent molecular
phylogenies of tunicates that suggest their developmen-
tal characters are unique and did not give rise to the
vertebrates.

1.5 VERTEBRATES AND THE HEAD

The vertebrates, the major group of chordates, form
the subject of this book. They have sometimes been
termed craniates since all forms, including the hag-

fishes and lampreys, have specialized head features (the
cranium, the skull). The term vertebrate is better
known, so will be used here, following recommenda-
tions by Donoghue et al. (1998).

The basic vertebrate body plan ( Figure 1.9) shows
all of the chordate characters so far described—
notochord, dorsal nerve cord, pharyngeal ‘gill’ slits,
postanal tail, myomeres, and so on. The special verte-
brate characteristics include a range of features that
make up a true head: well-defined Sensory organs
(nose, eye, ear) with the necessary nervous connections,
the cranial nerves, and the olfactory, optic,and audiro-
ry {otic) regions that make up a true brain. Larval sea

o[ b TRUNK HEAD
R 1 =
g/’. = e i 2>
~ anus  kidney slomach liver pharynx horny ietical ‘hasic”
non-mobile gonad | fokochond - Redst with gill teeth Fi9-1.9 The hypothetica b?m
%ﬂ:lﬂr:agmous s slits Lor il vertebrate body plan, shown in
w; . - . .
> s i oo 0% lengitudinal section, (Afier Jefferies,
cord 1986.)
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squirts and amphioxus have an expansion oi;he:::':
cord at the front end and all the vertebrate cellan =
sOry Ofgan Systems, as we hav.vt seen, but these are
developed to the same level asin vertebrates.

1.6 FURTHER READING

You can read more about the palne(lnlol?gtc:l:. El'n.b:;:;
ological, and molecular dehat_es concerning Z oralge“
of chordates and vertebrates in Gee (1996) an :\: Pde.
in Ahlberg (2001). Jefferies ( i98§) presents furtl er.m'
tailed information on this topic, and fmkyes ?n 1; 5

passioned case for the role of carpoids in linking

echinoderms and chordates. Peterso,n (1995) _;.“gue;
trenchantly against the ‘calcichordate hyput‘hﬂ-!s.f a;;
Holland and Chen (2001) give a good review o b:) ::
origin of vertebrates. You can ﬁ'nd out more a‘.ﬁud
modern invertebrates,and in partlculartltf)secla.s.\n el :
as deuterostomes, in Barnes etal. (2001), Nielsen (200 ;
or Brusca and Brusca (2003). T!!: embryology an ;
anatomy of modern vertebrates is covered by nl'l(an);
zoology texts, such as Romer and Parsons ( l*ﬂ'}ﬁ),‘u {;:1:*;
and Miller (1997), Hildebrand and Goslow (21 ‘.
Kardong (2001), Liem et al. (2901) and Pough ft a;
(2002). Cracraft and Donoghue (in pres_&] pre_sv:vla fa rse
view of current thinking on the relationships of t
major clades of chordates.
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[ KEY QUESTIONS INTHISCHAPTER —

1 How do you set about digging up a dinosaur?

2 What do you do with the bones when you have them
back in the laboratory?

3 How do vertebrate palaeontologists reconstruct life
scenes from fossilized bones and teeth?

4 How canyou use clues from ancient bones and teeth to
work out what happened between the death of the animal
and burial in the rock?

5 How can palaeontologists work out how ancient ani-
mals used their limbs and jaws?

6 How are organisms classified, and how do fossils help
us work out the shape of the tree of life?

INTRODUCTION

Most people are introduced to vertebrate palaeontol-
ogy at an early age when they see dinosaurs in a movie,
ina colourful book, or ata museum. Children are famil-
iar with the principles of vertebrate palaeontology.
They know that the bones are preserved in the rocks,
and that teams of enthusiasts dig up the skeletons and
string them together in a museum. They know that
skilled artists work with palaeontologists to produce
lifelike paintings and animations of life as it was mil-
lions of years ago. They may also know alittle about how
palaeontologists study the phylogenetic relationships
of the exotic menagerie of the past, how the rocks are
dated, how the continents used to be distributed across
the globe, and how the functions of extinct organisms
may be inferred.

Vertebrate palacontologists have to be familiar with
abroad range of skills in geology and biology in order to
work effectively. In this chapter, an outline is given of
some aspects of field collecting, fossil preparation, and
skeleton restoration. In addition, the geological topics
of taphonomy, time, continental drift, and palaeocli-
mates are outlined, and the methods of phylogeny re-
construction and functional morphology are
introduced.
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2.1 DIGGING UP BONES

Everyone has seen dinosaur digs on television, even if
they have never participated in one. It is usually as-
sumed that the enthusiasts who dig up dinosaurs and
later study them are paid handsomely by their respec-
tive benevolent governments. This is rarely the case.

2.1.1 Collecting fossil vertebrates

Thebones of fossil vertebrates have been collected from
many sites around the world. New localities are occa-
sionally discovered by chance, hut most excavation is
now carried out in places that are already well known
for their fossils. Collectors focus on rocks of the right
age and of the right type. If theyare seeking dinosaurs,
they will choose to investigate rocks dated from Late.
"Triassic to Late Cretaceous in age. They will, of course,
search only in sedimentary rocks, and in particular
rocks deposited in ancient lakes, rl"(ers, or deserts. If -
their interest is fossil sharks, théy will usually investigate
sediments laid down in ancient seas.

Large fossil bones are generally located by prospect-
ing. The collector walks back and forwards over likely
areas of rock that are being eroded away by water or
wind, either in ‘hadland’ areas or on coasts, Erosion is
necessary to expose fresh remains. Once the collectors
find broken and disturbed pieces of bone (Figure -
2.1(a)), usually small fragments, they follow them back
uphill to their source. There may be a portion of limb
bone or a rib poking out of the side of the slope, Then
the collectors must try to assess the nature and size
of the specimen and how it is lying, so that they can plan
the excavation.

Excavation of large vertebrate skeletons is a labori-
ous and expensive process. Earlier collectars, such as
the dinosaur and mammal bone hunters of the *heroic’
period of 1880-1910 in North America, employed
hordes of labourers who extracted huge bones at in-
credible speed, but with little regard for their context.
Excavators usually take more care now. The rock
overlying the skeleton, the overburden, is stripped off
using mechanical diggers, power drills, picks and ham-
mers, or even explosives and bulldozers. Once a level
just above the skeleton has been reached, the excavators



Fig. 2.1 Dinosaur digging in the Lower
Cretaccous of Alberta, Canada- (a) Phil
Cu{rrif (right) and a park ranger inspect
arich dinosaur bonebed ai Dinosaur
Pruv?ncia] Park (all the irregular blocks
are dinosaur bones); (b) digging away the
overburden, and clearing the rock with

:r . ic drills; (c) mappi g the
istribution of bon,

et es. (Photographs by

ST b

A

switch to smaller power drills, hammers, and small
picks (Figure 2.1(b)). The skeleton is exposed from the
top and the bones are cleaned up with needles and
brushes, and protected with soluble hardening com-
pounds.

Throughout the excavation, the diggers note the
arrangement of the bones, and any other associated fos-
sils. The whole dig is often recorded on film. It is also
useful to have a geologist present who can interpret the
sedimentary context of the skeleton. Once the skeleton
is exposed, it is mapped in detail (Figure 2.1(c)).

The bones must somehow be removed safely from
the site. The excavators first isolate each bone, or group

Fig. 2.2 Excavating dinosaurs in the
Lower Cretaceous of Alberta, Canada: (a)
Linda Strong protects some hadrosaur
bones with bandages soaked in plaster
(note the tail scgment and the dorsal
vertebral column at the right); (b) shifting
the blocks for transport back to the
laboratory. (Photographs by M]B.)
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of bones, on an island of sediment around which they
dig trenches. Each block is covered with wet paper or
foil, to act as a separator, and then capped with several
layers of sack-cloth (burlap) soaked in plaster (Figure
2.2(a)). Large blocks are strengthened with wooden
beams. The excavators burrow underneath the plaster-
capped mounds, and attempt to break through the
pedestals beneath them, but well below the bones. They
then clear out the sediment from behind the bones,and
plaster over the base. Each bone, or group of bones, is
now entirely enclosed in a plaster shell, and the blocks
can be moved safely. Plastered blocks may weigh several
tonnes, and they have to be hauled out of the site, often
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by hand, until they can be loaded on vehicles for trans-
port to the museun (Figure 2.2(b)).

Fossil vertebrates are collected in many other ways.
For example, fish specimens are often preserved on
well-bedded rocks that were laid down in ancient lakes
or seas. The rocks may be fine-grained, and they may
break into large slabs. Collecting in these cases consists
simply of splitting slabs, and saving those that contain
bones.

Many small fossil vertebrates are found only as iso-
lated bones and teeth. In certain sedimentary settings,
skeletons are tumbled together and broken up. The
bones and teeth may be concentrated at particular
levels, often in small channel-like pockets. In cases such
as these, palacontologists dig out the whole bone-
bearing layer, and they may sieve it on the spot, picking
out the identifiable bones and teeth, or they may trans-
port sacks of bone-rich sediment back to the labaratory
for processing.

2.1.2 Preparationand conservation of bones :

Thekeywork follows in the laboratory, where the fossils
are made ready for study or for exhibition. There are
now many professional palaeontology preparators
and conservators, and the techniques available have
advanced enormously in recent years. The important
puint 1o remember is that information is lost at every
stage in the process of excavation and preparation, and
the good technician seeks to minimize that loss.

Back in the laboratory, the plaster jackets are cut off
the large bones, and the difficult job of preparation
begins. The general idea of preparation is to remove the
sediment from the banes so that they may be studied.
Conservation includes the treatments applied to bones
so that they may be handled and stored without fear of
damage. A variety of hand-held chisels, needles, me
chanical drills, and brushes may be used to remove the
sediment (Figure 2.3(a)). Airbrasive treatment may be
applied, a system that blows fine abrasives in a focused
blast of air at the specimen. If the bones are contained in
limestone, then the blocks may be soaked in dilute
buffered acetic or formic acid to remove the sediment.
This technique can produce spectacular results, as there
is no risk of mechanical damage to the bones, although

there is a risk that mineralized traces of other, non-
skeletal, tissues may be etched away.

The bones are generally strengthened by coatings of
synthetic compounds that are readily soluble in acetone
oralcohol. These consolidants have replaced the rather
crude glues and varnishes that were used in the past, all
of which suffer from problems of decay, and that cannot
be removed readily toallow further cleaning and prepa-
ration. Much of the work ina museum laboratory isalso
concerned with conserving the fossils that were col-
Jected long ago, and that fall apartas a result of chemical
changes in the bone and sediment.

Specimens of fossil vertebrates preserved on slabs
are usually prepared mechanically, and the skeleton
may be left on the slab, as the sediments provide a stable
support. Sediment with small bones and teeth, mi-

crovertebrate remains, is processed in the laboratory in
various ways to extract the fossils. If the enclosing sedi-
ment is limestone, then acid treatment is effective. If
the sediment is unconsolidated, then simple washing
and sieving may be enough to extract the bones (Figure
2.3(b)).

2.1.3 Displayand study

Bones of spectacular new species of fossil vertebrates, or
unusually complsic specimens, may be prepared for
display. The bones are strung together on metal frame-
works or, more frequently, casts are mounted with in-
termal supports. Casts are made in tough lightweight
materials, such as fibreglass, from moulds of the origi-
nal specimens (Figure 2.4(a)). Most fossil vertebrates,
however, are never displayed, but are reserved solely for
study. The specimens may be studied at once by scien-
tists in the institution that did the collecting, or they
may be preserved in the museum collections for later
work. In any case, museums have a duty to conserve
their specimens in perfect condition, and to maintain
full documentation about their holdings. Palaeontolo-
gists find vul abour the location of specimens from
published descriptions of fossils and from various
paper and electronic information services.

In studyinga new fossil skeleton, the palacontologist
generally tries to reconstruct the animal as it was. This
may beadifficult job.Ifthere isa relatively completeand
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Fig. 2.3 Backin the laboratory:(a)
preparation of dinosaur specirmens at the
Royal Tyrrell Museum of Palaeontology.
Drumheller, Alberta, Canada, usinga
dental drill to remove rock matrix from
the banes; (b) Rachael Walker adjusts an
automated sieving machine for processing
sediment containing microvertebrate
remains, designed by David |. Ward, in the
Palaeontology Laboratory, University of
Bristol, UK. ( Photographs by MJB.)

undamaged specimen, the paiaeontolugis}: may be able
totest the fitof the bones directly. Itis possible to sl':-:t to-
gether the bones of the skull like a three-dimensional
jigsaw,and to test the stance of the limbs, to some extent,
by fitting the bones togetherend 1o cnd,_ More normally,
the palaeontologist must use in formatmr} tfmm several
specimens in order to recanstruct the orzgmﬂ appear-
ance of an undamaged skeleton. In matching up tfones.
allowances must be made for different sized amm".\]s.
and in difficult cases scale models may be made of miss-
ing bones. Extensive restoration is possible because ver-

tebrate skeletons are bilaterally symmetrical, and hF-
cause many bones, such as vertebrae and ribs, occur in
repeating or gradually changing series.

Most fossil skeletons have been compressed or
broken up, either before being buried [physimrl damage.
scavenging). or after being buried (comp ression of the
rocks, chemical effects). The palacomolo?ys( must rec-
ognize this damage,and try to correct for it by restoring
missing parts of bones and making careful measured
drawings and models to remove the effects of

distortion.
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dinosaur braincase, (Photographs by MJB.)

AcFu rale reconstructions are the basis of further
study in vertebrate palacontology. The palaeontologist
pul?nlishcs adetailed description of all the bones that ;n;e
available, and givesa reconstruction of part,orall,of the
s.kciemn, Clearly, illustrations are important, and pub-
lished descriptions are accompanied by dram:ings {P Fig-
ure 2.4(b)) and photographs. These then form the basis
for more artistic renditions of the animal in life, eiti';e;
as pen sketches (look at the examples by John Sibbick in
this book), as colour paintings, as Slillli(,‘ and maovin
m_miuls. or as animations. The dinosaurs of Waiking
with Dinosaurs (see Box 2.1 ) looked so good because usf'

the c.‘ombmed m wi 0 5
putof kab)" alaeont
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Fig. 2. chni i i
g-2.4 Further techniques for studying fossil vertebrates: {a) casting some dinosaur vertebrae;

(b) dmwing the posterior view ofa

2.2 GEOLOGY AND FOSSIL VERTEBRATES

Fossil vertebrates are found in rocks, and those
rocks can offer a great deal of information on 1.!.1c
death and burial of organisms and on the environ-
ments they inhabited, their age, and their former geo-
graphical location. These are all aspects of geological

study.
2.2.1 Taphonomy

The mode of !:uuriaI and preservation of fossils, their
taphonomy, is important in their interpretation.
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BOX 2.1 WALKING WITH DINDOSAURS

The BBC series, Walking with Dinosaurs, was the most successful science documentary series ever made: since 1997, ithas °
been seen by over 200 million people in nearly every country in the world. The series of six programmes was con ceived by Tim
Haines afew years after he had seen Steven Spielberg's Jurassic Park(1993), in which a clever mix of computer animation and
models gave the first glimpse of what might be possible. Older dinosaur films had used plasticene modelsor lizards with card-
board crests stuck on their backs. Haines reasoned that the new computer animation techniques would allow him to make
films ahout dinasaurs that would be sa lifelike that they were like wildlife documentaries.

There were six programmes: the Late Triassic of North America, the Late Jurassic dinosaurs of the Morrison Formation, the
Late Jurassic marine reptiles of Europe, the Early Cretaceous of Australia, the Early Cretaceous pterosaurs of Brazil, and the
\atest Cretaceous of North America. In each programme there were six or seven featured organisms. Each of these was stud-
ied in depth by consultant palaeontologists and artists, and a carefully measured clay model (maquette) was made. This was
the basis for the animation. The maguette was laser scanned, and turned into a ‘stick mode!', which could be moved in the com-
puter to simulate running, walking, jumping, and other actions. All aspects of lacomotion and feeding were developed In con-
sultation with relevant palasontologists from all over the world.

The story board was planned in detail for each programme and, while the models were being developed, BBC film crews
went round the world to film the background scenery. Places were chosen that had the right topography, climatic feel, and
plants. Where dinosaurs splashed through water, or grabibed a branch, the action (splashing, movement of the branch) had to
be filmed. Then the animated dinosaurs were married with the scenery in the studios of Framestore, the company that made
the computer effects. This is hard o do, as shadowing and reflections had to be added, so the dinosaurs interacted with the
backgrounds. If they run through a forest, they have to disappear behind trees and bushes.

The programmes were controversial. Some palaeontologists argued that the whole concept was impreper as it mixed
mavements and behaviours for which there is strong fossil evidence with imagined colours and sounds. They were right, but
boring. Most palaeontologists celebrated the accuracy and beauty of the work, and were glad that 200 million people had had

the chance to see the results of their labours.

Find out more at http://www.bbc.co.uk/dinosaurs/ and my ac-
counts of how palacontologists worked with film producers to
make the series, as well as a defence of the whole enterprise, at
http://palaeo.gly.bris.ac.uk/dinosaur/walking.html.

The dinosaur Coelophysis from the first Waiking with Dinosaurs
programme about the Late Triassic of North America. In this image, the
background is real —it is the modem Atacama Desert in Chile. The skull in
the dirt is a plaster cast, and the di isa computar-g d image.
{Courtesy of Tim Haines, image ©B88C 1999.)

Taphonomy is the study of all the processes that occur
between the death of an organism and its final state in
the rock. In most cases, these processes ensure that the
dead animal is not preserved, but is eaten or rots away.
When a fossil is preserved, it has usually passed through

a series of stages (Figure 2.5): (1) decay of the soft tis-
sues; (2) transport and breakage of hard tissues; and (3)
burial and modification of the hard tissues. Vertebrates
are reasonably well represented in the fossil record be-
cause they have hard parts, bones and teeth, made from
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i l Burial
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Complete disappearance
of bones

transport

apatite. In rare cases, when decay is prevented, soft parts
may be preserved. iy
Vertebrate bodies decay as they are valuable sources

of food for other organisms. When large animals feed
on the flesh of a dead vertebrate, the process is te;‘mcd
scavenging, and when microbes transform the tissues
the process is termed decay. In terrestrial settings -.‘ar—‘
casses may be picked over by large scavengers éu]ch as
hyaenas and vultures, and when they have had their ﬁHl
§n1a!I!('r animals, such as meat-eating beetles, may mov;
n. §i milar processes occur under water. '

’ The style of decay by microbes depends on a variety
af chemical conditions, particularly the supply of
oxygen, the pH, the temperature and the nature of the
tnic carbon in the carcass. Decay may be slowed

cownin the absence of oxygen, for L-xamplc) on the deep
sea-floor, or in a stinking black pond. In such condi-
'.J‘:‘n?, whole fishes and other animals may be preserved
‘r:r.mvciy intact. Acid conditions, as are found in peat
bags for example, may also prevent decay. Well-known
examples of vertebrates preserved by acid conditions
are Ih_:: famuus‘bog bodies’ of northern Europe, human
remains that are preserved in their entirety, even if the
bones may have dissolved and the flesh is somewhat
leathery. Most soft tissues are made of highly volatile
forms of carbon, in other words materials that decay

Fig. 2.5 Taphonomic processes affecting
afossil vertebrate, from death, through
scavengingand decay, through t
and burial, to eventual discovery hy;

palacontologist,

readily. Less volatile forms of carbon may survive for
longer.

. Certain vertebrates are found in situations of excep-
tional fossilization, where early mineralization has pre-
served even the soft tissues. Typically, the soft tissues are
replaced by pyrite, phosphate, or calcite. More unusual
examples include preservation in amber, in ice, or in
asphalt. Examples of exceptional preservations are

described later in the book (see pp. 9,86,269).

In more normal situations, where scavenging and
decay have taken place, the surviving hard parts are usu-
ally transported by water or wind to their final resting
p.]ilct.'. Transport processes (Figure 2.5) generally disar-
ticulate skeletons, that is, break them up. Further trans-
port frequently causes fragmentation or breaka ge al;d
abrasion, when angles and sharp projections are \::orn
duwn_ by physical processes (Figure 2.6).

After transport, the specimen may be buried, Fur-
ther damage may then occur, such as compaction l;y the
weight of overlying sediment. Hollow parts may col-
lapse, and complex elements will be distorted. After
burial and collapse, the organism may be aﬁ‘cc;ed b
f:hemical changes, involving the transport of chemiczl:
in solution within the buried sediment. Minerals
tend to crystallize out in cavities within bones, and

complex sequences of such infilling minerals may be

ke S T

S |

Weathering stage

Stage 4

Fig. 2.6 Abrasion stages of a bone depend upon theamount of
transport and physical battering, Sharp edges and processes are
Lot the siarface is polished, and the bone eventually beeomesa
bone pebble (Stage 4). Weathering progressively cracks the
surface layers of bone off. (Courtesy of Liz Cook.)

observed in cut sections of fossil bone. Compaction
during uplift or folding of the rocks may further distort
or compress fossils. These are examples of diagenesis,
the physical and chemical processes that occur within
sediment or rock.

2.2.2 Continental drift

One of the most dramatic changes that has taken place
through geological time (see Box 2.2) is continental
drift, the movement of continents and oceans relative
to each other, The idea that the present layout of conti-
nentshad not always been the same was suggested in the
19th century, when some geographers noted how the
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Atlantic coasts of South America and Africa could be
fitted together like giant jigsaw pieces.

In 1912, Alfred Wegener marshalled a great deal of
geological and palacontological evidence in favour of
continental movements. He focused in particularonan
ancient supercontinent called Gondwana [Figure 2.7).
Palaeontologists had found similar fossil plants, mem-
bers of the Glossopteris Flora, and reptiles, such as the
dicynodont Lystrosaurus, in rocks of Permjan and Tri-~
assic age in Africa, South America, India and Australia.
The small freshwater reptile Mesosaurus from the Early
Permian was known only from a limited area on the
coasts of Brazil and west Africa. The normal explana-
tion at the time was that these plants and animals had
been able to travel great distances between those south-
ernparts of the world. More difficultto explain was how
the Late Permian Glossopteris Flora could exist both in
the southern hemisphere and across the equator in
India. = <

Wegener argued that the southern continents_had
once been united, and the Permo-Triassic plants and
animals had more limited geographical ranges. He
recognized a northern supercontinent called Laurasia,
and he showed that Gondwana and Laurasia together
formed " single global supercontinent, Pangaea,
which lasted from the Late Carboniferous to the Late
Triassic. . g ~

Wegener's ideas were not uniformly welcomed at the
time because the driving force for continental drift
could not be identified. The motor was discovered
about 1960, however, as a result of geological investiga-
tions of deep ocean floors. Fresh oceanic crust was
found to form from molten rock along the mid-oceanic
ridges, and the ocean floor was moving apart slowly
and evenlyaway from these ridges. Earth's crustis divid-
ed into a number of plates, some major ones corre-
sponding to the continents and oceans, and many
minor ones.

The mechanism driving continental drift is termed
platetectonics. Molten rock, magma, circulatesin great
gyres beneath Earth's solid crust, moving upwards and
leaking out through the mid-oceanic ridges, and then
moving sideways away from the ridges, tending to pull
the thin oceanic plates apart. The magma circulates
downwards close to the thicker continental crust. The
circulation is driven by convection of heat from the

i
;s
|
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Fig. 2.7 Reconstruction of Gondwana as
it was from the Late Carboniferous to the
Late Triassic, based on the work of Alfred
Weg: howing how this arr

of continents makes sense of the
distributions of Permian reptiles such as
Mesosaurus, Permian plants such as

AUSTRAUA Glossopteris, and Triassic reptiles such as

L usand Cynognath

F BOX2.2 GEOLOGICAL TIME

Eart!r is immensely ancient, and yet the history of Earth, and the history of life, have been punctuated by so many crises and dra-
matic changes that it is possible to find markers that are the same worldwide. This means that geologists can correlate rocks
andestablish an agreed chranology of events throughtime. Geologists began to realize this 200 yearsago. Atfirstthey saw thai
panicgiqrassemb lages of fossils were always found together: they were not scattered randomly through the rocks in different
a_ssocratmns. These principles of relative dating, (1) the recognition of repeated fossil assemblages, and (2) their identifica-
tionas chgracieristic of particular time units, give a basis for the standard international gealogical lim.e-scale.

.Early in the twentieth century, numerical or absolute dating became possible using the newly discovered property of
rad_:olacﬂww. Some chemical elements exist in an unstable radioactive condition. This means that they decay aver time,
emitting _radmacﬁvity and changing from one elemental form to another. The decay process, in which the parent elemeni
changes into the daughter element, miay last for a matter of hours, for thousands of years, or for billions of years. It is possible
10 assess when half the parent has decayed, and the time this takes is called the half-life. Geologists compare the relative
amounts of parentand daughter element in particular igneous rocks, rocks formed by crystallization at high temperatures, and
they compare the ratios to the known half-lives fo establish the absolute, or exact, age in millions of years. '

_ The_ longest stretch of geological time is the Precambrian, representing most of the history of Earth, from its origin, through
its coonng, the origin and early history of life. The last major segment of geological time is the Phanerozoic (‘abuna'am life")
eon, the time during which fossils are abundant and document the well-known history of major modern groups, including the
vertebrates. The Phanerozoic is subdivided into three eras, the Palaeozoic ('ancient life’), Mesozoic (‘middle life’), and Ceno-
2oic (‘recent life"), and these in turn are divided into periods, such as Cambrian, Ordovician, and Silurian, and epochs, such as
P_aleucene. I_Encene, and Oligocene. The epochs are further divided into ages and zones, based on the distributions of- single fos-
sils, or specific assemblages, and zones may represent time intervals of as little as 100,000 years. In practice, rocks are dated
inthefield by means of fossils, and then numerical ages can be added here and there where there isan appropriate igneous rock

band, for example, a layer of volcanic lava,

S R
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Eon Era Period Epoch gea‘;?nzling
(Myr)
Cenozoic Era Y y
Quaternary Period
Holocene Epoch 0.01
Pleistocene Epoch 18
Tertiary Period
Pliocene Epoch 5
Miocene Epoch 24
Oligocene Epoch 34
i Eccene E;:nach 55
2 Paleocene Epoch 65
g Mesozoic Era
g 3 Cretaceous Period 144
Jurassic Period 200
Triassic Period 251
Palaeozoic Era
Permian Period 290
Carboniferous Period . 354
Devor{ian Period 417
Silurian Period 443
Ordovician Period 495
Cambrian Period 545
Precambrian 4560
The geological time-scale, showing the main divisions ql geological time. and current nm.nerica‘ ape dates, based onthe E:::g::; Socety of
America 1999 time-scale, with dates for the Tnassic revised. Full version available at hittp://www.geoSOCiety Org/science
timescl.htm

centre of the Earth, Where oceanic crust meets conti-
nental margins, the sideways movements may contixT—
ue, hence opening the ocean further, or the oceanic
plate may dive down beneath the continental plate,
forcing up mountain ranges, such as the Andes. Where
continental plates collide, they may move past each

ather jerkily, asalong the $an Andreas fault,or lhf:y may
force into each other, as with the Himalayas, raised by
India’s continuous movement northwards into the
main Asiatic land mass.

Continental drift is critical in the history of the ver-
tebrates. The geography of Earth has never been stable,
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and it seems that, through time, the continents have
amalgamated and divided several times. Most is known
about the break-up of Pangaea since the Triassic, but it is
possible to make good estimates of continental recon-
structions back through the Palaeozoic. Continental
drift has affected animal and plant distributions: ranges
are sundered at times, and brought together in unpre-
dictable ways. Dinosaurs evolved in a world on one su-
percontinent, and they could move freely all over
Pangaea. By the Cretaceous, however, their moverments
became restricted, and local, or endemic, faunas are
found in South America, Africa and India, During most
of the Cenozoic, South America was an island, but 3
million years ago, the Isthmus of Panama was formed,
and a great exchange of land animals took place,
with profound effects both north and south (see pages
320-2),

2.2.3 Ancient climates

Climates of the past were very different from those of
today, and continental drift has played a major part. For
example, parts of north-west Europe and North
America that are now temperate lay south of the equa-
tor in the early Palaeozoic, moved across the equator in

the Devonian and Carbaniferous, and finally moved
out of tropical latitudes after the Triassic. The plants
and animals, as well as the rocks, show the major
changes in climate that resulted from these moves, On

Iand,therewcreaztirncsabundantamphibiansandrep—

tiles, living in lush tropical rain forests, At other times,

vast deserts covered those areas, and vegetation was

sparse, Coral reefs ringed the continents, and exotic

fishes swam in the shallow waters,

The evidence for ancient climates is derived
from detailed study of the rocks and fossils at particular
sites. Many sedimentary rocks are excellent indicators
ofclimate. For example, beds of coal indicate the former
existence of lush humid forests. Red-coloured sand-
stones and mudstones, showing cycles of dramatic
flooding, and then mudcracked surfaces, suggest
that there were monsoonal climates, Irregular lime-
stone bodies in ancient soils, termed calcretes,
also indicate dramatic seasonal rainfall and rapid evap-
oratian, as a result of monsoons. Ice scratches on rocks,

—

and glacial tills, faceted and striated racks and dust
ground up by moving glaciers, show that conditions
were cold.

The positions of the continents affecied ancient clj-
mates in more dramatic ways. At times when there was
no land at the poles, climates seem to have been rather
uniform worldwide. The reasoning is that land at the
poles is covered with snow and ice in winter. The white
colour of the ice reflects sunlight, and makes the land

surface even colder, so theice survivesth rough the polar -~ =

summer, and in fact grows progressively. The process
does not begin if there is only salt water near the poles.
This was the case during the Mesozoic, and it seems that
the temperature difference from the equator 1o the
poles was much less than it is today. This meant that
dinosaurs were free to wander over a wide band of lati-
tudes, and they seemingly did, because both Arctic and
Antarctic dinosaurs have been found. Increasingly
through the Cenozoic, and today, climatic bands devel-
oped, and most plants and animals are much maore re-
stricted in the zones they can occu py.

2.3 BIOLOGY AND FOSSIL VERTEBRATES

It is great fun to speculate about haw ancient
animals lived. It is important though to temper this
urge to speculate with the application of method,
wherever possible, so that other scientists may repeatan
analysis. There are now a number of analytical
techniques for studying functional morphology and
palaeoecology.

2.3.1 Functional morphology

The first question that people ask about any fossil
vertebrate is ‘what did it do?’ Just how did the heavily
armoured Devonian fishes manage to swim? Why
did some mammal-like reptiles have massively thick
skull roofs? What did Stegosaurus use its back plates
for? Why did sabre-toothed cats have such massive
fangs?

These are all questions of functional morphology,
the interpretation of function from morphology, the
shape and form of an animal. The main assumption
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If there are no close living relatives, or if the living
::lhdves are bv:ry different from the fossil species, then
ere may be problems. The extant ph i
bracket (EPB, Witmer, 1997) may help. 'I'ﬁe };L‘:::;?:;
l.ht? EPB is simple: even if a fossil form s distant from
living forms, it will be bracketed in the phylogenetic
tree by some living organisms. So, it would be wrong to
interpret all dinosaurs in terms of their descenda:'ts
ll'-lC birds, but, in the evolutionary scheme of thin ’
dinosaurs are bracketed by birds and crocodiles _’?:
any character shared by both crocodiles and b.irdS‘
such as e!ir sacs in the head region, is likely to have bcer;
pmt in dinosaurs, even if air sacs have never been
seen in a fossil. In comparing the Eocene elephant with
modern elephants the EPR highlights one problem: it
cannot be assumed that the Eocene elephantshadall rim
Ic]haracters of modern forms, as some characters may
: :;e heenacquired between the Eocene and the present
In some cases, of course, the fossi is enti
diﬂ'e'rem from modern animals ﬁ:nh:rl:::?u;s:t:l:;:g
relatives Ehat are close enough phylogenetically. An
cx.:cmple is the group of giant marine reptiles called
pliosaurs (see p. 245) that lived in Jurassic and Creta-
Ic,::.s sca: These animals ( Figure 2.8(a)) had massive
o s and short necks, and long wing-like paddles.
ey do not have any close living relatives, but com-
parison with modern marine predators suggests that
pliosaurs fed on other, smaller, marine reptiles, as well
as fishes apd ammonites, coiled swimming molluscs
the':':l; [[:illnsaur skul[ may be miterpreted by means of

s mapim;}ch in functional morphology, which

Pk ::; anical models (Taylor, 1992). The jaw

Pl . : )) may be compared to a lever, and calcula-
g r.); hmade of d:e_ forces acting to close the jaw,
s ngesint e shapes of jaws in ancient herbivores and

rmvu.rcs can often then be understood in terms of
adaptations to achieve a stronger bite at the front of' the
r:out‘h. or perhaps to evolve an efficient grinding and

:h e?vm g syslerr_l further backin the mouth. In pliosaurs,

: € jaw was designed to clamp shut with huge force an;i.

‘a prevent the prey struggling free. I
m;::?:ﬂple of the pliosaur jaw, with an elevated coro-
e .;:c near one ‘end has been compared to an
g ica swmg_ bridge (Figure 2.8(c)) that is

¥ 1ts own weight when it is open. Similarly, the

—

layout of bones in the skull may be interpreted in te
of the stresses acting in different directions in a b 9o
thetical model of a bax with holes, The skull andﬂ;&
structure suggests that pliosaurs used their head: iw
powerful twisting movements to tear off flesh (Tayl 5
1992). These kinds of biomechanical studies are myu?:::
enhanced by the application of simple mathematical
mod'efs.' The weakness of these kinds of functional
studies is that .lhey are not scientific, even though they
:1_1ay be quantifiable. Searching for plausible explana-
ions may generally reveal the truth, but there is no
h)_rpothe'nils-!estmg. Ultimately, of course, when deali
wlnh extinct organisms, it is hard to know how to dev'ng
:;l:ctly ]::slabie hypotheses, because we will ne\:::
Wk - 3
it dt a particular Devonian fish or pliosaur
Conclusions in functional morphology may be
cher:kn'rd by the use of information from the contc);t f
a fo‘ssd. Pliosaurs, for example, are always found :
marine sed.imems. associated with other smaﬂ::
:;mnne reptn!es and fishes. Their skeletons often lie in
eep-sea sediments that apparently lacked oxXygen, so
the carcasses clearly fell from higher, oxygenated \'ua-
ters. This confirms that pliosaurs were frte-swim;nin
predators, and the associated fossils show some pussibtg
elements of their diet. Some skeletons preserve reme
na:ts of stomach contents, and fossil dun 2, copmlitts-
::J:pﬁsed plesiosaur vomit (7 vomitite) are als(;
S b.e"i:lretare ﬂ:ven some specimens of plesiosaur
i uis .oo marks that precisely mateh those of

2.3.2 Palaeoecology

E-n:ml vertebrates lived in communities in which some
animalsate others, some specialized in ealingp‘lrticul;
?lams, and others suffered from particular parasite 'r
Some fossil vertebrates lived in damp tropical f’l‘lljts::
whereas _clh_crs preferred to burrow in temperate f.o.ilsl
or [0 swim in deep cold seas. Just as today, organ.ism;s‘
have :flway“s interacted in different way.s‘ with othc}
organisms, and with the physical environment. The
study of ancient modes of life and interactions is
PM“'BT- and the focus of study may be a single
animal or awhole community.
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Unlike work on modern ecology, the palacontologist
has to work with one hand tied behind the back. It is
obvious that specimens of any particular species will be
incomplete, and palacontologists can never see the
animal in action. Also, the collection of fossil plantsand
animals from any particular site is likely to be incom-
plete, and biased: the relative numbers of fossil speci-
mens of different speciesare unlikely toreflect their true
abundancesiin life.

Nevertheless, much canbe done. The modesoflife of
individual species of fossil vertebrate can be deduced
from their bones and teeth. If there are enough speci-
mens of some of the species, detailed measurements
may show sexual dimorphism, thatis, two sets of adult
individuals, one presumably female, and the other
male. Sometimes, juveniles are found, and these can
show how the animal grew up. If several different
species are found together, it may be possible to work
out which ate what, and to draw up a food web (see Box
4.4). The food web should include plants, insects, and

other animals, as well as the vertebrates. The whole as-
semblage of organisms that lived together in one place
at one time, the community, can be compared in detail
with communities from other localities of the same age,
and with similar communities through time, Some
communities remain fairly constant, although different
species may take the key rolesat different times. In other
cases, New communities arise, or communities can be-
come more complex, for example, with the invention of
new modes of life such as tree-climbing, flight, burrow-

ing, or mollusc-eating.

2.4 DISCOVERING PHYLOGENY

The basis of all studies in palaeontology is the tree oflife.
All organisms, living and extinct, are linked by a single
great branching tree, or phylogeny. Living organisins,
from viruses and slime moulds to humans and oak
trees, and all known fossil species, are related to each
other. This means that they can be traced back through
numerousancestors, toa single common ancestor of all
life, ‘The fossil evidence suggests that life originated at
least 3500 million years ago, and that is probably when

the common ancestor lived.
It is clearly impossible to discover the entire phy-

logeny of life because so many fossil species are prob-
ably missing, and indeed so many living species have
not yet been studied (perhaps only 5-10% of living
species have been named) Palaenntologists and biolo-
gists concentrate on disentangling parts of the tree of
life, and this has now become a major research direc-
tion, There are two principal analytical techniques for
establishing the relationships of vertebrates and their
relatives, cladistic analysis of morphological data and
molecular phylogeny reconstruction. The purpose of
the following account is 1o introduce some general con-
cepts and terminology, not to providea primer of how
to generate phylogenies. That is covered elsewhere

(see section 2.6).

2.4.1 Cladistics

Cladistic analysis of morphological characters is the
main technique used for studies of the relationships of
living and fossil vertebrates. The result of a cladistic
analysis is a cladogram, such as those in Figure 1.7. A
cladogram is a branching diagram that links all the
species, living and fossil, that are under investigation,
and the branching points, or nodes, mark points at
which shared characters arose. A cladogram is not an
evolutionary tree because there is no absolute time-
scale although the refariveorder of nodesis shown. The
cladogram shows the closeness of relationship, or re-
cency of a common ancestor shared by twa species, by
the arrangement of the groups—the claser they are to
each other,and the shorter the linkinglines, the closer is
the postulated relationship.

A dladogram is constructed after an assessment of
characters. [t is important to find shared derived char-
acters (synapomorphies), features that are shared by
two or more species, but nothing else. Synapomorphies
are distinguished from primitive characters, which may
be widespread outside the group under study. When
Jefferies (1986, 1997 and Peterson (1995) were trying
to sort out relationships within the Deuterostom ia

(Figure 1.7), they looked for features that would sup-
port particular pairings of groups. Jefferies (1986,
1997), for example, argued that most of the calcichor-
dates and the chordates shared a tail, a feature not seen
in other groups. Peterson (1995), on the other hand,
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noted that hemichordates and chordates share gill slits
a unique character of these phyla. ;
The key to distinguishing synapomorpbhies, charac-
ter_s that are potentially useful in cladistic analysis, from
primitive characters is outgroup comparison. The out-
group consists of everything that lies outside the group
under study (the ‘ingroup’). In the analyses of deuteros-
tome relationships, the outgroup consists of all non-
deuterostomes, anything from banana trees to clams
worms to viruses. For practical purposes, the outgrou;;
is usuef[ly selected as organisms that are closely related
to the ingroup, so that meaningful comparisons can be
mladle. The tail and the notochord are synapomorphies
within Deuterostomia, because other animalslack these
characters. Other features shared by all deuterostomes,
such asa gutand a nervous system, are useless in rev:on—’
?rmct1ng their phylogeny as members of the outgroup
C;:l.ag]:a ;:::15. arthropods, molluscs) also have these
. Character jiiscavery and analysis is a complex and
time-consuming business. The cladist studies the
fmam.m?v of all the organisms of interest in detail
identifying unique and shared characters. There are m::

monophyletic group

=
A A

© no character A

paraphyleti
3 H_Pi"l;ﬂ\lf Emup y

obj'clctive rules about what is and is not a character I ?
lnnk]ng at theropod dinosaurs and basal birds w-mﬂ : !
specimens have feathers and others do not, Du‘es un: 2
mdcesmg[e chamcter—feathers(prr&em.abscnt)—-o :
look into the anatomy in much more detail, and identir |
fy. several kinds of feathers, from full flight feathers 1, ; i
wispy down ‘hairs) and several detailed aspects of hthc| -
anatomy of the feathers under the micrm‘mpe?(:harace i
ter states are generally coded 0, 1,2 . . ., and listed in; ; !
data matrix, a table of species/specimens versus cha ;
acters. Well-established computer programs, such :s
PAUP, hennig86, NONA, MacClade, and others, are
used.m process the data matrices and extract paltv.‘r;s f
relationships that are expressed as trees, ;
Derived characters indicate whether is 18
mon.ophyleﬁc. that is, it arose from a singillegal;:;l:tol‘: 4§
and includes all living and fossil descendants of that
ancestor (Figure 2.9(a)). Most familiar named groups
of animals are monophyletic groups (also terms =
clades): examples are the Phylum Chordata, the :
Subphylum Vertebrata, the Family Canidae ( dogs; and
50 on (see Box 2.3). All members of the clade sln,re at
least one derived character. ‘

AA A

Fig.2.9 Cladograms showing (a)a

maonophyletic group, (b a paraphyletic
group,and (c) a polyphyletic group,and
the presence and absence of hypothetical
characters A and A" (charactor A'is
convergent on [very similar 1o] character
A). In the monophyletic group (a),all
species have character A, a symapomorphy
of the clade. In the paraphyletic group ( h)l.
some species have lost the synapom orphy
Aby transformation (e.g. the k:mlinou;‘
scales of reptiles are transfurmed into
feathers or hair). In the polyphyletic
group (¢), the apparent shared characters
(A, A’) are convergences and the ultimate
common ancestor of the two clades lacks
that feature.

N
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B0OX2.3 CLASSIFICATION

ed according to a system established by Carolus Linnagus (or Linné) in 1758. Each distinguishable form is
s name, such as Homo sapiens, Tyrannosaurus rex, and Canis lamiliars. The gener-
The specific name is second, and ithas a lower case letter. Generic and specific names

Animals are classifi
given a genus (plural, genera) and speci
ic nameis first, and it has a capital letter.
are always shown in italics, or underlin ed.

Living species are defined according to the biologic:
naturally interbreed, and produce viable (i.e. fertile) offs

al species concept, as all the members of different populations that
pring. In practice, of course, taxonomists do not carry out intricate
breeding experiments, and they apply the morphological species concept, which defines a species in terms of unique char-
acters. This is close to the phylogenetic species concept, thata species isasmall clade of diagnosable geographical forms of
the same basic kind. Palagontologists use the morphological and phylogenetic species concepts.

Species are grouped together in genera, and each genus may cantain one or more species. Genera are then grouped in
families, families in orders, and so on. This pattern af inclusive hierarchical grouping reflects the splitting pattern of evolution,

and the way that evolution is represented in a cladogram. The basic traditional classification of humans is:

Order
Class
Subphylum
Phylum
‘Superphylum’

Kingdom Animalia

Family

Vertebrata
Chordata

Deuterostomia

sapiens
Homo
Hominidae

Species

Genus

Primates
Mammalia

-

Traditional classifications of vertebrates and other
groups often include non-monophyletic groups, al-
though these should be avoided wherever possible. The
commonest examples are paraphyletic groups, which
include only the most primitive descendants of a com-
mon ancestor, but exclude some advanced descendants
{Figure 2.9(b)). A well-known paraphyletic group is
the Class ‘Reptilia, which almost certainly arose froma
single ancestor, but which excludes some descendants,

the birds and the mammals. All members of the para-
phyletic group share one or more derived characters,
but other organisms, excluded from the paraphyletic
group, do too, although they may have acquired other
features. So, for example, all reptiles lay a shelled egg (as
do birds and basal mammals), but the upper bounds of

the group ‘Reptilia’ are defined only by the absence of
characters such as feathers and hair.

The other kind of non-monophyletic groups are
polyphyletic, those that arose from several ancestors,
and that are characterized by a convergent feature (Fig-
ure 2.9(c)). Two examples of polyphyletic groups of
vertebrates are the ‘Natantia, the classic grouping of
fishes and whales together, because they look similar in
shape and they swim in the sea, and the ‘pachyderms)a
group of thick-skinned, greyish mammals such as ele-
phants, hippos and rhinos.

The sorting of characters in cladistics into primitive
and derived is an exercise in determining character
polarity, in other words, the direction of evolution. The
polarityshould be made clear by outgroup comparison,
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and polarity can reverse, depending on the context. For
example, in the analysis of deuterostome relationships,
absence of a tail is the primitive character state, and pos-
session of a tail is the derived state. In the context of
human relationships, however, loss of the tail is one of
the synapomorphies of the Family Hominidae (apes
and humans).

There are often problems in distinguishing just what
areshared derived characters,and what are not: the clas-
sic evolutionary dilemma of separating homologies
from analogies. A homology is a feature seen in differ-
ent organisms that is the same in each—it is anatomi-
cally and generally functionally equivalent, and shows
evidence of derivation from a single source —while an
analogy is a feature that may look or act in broadly
similar ways in different organisms, but which gives
evidence of separate origins. An example of a homology
is the wing of a robin and the wing of an ostrich.
Although the ostrich wing is not used in flight, its
location in the bodyand its detailed structure show that
itisa direct equivalent to the robin wing, and the latest
common ancestor of robins and ostriches would have
had such a wing. The wing of a robin and the wing
of a fly are analogies because their detailed structure
shows that they arose independently, even though
they perform similar functions. Homologies, then,
are synapomorphies, the clues that indicate common
ancestry.

2.4.2 Molecular phylogeny reconstruction

Thereisasecond, largely independent, approach todis-
covering phylogeny. Molecules record evolution, and
molecular biologists have sought to discover relation-
ships by comparing molecules from different organ-
isms. It is assumed that the amount of similarity
between homologous molecules in different Ofganisms
is proportional to their degree of relationship, or the
time since they diverged.

Thereare several techniques for co nverting compar-
isons of molecules into phylogenies, and these may be
applied to a broad range of molecules. Currently, most
work focuses on comparisons of sequences of the
nucleic acids, and many phylogenies (e.g. Box 1.1(c))
are now based on the different RNA molecules, Once
the molecules have been sequenced, they are recorded

as strings of the letter codes for the component nu-
cleotides (ndenine,cy\osine.gu-.mine.ﬂwn\im\uracii),
such as... AGGCUAAGUUCAAAGCC . . . Individ-
ual genes are identified and then compared from or-
ganism to organism. Alignments may be made by hand
orby the use of software such as Clustal. Once the genes
have been aligned, the amount of difference may be
assessed and particular sites where changes occur
identified.

A molecular tree of relationships may be produced
from the aligned gene or protein sequences by a variety
of methods. Several techniques use the computed
distances between the different species under consider-
ation —the sequences of closely related species are sim-
ilar and hence distances between them are short,
whereas unrelated species are separated by great dis-
tances. Distance methods seek a tree that summarizes
best all the relative distance information among all
speciesin theanalysis. There are three distance methods
commonly used. -

1 UPGMA (unweighted pair group method with arith-
metic means) produces a tree in which all the tips are
equidistant from the root of the tree, which is equiva-
lent to assuming a molecular clock ( steady rate of
molecular change). :

2 Neighbour joining (NJ) techniques pair off
apparently similar species, and then make links be-
tween evermore distantly related clades until the tree
is complete; the method is quick, but not necessarily
Very accurate,

3 Minimum evolution (ME) methods seck to mini-
mize the sum of the lengths of all the branches in the
tree.

Distance methods are widely used in molecular
phylogeny reconstruction because th ey are well
established and often quick, and they give just one lree.
They have been criticized, however, for losing informa-
tion (using distances ignores the evolution of gene
characters or types of site), for producing branch
lengths that are hard to interpret (are they computed
means or are they biologically meaningful?), and
for being phenetic (estimating trees in a purely
mathematical way, but without reference to phy]uge'-
netically informative characters). Cladistics is a phylo-
genetic method, of course,

As alternatives to the distance methods, molecular
trees may also be constructed from discrete methods,

- sl
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which operate directly on the sequences, or funcfions
derived from the sequences. There are two techniques
commonly used.
1 Maximum parsimony (MP) is ana?oguus to the tree-
finding techniques generally used with morphological
data (see section 2.4.1). The method seeks to find the
tree that implies the fewest evolutionary changes.
2 Maximum likelihood (ML) techniques choose
the tree, or trees, most likely 10 have produced the ob-
served data. The method requires the input of a model
of evolution beforea tree can be selected to fit. -

A criticism of parsimony, as a method a]?plled l_o
molecular or morphological data, is that thereis no evi-
dence that evolufion is parsimonious. In some cases,
the calculated tree may be spurious, especially with
molecular data, if there has been along period of evolu-
tion on two or more of the branches. Likelihood meth-
ods are criticized because the most likely tree depends
on the model that was fed in at the start: change the
model and the tree may change.

Molecular phylogenies have been n:a_lculated
since the 1960s, but the field has expanded rapidly only
since the late 1980s, with the invention of the po:ly—

merase chain reaction (PCR) technique for do!-lfng
small samples of nucleic acids to analysab?e quantities.
In addition, there have been advances in the speed
and efficiency of tree-finding programs and desktop

computers, which may now be used to analyse data
matrices that would have been considered far 100
large at one time. Even so, it may (?ke days or weeks
of run time to calculate some trees if a data matrix is
large or has a great deal of missing data. The exciting
prospect for palacontologists and systematists is
that there are two broad-scale approaches to ‘reconv
structing the tree of life, and they may be continually

cross-compared.

2.5 THE QUALITY OF THE FOSSIL RECORD

Key questions in palacontology concern the quah}y
of the fossil record. Is the sample of knnwln fossils
enough to justify detailed studies of the history of
life? Do palacontologists know only l"}(‘. of' a!l the
species that ever lived, or 10%, or 70%? Life onglnatf:d
3500 million yearsago,and countless millionsof species
have come and gone since then. Today tl_lere may
be 10-30 million species on Earth, and no-one can
begin to estimate how many have become extinctin the

The history of life may be represented in many ways.
Figures 2.10 and 2.11 show the pattern oIf the emluuo?\
of vertebrates based on currentinformation about their
relationships, the geological occurrence of members of

-
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inchudes conodonts (see Chapter 3).
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Fig.2.11 Thediversification of fishes (a) and tetrapods (b),
based on the numbers of Families of cach group through time
(data from chapters in Benton, 1993a). Mass extinction events are

highlighted.

each of the groups, and their relative diversity through
time. The information is shown in two ways, as a
‘spindledingmnftFigurc2.JU).und.isapairofdivcrdi-
typlots(Figure2.11) that highlight times of rapid diver-
sification (increases in numbers) and times of
extinction (declines in numbers). Major extinction
eventsare highlighted.

Butdo these diagrams in any way approximate to the
truth? Could it be that there are so many gaps in the
fossil record that they are entirely misleading? This crit-
ical point was tested by Norell and Novacek (1992).
They reasoned that if they compared independent evi-

—

dence for the history of life, they might find whether our
knowledge of the fossil record is hopelessly inadequate, 5

or whether independent data sets tell the same story,

Norell and Novacek compared geological evidence '8
about the order of appearance of different groups of

vertebrates in the rocks with evidence from cladograms "

about the order of nodes, In most cases, they found a
good match of age and clade order. Indeed, it turns out 4

thar the fossil record of land vertebrates is as good as
that of echinoderms, a group that is usually assumed to
have a good fossil record (Benton and Simms, 1995).

pibionadu

Fishes and tetrapods (literally ‘four feet’), the land ver-

tebrates, have equally good fossil records {Benton and

Hitchin, 1996). At family level, the fossil record does not 3 s
deteriorate the further back in time one goes (Benton 1

etal.,2000c). g
Another observation confirms that palaeontologi-
cal knowledge is not completely inadequate: dramati-

cally unexpected fossils are hardly ever found. If the

known fossil record were very incomplete, many
dramatic new finds would be made, dinosaur fossils
in the Permian or Tertiary, human fossils in the
Miocene, shark fossils in the Precambrian. This does
not happen. New finds are expected. For example, in
1985, the oldest monotreme mammal fossil came to
lightin the Lower Cretaceous of Australia ( Archer etal,
1985). This fossil extended the known range of
monatremes backwards in time by more than 100 mil-
lion years, but it merely filled a gap that was predicted
from the cladogram. New finds improve our knowl-
edge, but they rarely revolutionize it. Fossil discoveries
since 1967 have plugged many gaps, and the quality of
matching between fossil dates and phylogenies has
improved by 5% (Benton and Storrs, 1994). Perhaps
palacontologists can rest easy, and freely integrate their
information about the life of the past with their studies
of modern organisms.

2.6 FURTHER READING

There are many useful books that cover basic palaeon-
tological, geological, and palaeobiological principles.
Briggs and Crowther (2001) is an excellent compen-
dium of short articles on all aspects of palacobiology,
and Benton and Harper (1997) is a useful short intro-

e
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duction to all aspects of pa!a:umologyi‘[uu can rr:a_d
more about excavating dinosaurs in an illustrated ac-
count by Benton (1989b),whereas Buffetaut (1987) and
Colbert (1968) are highly readable accounts alhmll the
history of vertebrate palacontology, expecially the
heroic big-bone expeditions of the past. (o
There are many manuals of laboratory practice in
pa]aeantulog_v, including Leiggi and May (1994, 2004)
on vertebrates. Allison and Briggs (1991) and Lyman
(1994) are good introductions to taphonomy, and you
can read more about Earth history in Stanlcr-:v (1?98]_
The methods of cladistics are presented by !fxltchlng et
al. (1998), and Page and Holmes (1998) give a go‘ud
averview of molecular phylogeny methods., ?mn'h
(1994) gives an excellent account of cladistics in
palacontology, and he touches on questions of the quall—
itv of the fossil record, as do a number of authors in
Donovan and Paul (1998). Meyer and Zardoya (2003)
review molecular contributions to the phylogeny of

vertebrates.

Useful web sites include: hitp:iiwwwnhm ac.ukf

hosted_sites/paleonet/, the Paleonet web pages, which

have links to societies, information pages, journals,

jobs, and more; hup:/fwww.vertpaleo.org/, the

premier international  society for vertebrat_e
palacontologists; http:waw.ucmp.lllcrkcley.l_.‘('iul’
diapsids/dinolinks.html, many links to sites detalllng
how dinosaurs are excavated and exhibited; hutp://
www.nationalgeographic.com/, palacontological work
sponsored by the Saciety; hn’p:.'."\«vv\.f\«namnh.clrg'ar
exhibitions/expeditions/index.html, current ea‘tp-edl-
tions of the American Museum of Nalural‘ I“[IS!HIT;
hitp://www.paulsereno.org/, current expedltmnls ‘by
Paul Serenn; http://www dallasdino.org/exhibits/
paleontology_lab.asp, an example of one of many
museum  palacontology laboratory wel? sites;
http://www.scotese.comy, the Paleomap Project web

site.




CHAPTER 3

Early Palaeozoic Fishes

—— KEYQUESTIONSINTHISCHAPTER —

1 When did fishes arise, and where did they come from?
2 What are the different kinds of bone and when did
bones and teeth evolve?

3 Where do the conodonts and other Palaeozoic jawless
fishes fit in the scheme of things?

4 How did jaws originate?

5 Why were so many Silurian and Devonian fishes so
heavily armoured?

6 Why are so many Old Red Sandstone fishes so well
preserved?

7 How did the lobe-finned fishes evolve, and which
group is closest to tetrapods?

INTRODUCTION

The earliest remains of fishes from the Cambrian do not
show much of their overall shape or anatomy, and very
little can be deduced about their modes of life. Most of
them are identified as vertebrates solely on the appear-
ance and microstructure of their hard tissues. Fish
fossils from the Ordovician (495443 Myr) onwards,
however, are often preserved complete, and with a great
deal of fine anatomical detail. It is possible to identify
nine or ten major fish lineages in the Ordovician,
Silurian and Devonian. Although some of these fishes
would look familiar to us, most of them were very
different from modern forms .

The key episodes of early fish evolution seem to have
taken place during the Ordovician and Silurian
(443-417 Myr), when all the major groups appeared,
but specimens become abundant only in the Devonian
(417-354 Myr). During this time, the early dominance
of the seas and freshwaters by heavily armoured forms
gave way to the modern sharks and bony fishes and,
secondly, the fishes gave rise to the land vertebrates,
the tetrapods. Of course, terms such as ‘fishes,
osteichthyans and sarcopterygians all refer to para-
phyletic groups because they exclude tetrapods.

3.1 CAMBRIAN VERTEBRATES

Until recently, the oldest putative vertebrates were iso-
lated fragments of dermal armour from the Upper
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Cambrian of North America, and possibly also the
superficially amphioxus-like Pikaia from the Mid-
Cambrian Burgess Shale of Canada. New discoveries
from the Chengjiang locality in China (see Box 1.2),
the source also of many exceptionally preserved basal
deuterostomes, have extended the range of vertebrates
back to the Early Cambrian (Shu, 2003).

Myllokunmingia, 28mm long, is streamlined in
shape (Figure 3.1(a)). The head is poorly defined, buta
possible mouth is seen at the anterior end. Behind this
are five or six gill pouches. Up to 25 double-V-shaped
myomeres extend along most of the length of the body.
Other internal organs include a possible notochord, a
heart cavity, and a broad gut. There is a low dorsal fin
along the anterior two-thirds of the length of the body,
and possibly a ventro-lateral fin along the posterior
two-thirds.

Another vertebrate from Chengjiang, Haikouich-
thys, now known from over 500 specimens (Shu et al,
1999,2003a), is a slender, streamlined animal, about 25
mm long (Figure 3.1(b)). The head bears eyes and a
small paired nasal capsule, there isa brain surrounded
by cartilaginous protective tissues, and six pharyngeal
gill arches extending about one-third of the length of
the body. There is a notochord, and some specimens
show up to ten separate squarish elements lying across
the notochord, putative vertebrae, which may have
been made from cartilage in life. The back half tapers to
aslightly rounded end, and it is marked by a series of ob-
vious, W-shaped myomeres (muscle blocks). There are
tracesalso of structures interpreted as the heart, gutand
aseries of gonads (egg- or sperm-producing organs).

Phylogenetically, both Myllokunmingia and Haik-
ouichthys are placed low in the tree of vertcbrates (see
Box 3.1). Myllokunmingia was described (Shu et al,
1999) on the basis of a single specimen, and a second
specimen suggested to Hou etal. (2002) thatin fact My!
lokunmingia and Haikouichthys are a single species. A
new taxon, Zhongjianichthys, has been added (Shu,
2003b), a small eel-like animal with possible vertebral
arches, two obvious eyes and possible nasal sacs. Shu
(2003) groups these three Chengjiang fishes in the
Myllokunmingiida.

The earliest vertebrates with hard tissues are known
from the Late Cambrian—conodonts (see section
3.3.2) and isolated pieces of dermal armour, most no-
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mouth

{a) gut  ventrolateralfin  %heart cavity

vertebral elements notochord

(b) gill arches

::i: :.5.‘ The Lo\wT Cambrian vertebrates Myllokunmingia(a) and Haikouichthys
-hina. In (b), showing the anterior half of the animal, the key chordate feature

tys (b) from the Early Cambrian Chengjiang locality in
of anotochord is indicated, as well as the key vertebrate

character of possible cartilawi
rol possible cantilaginous vertebrae surrounding it. (Courtesy of Shu Degan, )

tably Anatolepis from Wyoming and Greenland (Figure
32), bc_:th assumed to have come from jawless fishes.
These tiny specimens have a knobbly surface ornament
that could represent scales of some kind, when viewed
under the microscope, These fossils are important as
they are composed of the mineral apatite (calcium
phu.sphate), the mineralized constituent of bone (see
section 3.2), a characteristic of most vertebrates, and

not seen in the non-vertebrate chordates, nor in the
Early and Mid-Cambrian vertebrates. The exoskeletal
f;agmems of Anatolepis are composed largely of a den-
tine-like tissue around a pulp cavity,and they are some-
what tooth-like (Smith et al., 1996). These specimens
show thatbone evolved some time after theori ginof the
vertebrates, and that the apatitic tissues of vertebrates
may be complex.
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W BOX 3.1 BASAL VERTEBRATE RELATIONSHIPS

TR,

The relationships of the basal vertebrate groups to each other have been controversial. Foralong time, zoologists grouped the
living lampreys and hagfishes together as Cyclostomata. The first cladistic studies, however, broke up Cyclostomata, and dis- ;
tributed the various clades of jawless fishes between the two living groups, either as close relatives of the hagfishes or of the
lampreys (reviewed, Janvier, 1984; Maisey, 1986; Forey and Janvier, 1993). A recent comprehensive cladistic analysis
(Donoghue et al., 2000; illustration) confirms that myxinoids (hagfishes) are the basal vertebrates. Next in the cladogram
come petromyzontids (lampreys), and then conodonts. The pteraspidomorphs (astraspids, arandaspids and heterostracans)
come next, then the anaspids, thelodonts, a clade of forms with a heavy head shield (osteostracans, galeaspids and pituri-
aspids), and then the gnathostomes. The cladistic analysis highlights many morphological characters that are shared between
lampreys and gnathostomes and that are absent in hagfishes

There is, however, a major discrepancy between this result and current molecular phylogenies. Analyses based on
rRNA (Mallatt and Sullivan, 1998), nuclear DNA (Kuraku ef al., 1999), and on a variety of genes (Furlong and Holland, 2002;
Takezaki etal., 2003) strongly support Cyclostomata as quite distinct from Gnathostomata. Future work will focus on resolv-
ing this discrepancy in results: is Cyclostomata valid, and hence the morphological characters must be wrangly coded, or are
they right and the molecular results somehow misleading, perhaps because of convergence in the genes?
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characters. See Box 1.1 for context of Vertebrata; see Figure 3.12 for phylogeny of G ata. Sel ynap
efal. (2000): AVERTEBRATA. neural crest, brain, optic tecturm in the brain, unpaired fin ray supports closely set, paired olfactory capsules, at
least one set of semicircutar canals; B, extrinsic eye musculature, two or more semicircular canals, sensory line-system with neuromasts,
electroreceptive cells, gills symmetrical, open blood system, arcualia, braincase with lateral walls, sexual dimorphism; €, calcified

dermal skeleton; D, cerebellum, vertical semicircular canals forming loops well separate from the utricle. trunk dermal skeleton:

E PTERASPIDOMORPHI, 0ak-leaf-shaped tubercles; F, cancellar layer in exoskeleton, large unpaired dorsal and ventral dermal plates on head;
@, paired fins or fin folds [reversed in Galeaspida]; H, sensary line enclased in canals [shared with Heterastraci], opercular flaps associated
with gill openings [reversed in Gnathostomata and Galeaspida], dorsal fin [shared with Petromyzontida]; I, large lateral head vein,

neurocranium entirely closed dorsally and covering the brain, occiput enclosing cranial nerves [X and X, perichondral bone, globular calcified |
cartilage; J, gill openings and mouth ventral, massive endoskeletal head shield covering the gills dorsally.
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achieved a great diversity of forms and sizes in the
Cambrian to Devonian periods. The main groups of
jawless fishes, in order of acquisition of key characters
(see Box 3.1), are the living Petromyzontiformes
(lampreys) and Myxinoidea (hagfishes), the
Conodonta, the Ordovician Arandaspida and Astraspi-
da, the heavily armoured Heterostraci, the Anaspida,
the poorly armoured Thelodonti, and the armoured
Osteostraci, Galeaspida and Pituriaspida. The ar-
moured jawless fishes from the Early Palacozoic are
sometimes grouped loosely as ‘ostracoderms), a term
with no phylogenetic meaning.

3.3.1 Livingjawless fishes

Two living groups of jawless fishes, the lampreys
(Petromyzontida) and the hagfishes (Myxinoidea), lie
close to the base of the Vertebrata, and they may share
more primitive features with their Cambrian forebears
than the other Palaeozoic fishes. Lampreys and hag-
fishes are very different from many of the extinct
jawless fishes, but they are unique in perhaps showing
us something of the Early Palaeozoic world, before jaws

gill
(a) openings ol Fre

spinal cord

notochord

clpaca

horny 1eeth

ib) respiratory tube NYPOPhYsial pouch

existed. Both groups have elongated bodies, no bony
armour, no jaws and no paired fins.
The 30 or so species of lampreys all spend some of
their life in freshwaters where they breed. Most are
parasitic, and they feed by attaching themselves to
other fishes with their sucker-like mouths (Figure
3.4(a)), and rasping at the flesh. The mouth and oe-
sophagus are within a deep funnel, which is lined with
small pointed teeth that permit firm attachment to the
prey. There is a fleshy protusible ‘tongue’, which also
bears teeth and which is used in rasping at the flesh.
Lampreys (Figure 3.4(b)) have a single nasal opening
on top of the head that runs into a pouch beneath the
brain, large eyes and two vertical semicircular canals
in the internal ears on each side. There is an internal
skeleton consisting of a notochord, vertebra-like
structures, an attached cartilaginous skull and gill
arches,and fin rays,

The marine hagfishes (Figure 3.4(c)) look superfi-
cially like lampreys, but they live in burrows in soft sed-
iments, feeding on invertebrates and decaying carcasses
on the sea-bed. Hagfishes have a single nasal openingat
the very front that connects directly to the pharynx
(Figure 3.4(d)), quite unlike the lamprey nostril. The

eye spot

cloaca openings of

P gillexits
slime glands
(c)
notochord nasopharyngeal duct
gill spinal  brain
pouches

pharynx
(d)

teeth on tongue

Fig. 3.4 Living jawless fishes: (a) lamprey, feeding by attachment toa bony fish, and (b) longitudinal section of anterior end of body: (c)

Pacific h)agﬁsh.extern al lateral view of body, and (d) longitudinal section of anterior end of body. (Modified from Young, 198 1, and other
sources, %
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eves are reduced and often covered with thick skin and
nI1USC|C, and there isonly one semicircular canal on each
side. The mouth is ringed with six strong tentacles, and
inside itare two pairs of horny plates bearing numerous
small keratin toothlets that can be protruded with the
mouth lining. This apparatus can be turned in and
out, producing a pinching action with which the hag-
fishes can grasp the flesh of adead or dyinganimal. They
remove a large lump of flesh by holding it in a firm
grasp,and tyingaknot in the tail, passing it forwards to-
wards the head, and bracing against the side of their
prey.

3.3.2 Conodonta

Oneof the longest-lived groups of early vertebrates, the
conodonts, were identified with certainty as fishes only
in 1983. Conodont elements, small (0.25-2 mm) tooth-
like structures made from apatite, have been known
since 1856, and they are so abundant in many marine
rocks from the Late Cambrian to the end of the Triassic
that they are used for stratigraphic dating. Particular

Fig. 3.5 The conodontanimal
Clydagnathus from the Lower
Carboniferous Granton Shrimp Bed of
Edinburgh, Scotland: (a) specimen 1; (b}
specimen 5. In places, fossil shrimps lie
across the conodont bodies. The animal is
40 mm long. (Courtesy of Dick Aldridge.)

conodant species, and groups of species, are charact-
eristic of certain stratigraphic zones, and they form
the basis of a worldwide international standard of
relative dating. Over the years, these small phosphatic
fossils have been assigned to many groups: annelid or
nemertean worms, chaetognaths (arrow worms),
molluscs, representatives of a separate phylum, or even
plants.

The enigma was solved when the first complete
conodont, Clydagnathus, was reported from the Lower
Carboniferous of Edinburgh (Briggs et al., 1983), and
since then nine further specimens have bieen located in
the Edinburgh rocks (Aldridge etal., 1993; Donoghue e
al., 1998,2000), as well as different conodont taxa from
the Upper Ordovician of South Africa and the Lower
Silurian of Wisconsin; USA. The first Edinburgh speci-
men (Figure 3.5(a)) is a 40.5 mm long eel-like creature
that appears to show several chordate synapomorphies:

- ahead witheyes,a notochord and myomeres. Specimen

5 (Figure 3.5(b)) provides additional evidence of the
large eyes, including cartilages that supported the
eyeballs themselves. Behind the'eyes in specimeri 1 are
possible remnants of the otic capsules, structures
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associated with hearing and balance, and traces of what
may be branchial bars. The phosphatic conodont
elements lie beneath the head region, in the oral cavity
on the Phdl yix. ’
. L'on(l)dont elements occasionally had been found
1n associations of several types, usually arranged in a
particular way. These conodont apparatuses (Figure
3.6(a)) were interpreted as the jaw or filter-feedin
structures of some unknown animal, and the 1983 ﬁng
proved that they were indeed complex feeding baskets.
N_[nre recent work has revealed microwear patterns on
different conodont elements, which demonstrates
that they functioned in feeding, in seizing prey

and chopping it into pieces (Purnell, 1995). The
backwardly-directed teeth helped the conodont stuff k

perhaps prevent any

i}s food into its mouth, and
live prey from escaping. %
The body region of the Edinburgh conodont ari-

mals shows a clear midline structure (Figure 3.5) that 1
has been interpreted as the notochord, Some specimens ]
show traces of a possible dorsal nerve cord above the 3
nplluchord. The other obvious feature of the body is il: 3
dn:rlsion into V-shaped tissue blocks, or myoymem ]
(.Flgure 3.5), muscle units that contracted on alternate 2
sides to provide a powerful eel-like swimming motion, .

Conodonts had narrow tail fins, as shown by tissue

_-:"7 Fig. 3.6 Theconodonrani.mitln)ammplﬂg

conodont apparatus of the type possessed by
Clydagnathus, showing different tooth elements
(R, 5,and M types), and location of the
apparatus; (b) restoration of Clydagnathusin
life, showing the eyesand the eel-like body.
(Courtesy of Mark Purnell.) '
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traces on either side in some specimens (Figure 3.5(a)).
Overall, the conodont animal looked very like a smiall
lamprey (Figure 3.6(b)).

The affinities of conodonts have long been debated,
and the new whole-body specimens did not at first re-
solve the issue. The consensus now is that conodonts are
vertebrates, and more derived than the extant lampreys
and hagfishes (see Box 3.1). Chordate synapomorphies
arethe notochord, the dorsal nerve cord, the myomeres,
the tail and the midline tail fin. Vertebrate synapomor-
phies are the cranium in front of the notochord, the
paired sense organs, the extrinsic eye musculature (ab-
sent in hagfishes) and the caudal fin with radial sup-
ports. The dentine and enamel of conodonts, as well as
the eyes, with their sclerotic eye capsule, presumably
developed from neural crest tissues of the early embryo,
a clear vertebrate feature (see section 1.4.4; Donoghue
et al., 2000). Conodonts are more derived than living
lampreys and hagfishes, as they share the presence of
bone-like calcified tissue with other vertebrates, and
there are at least two types: dentine and enamel-like
tissue.

3.3.3 Ordovician jawless fishes.

After the Cambrian radiation of basal vertebrates, with
and without skeletons, and the conodonts, a diversity
of groups of fishes appeared in the Ordovician, but
most are represented only by dermal elements. Two
‘agnathan’ clades, the Astraspida and Arandaspida, are
known, however, from more complete specimensin the
Upper Ordovician (Sansom et al, 2001).

Astraspids and arandaspids are small fishes, about
200mm long. They have a mobile tail covered with
small protruding pointed plates, and a massive bony
head shield made from several large plates that cover the
head and most of the body.

Astraspis from North America (Sansom et al., 1997)
has an extensive head shield composed of a complex of
separate bony plates that surround large eyes on eit her
side,and a series of eight separate gill upenings in a row
(Figure 3.7(a)). The body is oval in cross-section, and
covered with broad overlapping scales, but the tip of the
tail is unclear. The bony plates are composed of aspidin
(see section 3.2) covered by tubercles composed of

dentine capped with enameloid. The tubercles are typi-
cally star-shaped over much of the body, hence the
name Astraspis (‘star shield’).

Sacabambaspis from Bolivia (Gagnier, 1993) has a
head shield (Figure 3.7(b)) made from a large dorsal
(upper) plate that rose to a slight ridge in the midline,
and a deep curved ventral (lower) plate. Narrow
branchial plates link these two along the sides, and
cover the gill area. Long, strap-like scales cover the
rest of the body behind the head shield. The eyes are
far forward and between them are possibly two
small nostrils, and the mouth is armed with very thin
plates.

The fossils of Sacabambaspis and A
clear evidence of a sensory structure that is peculiar to
all fishes (except hagfishes) —the lateral line system.
This is a line of open pores within each of which are
open nerve endings that can detect slight movements in
the water, produced for example by predators. The
arrangement of these organs in regular lines allows
the fish to detect the direction and distance from which
the disturbance is coming.

pis show

3.3.4 Heterostraci

The heterostracans, a large group of some 300 species,
radiated extensively in the Silurianand Early Devonian.
Their head shields vary tremendously in shape among
different species, and they are distinguished from the
astraspids and arandaspids by having a single exhalant
openingon each side into which the gills open. Heteros-
tracans all have in common a broad ornamented plate
on top, one or more plates on either side of this,and a
large element covering the underside (Halstead, 1973;
Blieck, 1984). Heterostracans are grouped in a clade
with Astraspida and Arandaspida, the Pteraspidomor-
phi, as all share the synapomorphy of aspidin on their
dermal armour plates (Donoghue et al.,, 2000; see Box
3.1).

There were four main groups of heterostracans,
the cyathaspids, amphiaspids, pteraspids and psam-
mosteids. The cyathaspids, such as Anglaspis (Figure
3.8(a)), are completely encased in bony plates and
scales. The dorsal, ventral and branchial plates (or
shields) are broadly similar in shape to those of
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tesselated dorsal hsad shield

tesselated ventral head shield

(a)

dorsal head shield

1 1
() nostril  oral plates lateral lina grooves

Sacabambaspis, and they bear an ornament of narrow

parallel ridges. The body portion is covered with large
bony scales that overlap backwards like the slates on the
roof of a house. There is no sign of fins or paddles, so
heterostracans must have swum by moving their tails
from side to side, a rather clumsy mode of locomotion
hecause of the weight of the armour and the inability to
adiust the direction of movement. ;

The amphiaspids show complete fusion of the head

shield along the sides to form a single carapace, and the
eves are reduced, It has been suggested that the amphi-
aspids lived partially buried in the mud where sight was
not required: some forms, such as Eglonaspis (Figure
3.8(b)), have a long tube at the front of the carapace
with the mouth opening at the end, possibly used as a
kind of ‘snorkel’ when burrowing,

branchial openings

branchial plates

S&nsory groove

Fig. 3.7 Ordovician jawless fishes:
reconstructions of (a) Astraspis from the
Ordovician of North America, in dorsal
view,and (b) Sacabambaspis, from the
Ordovician of Bolivia, in side view,

| Figure (a) after Sansom eral, 1997;(h)
after Gagnier, 1993 and Sznsom ef al,
2001.]

The pteraspids of the Early and Mid-Devonian are
much better known, with more than 25 genera, which
.-.hf)w considerable variation in the shape of the head
shield. In Errivaspis(Figure 3.8(c)) there are large dorsal
and ventral plates, the linking branchial plate, as well as
a cornual plate at the side, an orbital plate around the
eye, a rostral plate forming a pointed ‘snout’ several
sm.all_ plates around the mouth, and a dorsal spine
pc‘umlng backwards. The rest of the body is covered
with small scales that look more like modern fish scales
than the bony plates of earlier forms, The tail is
fan-shaped.

The psammosteids are much larger than other het-
en.:slracans. sometimes 1.5 min width, and they are flat
(Figure 3.8(d)). They have several rows of sm;ll scale-
plates called tesserae lying between the main shields.
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branchial opening dorsal shield
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10 mm
(a) branchial plate ventral shield
dorsal  dorsal orbital rostral
spine plate plate plate
| |
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branchial plate

ventral plate

(e} comual plate

Fig. 3.8 Hete
(d) Drepanaspis. (After Moy-Thomas and Miles 1971.)

The flattening of the body has pushed the eyes wellapart
and turned the mouth upwards, Drepanaspis looks like
an ‘exploded’ pteraspid —all the major plates are the
same, but they have moved apart.

Feeding in helerostracans has been controversial:
did they snap up largish prey items, or did they
plough through the sea-bed mud? Heterostracans have
numerous overlapping bony oral plates in the base of
the mouth, but these do not show wear at the tips, so
they could not have been used for ploughing. The
oral plates are also covered with tiny pointed denticles
that point outwards, and this would prevent larger food
particles entering the mouth. Purnell (2002) suggests
that most heterostracans swam above the sea-bed,
taking in small prey items floating or swimming in
the water.

3.3.5 Anaspidaand Thelodonti

The anaspids and thelodonts were modest in size, had
limited armour, and their affinities are unclear. In
recent cladistic analyses (Donoghue er al, 2000;
Donoghue and Smith, 2001), anaspids and (some)

ST
mouth

(d)

cans: (a) Anglaspis, (b) Eglonaspis, dorsal view of head shield and uﬁdcrqid'e of mouth tube; (c) Errivaspis

thelodonts are successive oﬁtgmups to osteostracans,
galeaspids and higher forms (see Box 3.1). Anaspids
are,known from the Silurian and Devonian (Blom
et al., 2002). Pharyngolepis (Figure 3.9(a)) is a cigar-
shaped animal 300 mm long, with a terminal mauth,
small eyes, a single dorsal nostril and a covering of
irregular scales and plates in-the head region. The
body scales are long and regular, and arranged in
several rows. There is a pectoral spine and two paired
fins beneath, and a tail fin on top of the downwardly
bent tail.

Thelodonts are known mainly from isolated scales
in the Ordovician, and abundant scabes and rarer whole
specimensin Upper Silurianand Lower Devonian rocks
of various parts of the world (Mirssand Ritchie, 1998;
Donoghue and Smith, 2001). Phlebolepis (Figure 3.9
(b, ¢); Ritchie, 1968) is 70mm long, with a slightly flat
tened body, a broad snout, an eyeat each side and a wide
mouth. There are lateral flaps, a dorsal and ventral ‘fin’
near the back, and along lower tail fin. The body is com-
pletely covered with small scales, and there is no sign
of bone shields in the head region at all. In certain
thelodonts, there are eight small gill openings beneath
the lateral fins.
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gilt openings

fin fold pectoral spina

anal spine

anal fin pectoral fin

(b)

(c)

(d)

base pulp cavity

U]

Fig.3.9 Anaspids (a) and thelodonts ( b-F): (a) the anaspid
Pharyngolepis, (b, c) whole-body restoration of Phiebolepis,in (b}
lateral and (c) dorsal views; (d) whole-body restoration of the
fork-tailed thelodont Furcacauda; () scales of Loganiain dorsal
llcﬁ“) and ventral (right) views; and (f) scales of Thelods in cross-
secnvon. [Figures (a, e, f) after Moy-Thomas and Miles, 1971: (b

<) after Ritchie, 1968; (d) courtesy of Mark Wilson.] ‘

Some thelodonts from the Early Devonian of north-
ern Canada (Wilson and Caldwell, 1998) had a deep,
IaFeraﬂy compressed body shape (Figure 3.9(d)). The
tail is deep and symmetrical, with an upper and lower
ﬁlahy lobe. The body surface bears several different
km.ds of_ scales, and ten gill openings extend in an
oblique line behind the eye. The fossils are well enough
preserved to show that these thelodonts had a large

——

stomach, seen also in Turinia (Donoghue and Smith
2001), and this suggests that some thelodonts at ]eu; E
were deposit-feeders. F
The scales (Figure 3.9(¢)) are lozenge-shaped, con. |
cave beneath, and rising to a point above. The €Xact +
shape of the scales and the arrangement of the spines
and nodules are used to identify thelodont species 3
based on isolated specimens. In cross-section (Figure §
3.9(f)),the scaleis seen to be made from dentine around +
an open pulp cavity, as in a tooth, although it lacks
enamel and it shows the typical composition of scales 1
and tubercles of manybasal vertebrates, .

3.3.6 Osteostraciand relatives

Three clades of jawless fishes are united by the posses- :
sion of a massive head shicld thal covered the gills 1
Florsally and ventrally-opening gills (see Box 3.1),"
Le. the Osteostraci, Galeaspida and Pituriaspida. e
The Osteostraci, including some 300 species, arose

in the Ordovician, and radiated in the Late Silurian and -
Early Devonian (Janvier, 1996). These were the first ver-
tebrates with paired fins. They are heavily armoured in
the head region, and most have a flattened curved semi-
circular head shield shaped rather like the toe of a boot,
Hemicyclaspis from the Late Silurian of Europe and
Canada has a salid carapace made from a single bony
plate that enclosed the head region (Figure 3.10(a)).
Behind the head plate is a pair of pectoral fins covered
with small scales,and these could presumnably have been
used in swimming (see Box 3.2). Tremataspis and
relatives lack pectoral fins. The body and tail are covered i
with broad scales on the side and beneath, and ‘
narrower ones on top which form a dorsal ridge and a
dorsal fin.

In the course of their evolution, the head shield of
osteostracans adopted a variety of forms, ranging
from an elongate bullet shape in some early examples,
to rectangular and hexagonal forms, some with
backward-pointing spines, or cornua, and one even /3
with along rostral spine in front (Figure 3.10(b)). :

The galeaspids are remarkable fossils from the
Silurian and Devonian of China and Vietnam
(Janvier, 1984, 1996). Many have broad head shields,
butothers showthe development of an impressive array
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Fig. 3.10 Osteostracans (a,b) and
Ealeaspids[c): (a) Hemicyclaspisin lateral
view, and dorsal view of head shield; (b)
osteostracan head shicld diversity; from
left to right, Boreaspis; Bemneviaspis,
Thyestes, and Sclerodus,

(c) galeaspid head shield diversity; from
Jefi 1o right, Eugaleaspis, Sanchaspis,

is,and F

Lung T P
[Figure (a) after Moy-Thomas and Miles,
1971; (b} based on Gregory, 1951; {c) after
Janvier, 1984.]

of processes (Figure 3.10(c)): curved cornua pointing
backwards, a‘hammer-head’ rostral spine, and pointed

. snout spines that are longer than the head shield itself.

Some forms also have very long lateral spines that may
have acted like the wings of a glider during swimming,
to maintain a stable body position. Galeaspids lack
paired fins. Galeaspids have their mouth just beneath
the head shield, and they have a single nostril at the tip of
the snout that may be a transverse slit, a broad oval, a
heart shape, or a longitudinal slit. Some galeaspids have
up to 45 gill pouches, the largest pumber in any
vertebrate. )

The pituriaspids are represented by two incom-
pletely preserved species from the Early Devonian
of Australia. They share a heavy, bony head shield
with osteostracans and galeaspids, and they have
unusual, large openings immediately below the eyes.

3.4 ORIGIN OF JAWS AND GNATHOSTOME
RELATIONSHIPS

The Gnathostomata, the jawed vertebrates (all fishes
and tetrapods other than ‘agnathans’), are marked by
the possession of jaws, a feature that opened an enor-
mous number of adaptive pathways that were closed to

jawless forms in terms of diets and food-handling tech-
niques. Jaws allowed gndthostomes 16 adopt a wide
range of predatory modes of life for the first time: only
jaws can grip a prey item firmly, and allow it to be
manipulated, cut cleanly, and ground up. They also
allow efficient suction feeding, How did jaws evolve?

3.4.1 Jaws

The classic theary for the origin of jaws is that they
formed from modified anterior gill arches (Figure
3.11(a)). In jawless fishes, the gill slits are separated by
bony or cartilaginous arches. A hypothetical ancestral
basal vertebrate with eight gill slits and nine gill arches
evolves into an early gnathostome by the Joss of four gill
slits, and the fusion and modification of the anterior
three gill arches. The most anterior may form parts of
the floor of the braincase. The second gill arch might
have been modified to form the palatoquadrate, the
main part of the upper jaw, and Meckel's cartilage, the
coreof the lower jaw (mandible). The third gill archwas
then supposedly modified in part to provide a skull
bone and a mandible bone that formed part of the jaw
joint, the hyomandibular in the skull and the cerato-
hyal in the lower jaw.
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BOX 3.2 BIOLOGY OF THE CEPHALASPIDS

Certain of the cephalaspid osteostracans, such as Hemicyclaspis (
served, and it has been possible to extract a great deal of anatomical
The upper surface of the head shield (illustration (a)) shows
keyhole-like slit in front of them in the midline, the nasohypophy;
pineal apening, associated with the pineal gland in the brain thatm
. There are three specialized areas on the head shield marked by si
midline behind the orbits, and the two lateral fields (illustration (a)).
areas are connected to the auditory region of the brain by large ca
fained fluid. The fields may have functioned in detecting movemen
water, or by weak electrical fields,
'Tne curved notches on either side at the back of the head shi Ui
pointed cornua run back on either side. The underside of the ceph'aelau;:if; ;;c;:;:g,: /

the front with a broad area of small ventral sca i i
podiiegborg les behind. Around the edges of this

Figure 3.10(a)) and Cephalaspis, are extremely well pre-
and biological information fram the specimens.
Mu oval openings for the eyes, the orbits and a narrow
sial opening. Behind it, and still in the midline, is a tiny
ight have been light-sensitive.
mall scales set in slight depressions, the dorsal field in the
Thegf might have had an additional sensory function. These
na_ls in the bone that may have transmitted nerves or con-
ts in the water nearby, either by physical disturbance of the

the pectural fins (illustration (a)), and
(illustration (b)) shows a large mouth at
scale field are eight to ten gill openings

nasohypophysial
opening
lateral figld

telencephalon

hypophysial
sac

pineal opening orbit

dorsal figld

semicircufar
canal

vestibule

field
10mm canals

(a)
orbit (€

mouth .\.‘
gill openings g )
T— o
L R

——1._% [-]
%_F;Q
(d) =l
G " g
v:"D"N:iaSpId anatomy and function: (a) head shield of G

- . ephalaspisi i i : i
ﬂ_wew:_(cj e sy ik phalaspisin dorsal view, shawing sensory figlds; (b) head shield of Hemigyclaspisin

ventral scales

attachment surface

(b for pectoral fin 10 mm

£ pisin dorsal(fl) and ; ) Kiaeraspis, showing the brain and refated sense organs and nerves; (d) i i
 (rght) views. A ; : : . (d) locomotion of
component; R, resultant of Aang L: c.g., mntrl of gr. AP thers o ey et byl

avity. [Figures (a~c) after Zittel, 1932: (d) after Belles-Isles, 1987.]
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The most notable features of the cephalaspid head shield are to be seen inside. The bony parts enclosed much of the brain
and sensory organs, as well s parts of the blood circulatory system and digestive system. The brain and its associated cranial
nerves, the major nerves that serve the various parts of the head region, have been reconstructed by the Swedish palaeontol-
ogist Erik Stensid (1927) with a fair degree of confidence because of the extensive bony envelope (lllustration (c)). The large
orhits and inner ear regions are quite clear. Even the semicircular canals of the inner ear, the organs of balance, can be seen. The
brain stem itself is located in the midiine, and it was made from the three main portions seen in primitive living fishes, the
medulla at the back which leads into the spinal cord, the pons in the middle, and the telencephalon (forebrain) in front with an
elongate hypophysial sac running forwards from it. The cranial nerves Il (eye movement), V2 (mouth and lip region), VIl
(facial), IX (tongue and pharynx) and X (gill slits and anterior body) have been identified by comparison with living vertebrates.
The five broad canals running from the lateral sensory fields to the vestibule of the inner ear show clearly (illustration (c)).

An analysis of the locomotion of cephalaspids (Belles-Isles, 1987) has shown that they were capable of sustained swim-
ming, short bursts of fast locomotion, and fairly delicate manoeuvring, rather like sharks that live on or just above the sea-bed.
The shape of the head in side view is an aerofoil, so that forwards movement would have tended to produce lift. When the tail
beat from side to side, it produced a resultant force that drove the fish forwards and slightly downwards (illustration (d)). The
downwards component was produced by the presence of the long upper ioba on the tail, but it was counteracted by liftatthe
head end, and possibly also by the pectoral fins.

Cephalaspid fossils have been found in freshwater sediments from streams, lakes, and deltas, and in marine sediments.
They may have foraged for detrital matter on the bottoms of lakes, moving by pulling their bodies along with the muscular
pectoral fins. They could apparently alsa swim for long distances, however, in search of new feeding grounds, or rapidly to
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escape predators.

Anatomical evidence, however, suggests that the
gill-arch theory may not be sa simple in reality. The gill
lamellae in lampreys develop medially to the support-
ing skeleton, whereas the gills of gnathostomes develop
laterally to the skeleton, so there must have been a fran-
sition from internal to external gill arches before the
jaws evolved. Mallatt (1999) has argued that jaws
evolved first for breathing: the mandibular branchial
arch in the pre-gnathostome enlarged first to improve
the intake of oxygenated water. Only later, with the evo-
lution of suction feeding, did the jaws take an a feeding
function.

Developmental studies suggest that the classic
theory is probably incorrect (Kuratani et al, 2001). In
gnathostomes, the jaws develop from cells that arose
initially from the neural crest (see section 1.4.4), and
similar cells are seen early in development of the
lamprey. In the lamprey, however, these cells go on to
develop into the upper lip and velum, whereas in
gnathostomes they become the precursor of the jaw.
There is evidence for a major repatterning process that
happens during development, and this implies that it is
wrongto expect to see precursorsof jaws in the adults of
jawless vertebrates.

Developmental genetic studies of mice (Depew
et al, 2002) show that the first branchial arch has
mandibular and maxillary bulges, precursors of the
Meckel’s cartilage and the palatoquadrate respectively.
The homeobox genes DIxS and DIx6 code for identity
and anteroposterior orientation of the upper and lower
jaws. Gnathostomes show nested Dlx gene action:
they possess three pairs of Dix homeobox genes
that come into play sequentially. Lampreys show Dix
expression in their branchial arches, but the action is
not nested, so indicating perhaps the condition in
pre-gnathostomes.

342 Jawattachmentsand gnathostome
relationships

The palatoquadrate in gnathostomes is generally
attached to the neurocranium, the main portion of
the skull that enclosed the brain and sensory organs, in
various ways. In early sharks, such as Cobelodus from
the Upper Carboniferous of North America (Figure
3.11(b)), there is a double attachment with links fore
and aft, the amphistylic condition.




(d) mandible

Fig.3.11 Thc evolution of jaws and jaw suspension: (a) the dlassic* theory
il’dles of ajawless form (left) to the fully equipped gnathostome (right); gil
opening; (b) b-rainm:, jaws, and gill supports of the Carboniferous shark
the neuvmcramum; (c) braincase and jaws of the modern shark Carcharhi
hyostylic system of jaw supportand the highly mobile palatoquadrate; (d
fused, system of jaw attachment. [Figure (a) based on Romer, 1933;

and other sources; (d) based on various sources. |

The amphistylic pattern has been modified in two
main ways. In most modern fishes, the palatoquadrate
Icc{nta'cts the neurocranium at the frontonly,and the jaw
joint isentirely braced by the hyomandibular. On open-
ing thf: jaw, the palatoquadrate can slide forwards,
which Increases the gape (Wilga et al., 2000). This is the
hyostylic jaw suspension condition (Figure 3.11(c)).
The second modification has been to exclude the

palatoquadrate fused
1o neurocranium

for the evolution of jaws from the anterior two or threegill

| openings in black: H, hyomandibular; 5, spiracular gill
Cobelodus, to show the amphistylic system of Jjaw attachment to
nus, with the jaws closed (top) and open (bottom), to show the

) head of a chimaerid chondrichthyan, to show the autostylic, or

(b) after Zangerl and Williams, 1975; (¢) based on Wilga et al,, 2000

hyomandibular from support of the jaw, and to fuse
the palatoquadrate firmly to the neﬁmcranium. the
autostylic condition. This is typical of certain fish
groups, the chimaeras (Figure 3.11(d)) and lungfishes,
as well as the tetrapods.

Living gnathostomes are grouped in the clades
Chondrichthyes and Osteichthyes (bony fishes and
tetrapods), and two extinct clades are the Acanthodii
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Fig.3.12 Cladogram showing the relationships of the main
groups of jawed fishes, based on Maiscy ( 1986), Janvier (1996),
Donoghue et al. (2000), Coates and Sequeira (2001a),and

Goujet (2001).See Box 3.1 for context of Gnathostomata; see

Box 3.6 for phylogeny of Sarcopterygii. Synapomorphies: A
GNATHOSTOMATA, jaws composed of a primary upper
(palatoquadrate) and lower (Meckel's cartilage) jaw component,
supporting hyoid arch (not in placoderms), separate endoskeletal
pectoral and pelvic girdlesand fin skeletons, basals and radials
supporting dorsal and anal fins, horizontal semicircular canal;

B, teeth erupt from a dental Jamina, fusion of nasal capsule to the
rest of the chond) i bital connection b
palatoquadrate and braincase, internal rectus eye muscle inserts
in @ posterior position in the orbits, superior and inferior oblig
eye muscle with an anterior insertion in the orbit; C, ventral
cranial fissure, glossopharyngeal nerve foramen exits dorsally
posterior to otic capsule, palatobasal process, interhyal, lateral
line passes through scales, paired fin radials barely extend beyond
level of body wall.

of the Ordovician to Permian, and the Placodermi of
the Silurian and Devonian. Placoderms are generally
ranked as the basal gnathostomes, then chon-
drichthyans, and acanthodians and osteichthyans are
paired by a number of synapomorphies { Figure 3.12).

3.5 PLACODERMI: ARMOUR-PLATED
MONSTERS

The osteostracans and heterostracans (see above) were
not the only heavily armoured fishes in Silurian and De-
vonian seas. The placoderms, found largely in the De-
vonian, bore similar bony carapaces over the regions of
their heads and shoulders, but in all cases these bony

shells were mobile. There was a special neck joint that
allowed the anterior portion of the head shield to be
lifted. Placoderms were the first vertebrates to have
paired pelvic fins.

The Placodermi includes six clades (Denison,
1978; Goujet and Young, 1995), listed in phylogenetic
sequence from most basal to most derived (Goujet,
2001; Smith and Johanson, 2003): Acanthothoraci,
Rhenanida, Antiarchi, Petalichthyida, Ptyctodontida
and Arthrodira. The arthrodires form the largest group,
and they will be described in most detail.

3.5.1 Arthrodira

The arthrodires, nearly 200 genera, make up more than
half of all known placoderms, and new taxa are still
being found (see Box 3.3). The Mid-Devonian form
Coccosteus (Miles and Westoll, 1968) has a trunk shield
that coversonly part of the dorsal surface, and it extends
back as far as the shoulder region below (Figure
3.13(a)). There are paired pectoral and pelvic fins, both
supported by limb girdles, but much smaller than in
sharks. The tail is heterocercal, and there isa long dorsal
fin. The posterior part of the body is covered with small
scales, but these are rarely preserved. It is likely that
Coccosteus was a powerful swimmer, achieving speed
by lateral sweeps of its tail and posterior trunk. Its
flattened shape suggests, however, that it probably lived
near the bottom of seas or lakes.

The head and trunk shields (Figure 3.13(b, c)) con-
sist of several plates, and there is a gap (the nuchal gap)
between the head and trunk shields at the line of
hinging. The lower jaw plates join weakly in the middle
(Figure 3.13(c)), and their dorsal margin is worn to a
sharp edge against a series of eight small plates in the
upper jaw. These are not teeth, but they wear into equal -
ly effective sharp beak-like plates that would have been
capable of an effective cutting, puncturing and crush-
ing action. True teeth have been claimed in the
arthrodires (Smith and Johanson, 2003), an unexpect-
ed discovery,suggestinga separate origin of teeth in this
clade and in the other gnathostomes, although this has
been disputed (Young, 2003). Arthrodire teeth are lo-
cated inside the mouth, behind the main shearing bone
plates at the edges of the jaws.
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BOX 3.3 THE ARTHRODIRES FROM GOGO

The qun loc_ahty in WE':‘:'EFI'I Australia, of Late Devonian age, has produced some of the most spectacular fossil fishes in th

world, including 20 species of arthrodires. The specimens are preserved uncrushed and in three dimensions. Fossils wi : ml'l -
couectgd on the lands of the Gogo cattle station in the 1940s, but their true quality was not realized at first be-ca usea rer;‘ e
of detail was Iu_stwhen they were cleaned using chisels and needles. It was onlyin the 1960s, when palaelunlulu istsg s
Elsl: ;o;s::—bean;g :arbonam noqqles using dilute acetic acid, that the astonishing quality 51 preservation tnec?sm;a g‘r;)p;:‘c:
e Eun;ﬂ r;:s‘)i 9;-;;1 erexpeditions in the 1980s and 1990s have greatly increased the collections of spectacular Gogo fos-

Some of the Gpga arthrodires belang ta groups that were already familiar from other parts of the world, but many of th

are quite exuaordvf'nary‘and new to science. Several, such as Fallacosteus, belong to a new family, the Camlumpiscid); : er;:
013,"1 long fasi-sw'lmmmg shark-like predators. The camuropiscids have pointed bony proiection;' atthe front of their:' s

giving the head shield a terpeda-like shape. The eyes are large, and the tooth plates are deslgned for crushing. They ma;‘:x:‘\i

graph), were short-snouted relatives.

Find out more at http://palaeo.gly.bris ac.uk/Palaeofiles/Lagerstatten/G Y i
i gl o Ii] en/Gogosindex. html and hittp:/Awww.heritage.gov. aw/

he short-snouted arthrodi Compagopiscis from the Late onian Goga lacality of Westesn Austratia, showing near- ree-
. g \
. e P ! Late Devonian Goga lo lity of Western Australia, showi g near-pertect three
dimensional preservation. Head shield, 130 mm long. (Pt otograph by Kristine Brimmell, cou tesy of John Long.)

EOPCPRITEER SERTRRRE PSS

hunted the fast-moving shrimps that teemed in the tropical Gogo waters. The plourdosteids, like Compagopiscis (see photo- | - ]
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Fig. 3.13 Thearthrodire placaderms Coccosteus from the Mid-Dievonian of Scotland (a~d) and Dunkleosteus from the Upper Devanian
of North America (¢): (a) whole body in lateral view, (b) head shield in dorsal and (c) anterior views,and (d) jaw opening movements
showing the position of the head and visceral and branchial skeletons, with the jaws closed (left) and open (right}; (] lateral view of
armour shield. | Figures (a,e) after Moy-Thomas and Miles, 1971; (b, c) after Miles and Westoll, 1968; (d) after Miles, 1969.]

Thejawsopen (Figure 3.13(d)) by an upwards swing
of the skull and dropping of the lower jaw (Miles, 1969).
I'he skull hinges about the ball and socket joints within
the lateral margins of the dorsal part of the head shield,
and the size of the gape is limited by the width of the
nuchal gap. It has been suggested that placoderms used
a head-lifting form of jaw opening in feeding on the
bottom of the sea and lakes. It would have been easier to
capture prey by driving the lower jaw forwards in the
bottom mud and lifting the head, than by attempting to
drop the lower jaw.

Later arthrodires have even more reduced armour
than Coccosteus, often only a very limited trunk shield.
Two Late Devonian families, the Dinichthyidae and the
Titanichthyidae of North Americaand northern Africa,
achieved giant size, as much as 6-7m in length. Dun-
kleosteus (Figure 3.13(e)) was the largest predator in
Devonian seas, and the largest vertebrate yet to evolve.
With its vast jaws it could have crushed any other animal

ofitsday.
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3.5.2 Diverse placoderms

The acanthothoracids, the basal placoderms, have a
head shield rather like that of some early arthrodires.
The plates were separate in juveniles, but appear to have
fused in the adults.

The rhenanids have a body covering of small
tesserae instead of the more typical large plates.
Gemuendina from the Lower Devonian of Germany
(Figure 3.14(a)) looks superficially like a ray with its
very flattened body, broad pectoral fins, and narrow
whip-like tail, and it may have swum by wave-like un-
dulations of the pectoral fins. There are large bone
plates in the midline, around the eyes, nostrils and
mouth, and on the sides of the head, which are divided
by a mosaic of small plates that extends on to the trunk
and pectoral fins,

The antiarchs were a diverse group from the
Mid- and Late Devonian that retained a heavy armour
covering, and specialized in a bottom-dwelling mode
of life, feeding by swallowing mud and extracting
organic matter. Pterichthyodes, an early form (Figure
3.14(b)), has a high domed trunk shield made from a
small number of large plates, The pectoral fin is entirely
enclosed in bone, and it was movable against the trunk
shield by a complex joint. There is also a second joint
about halfway along the fin. This fin was probably of lit-
tle use in swimming, and it may have served to shovel
sand over the back of the animal so that it could bury
itself,

The most successful placoderm of all was the an-
tiarch Bothriolepis (Figure 3.14(c)), known from more
than 100 species found in Middle and Upper Devonian
rocks of all parts of the world. Bothriolepis is a slender
placoderm, with a lightly-scaled tail region, bearing
paired pelvic fins. The pectoral fins are slender and cov-
ered with armour plates, some of them with jagged
tooth-like edges. One specimen shows possible evi-
dence for lungs preserved inside the dermal armour.
Bothriolepis probably grubbed in the mud for organic
detritus, and it may have been able to survive in stag-
nant ponds by breathing air.

The petalichthyids are another small group of
bottom-dwelling forms. Lunaspis from the Lower
Devonian of Europe (Figure 3.14(d)) is flattened,
with a short trunk shield and long cornual plates. The

—

anterior part of the head shield, around the eyes ang b

nostrils, is covered by numerous tiny scales, as is the

long trunk.

Ptyctodonts have reduced armnur plating. They are é
generally small, usually less than 200 mm in length, with

long whip-like tails, a long posterior dorsal fin, and a
high anterior dorsal fin supported by a spine on the

trunk shield. Crenurella from the Upper Devonian of 2

Australia and elsewhere (Figure 3,14(e)) has much re-

duced armour. Some ptyctodonts have claspers, =
elongate elements associated with the pelvic fins. |
that are assumed to have been involved with the process
of internal fertilization. Claspers are seen in male
chondrichthyans, but the structure of the ptyctodont 3

clasper is different from that of a shark.

3.6 CHONDRICHTHYES: THE FIRST SHAHKSLE

The first chondrichthyans (‘cartilaginous fishes’), <358

distant ancestors of modern sharks and rays, may be
indicated by isolated scales and teeth from the Upper i
Ordovician and Silurian (Sansom ef al, 2001). The
first definitive remains containing prismatic calcified
cartilage (see below) date from the Early Devonian.
An early shark, Cladoselache from the Upper Devonian
of Ohio (Figure 3.15), reached a length of 2m. The
skin does not seem to have borne scales, although small
multicusped tooth-like scales have been found on the
edges of the fins, in the mouth cavity, and around the
eye,

Externally the tail fin is nearly symmetrical; but in-
ternally the notochord bends upwards into the dorsal
lobe only {the heterocercal tail condition). There are
two dorsal fins, one behind the head, and the other
halfway down the body, and the anterior dorsal fin
hasa spine in front. There are two sets of paired fins, the
pectoral and pelvic fins, each set approximately be-
neath one of the dorsal fins, and each associated with
girdle elementsof the skeleton. Cladoselachewas proba-
bly a fast swimmer, using sideways sweeps of its broad
tail as the source of power, and its pectoral fins for steer-
ing and stabilization. As in modern sharks, the skeleton
of Cladoselache is made from calcified cartilage, in
other words, cartilage invested with some calcium
phosphate, but not true bone. Calcified cartilage is

e

RO SR

(e) concentric ‘growth rings’

Fig. 3.14 Diverse placoderms: _ .
(c)in lateral view; (d) the petalichthyid Lunasp:f
Moy-Thomas and Miles, 1971; (b} after Hemmings, 1978.]

known also in placoderms and several agnalha}'ns,
but chondrichthyans appear to be unique in having
prismatic calcified cartilage,arranged as small platelets
o P(;E]:;zlnche is usually assigned to the order (;la-
doselachida, a group restricted to the Late Devo_man‘
Other shark remains are known from rocks of this age
{Zangerl, 1981), but none as well as (?{adose!acke. "1'he
major chondrichthyan lineages arose m.the Devcm{an,
but radiated in the sub t Carboniferous Pefm-fi,
so this later history is discussed in more detail in

Chapter 7.

id G i i iarchs Prerichthyodes (b) and Both
: (a) the thenanid Gemuendinain dorsal view; (‘b,c) tl’:eamlm hs . yodl Sdiompgienis
in dorsal view; (¢) the ptyctodont Clenurellain lateral view. | Figu 2

riolepis

3.7 ACANTHODDII: THE ‘SPINY SKINS'

The acanthodians (Denison, 1979) were generally
small fishes, mostly less than 200mm long, that
include the oldest known gnathoslomcs,l'ljhe first
acanthodians date from the Late Ordo\'}clan. but
they became abundant only in the Devonian. A few
lines survived through the Carboniferous and only
one into the Early Permian. o
Most acanthodians have slender bedies with one or
two dorsal fins, an anal fin, and 2 hetemcgrcal tail fin
(Figure 3.16(a, b)). The pectoral and pelvic fins have
been modified to long spines, and there may be as many
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(@

(b)

Trewin.)

N Typical Old Red Sandstone fishes from Achanarras Quarry, Cai (@) i
dston 1y, Caithness: (a) juvenile Prerichthyodes; (b) Dipterus, showing slightse
head elements on fossilization; (c) Palaeospondylus, a possible larval lungfish. Scales: 20 mm in (a) and (b); 10mmin [:;)?(Ct:urles::l'ar:r[;::f
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- R

(c)

F.i" 3.18 The fins of (a) an actinopterygian, Amia, to show the
simple basal skeleton, (b) the Inhefin Fusthenapteran, an
osteolepiform, and (c) the lobefin Neoceratodus,a lungfish, to
show the more complex skeleton that supportsa muscular lobe in
the middle of the fin. (Modified from Zittel, 1932.)

3.9.1 Devonianactinopterygians

The oldest actinopterygians, represented by scales, are
Late Silurian in age, but the group began to diversify
only in the Late Devonian. An early form is Cheirolepis
from the Mid-Devonian of Scotland, typically 250 mm
in length (Pearson and Westoll, 1979). The bady is
slender and elongate (Figure 3.19(a)), and the tail is
strongly heterocercal, although the tail fin beneath
makes it nearly symmetrical. There are large triangular
dorsal and anal fins and paired pectoral and pelvic
fins.

Thebody is covered with small overlapping lozenge-
shaped scales (Figure 3.19(b)) that articulate with each
other by means of a peg and socket arrangement in the
tail region. The scalesare arranged in sweeping diagonal
rows that run backwards and downwards. There are
larger ridge scales on the dorsal edge of the tail thatactas
acutwater. The fin rays (actinotrichia) are covered with
jointed dermal bones, the lepidotrichia. These provide

BOX 3.5 PSAROLEPIS AND THE ORIGIN OF BONY FISHES

Until recently, the actinopterygian and sarcopterygian fishes seemed to be quite distinct clades. Now, a fossil from the Upper
Silurian and Lower Devonian of China and Vietnam has provided a probable missing link. Psarolepis (Zhu etal., 1999) is knawn
from many specimens from several localities. When it was first described, it was assigned to the sarcopterygians because the
skull and jaws looked like those of primitive lungfishes and other Devonian forms. The cheek bones and the shoulder girdle,
however, seem to share features of both osteichthyan groups.

In the skull (see illustration), Psarolepis shows a mix of actinopte rygian and sarcopterygian features. In th2 lower jaw, for
example, there are three large infradentary foramina and evidence of a parasymphysial tooth whorl, a set of long, hooked teeth
that pointed up and forwards. Both features are typical of porolepiforms and other sarcopterygians. The teeth are also sar-
copterygian in showing multiple infoldings and in bearing cosmine. In the cheek region, Psarolepis has actinopterygian fea-
tures: it does not have the squamosal elements seen in sarcopterygians, and the canal running along the preopercular bone has
aventral extension towards the maxilla. The three large openings in the preopercular bone, near the canal, however, are more
sarcopterygian-like.

There are also some characters that have never been seen before in the bony fishes: Psarolepis has a huge pectoral spine
extending back from the shoulder girdie, and there is a median spine presumably located in the midline behind the head (see
illustration). A pectoral spine like this is known in some placoderms and in acanthodians, and the median spine is known
in sharks and acanthodians, but neither has been seen in other osteichthyans.

Zhu et af. (1999) were unable to locate Psarolepisin the cladogram with certainty —they thought it was either the basalmost
sarcopterygian (see Box 3.6) or the basalmost osteichthyan. The second interpretation has been confirmed as more likely by
Zhu and Schultze (2001), because Psarolepislacks the closed pineal opening and large quadratojugal of other osteichthyans,
and it has a posterior pectoral process and paired pectoral spines, which are absent in other bany fishes. Long (2001) points
out many similarities between Psarolepisand the Onychodontida, and places both as ba sal sarcopterygians.

.

median rostral
Sy area for
Sabne s T parasymphysial
e A 4 tooth whorl
— |
o S cleithrum
infradentary Iower'jaw pectoral
foramen ki
(b)
_ precpercular
canal
=)
5mm <
-~ |
| reopercular
(@ @) maxila POT

of China: (a) head and anterior part of the fish; (b) anterior view of the skull and lower
d preopercular, sculpture omitted. (Courtesy

Reconstruction of P pis from the Lower D
jaws; (c) median fin spine; (d) shoulder girdle with pectoral spine; (e} cheek plate with maxilla ani
of Zhu Min.)
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palatal bones
showing teeth

(e)

Pearson and Westoll, 1979.)

a covering for the fin and they also stiffen it in compari-
son with sharks, for example, which have only
actinotrichia. The scales are composed of layers of
bone, dentine, and an enamel-like substance on the

: The skull is relatively heavy, with a bony braincase
and palatal elements inside, and an outer bony box
made from numerous thin dermal bone plates. There is
a large eye and two nostrils on each side, and a broad
mouth lined with irregularly spaced sharp teeth (Figure
3.19(c—¢)). The teeth are borne on three bones around
the edges of the mouth, the maxilla and premaxilla
in the skull, and the dentary in the lower jaw, and these
are the main tooth-bearing elements in subsequent ver-
, tebrates. The palatoquadrate is inside the maxilla, and it
|3 is covered by palatal bones that also bear rows of teeth.
: At the back of the skull are the outer dermal elements of
the shoulder girdle, attached to the gill region.
The head skeleton of Cheirolepis is kinetic, that is,
composed of several mobile units that can moveagainst

:::, S.I:! The Mid-Devonian bony fish Cheiro
te showi ; i i j
pai awing the teeth; (d, e) opening and closing of the jaws, showing the five major mobile units, as described in the text. (After

——

each other (see Figure 3.19(d, e)). When the jaws open,a
very wide gape is possible becausc the five units move
apart. The skull roof moves back, the gill region expands
and moves back and down, and the shoulder girdle
moves downwards. ‘
Cheirolepis was a fast-swimming predator that pre:
sumably used its large eyes in hunting, and possibly
even in transfixing its prey before capture (Pearsonand | &
Westoll, 1979). Its great gape would have enabled 3
Cheirolepis to engulf prey up to two-thirds of its own
Ic.ng(h: such prey would include the abundant acantho-
dians, and small lobefins and placoderms found in th
same beds. The sharp teeth of Cheirolepis might not
seem suitable for cracking open placoderms, but the
were shorter teeth on the palatal bones that ight hava -
been capable of moderate crushing activity. i
.(.‘}m'mlepis was capable of powerful and prolonged
swimming using sideways beats of its tail region to pro~
duce thrust. It used its pectoral fins for steering, buf
these were not highly mobile, and Cheirolepiswas prob~

L'l

by
10 mm

<1

d
(d} (el

lepis: (a) reconstruction of the body in lateral view; (b) two trunk scales; (c) ventral viewof
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ably rather clumsy when trying to turn rapidly. The
paired fins also functioned to prevent rolling.

Devonian actinopterygians such as Cheirolepis are
known from all parts of the world, but only a dozen
genera have been found so far. The actinopterygians
radiated dramatically in the Carboniferous and later,
and they are the dominant fishes in the seas today (see
Chapter 7).

3.9.2 Dipnoi: the lungfishes

The Sarcopterygii were a more significant group in the
Devonian than the Actinopterygii, although sar-
coplerygian fishes have since become much rarer (the
clade Sarcopterygii of course includes all tetrapods).
Sarcopterygians share muscular lobed paired fins with
bony skeletons (Figure 3.19),as well as several skull fea-
tures not seen in other vertebrates. There are two living
sarcopterygian groups, the lungfishes (Dipnoi) and
coelacanths (Actinistia), as well as numerous extinct
clades, all of which arose in the Devonian. Relationships
among the living and extinct sarcopterygian groups
have been highly controversial (see Box 3.6).

The lungfishes (Thomson, 1969; Bemis et al., 1986)
were particularly diverse in the Devonian, but they have
dwindled in importance ever since, leaving only three
genera still living. Dipterus from the Mid-Devonian of
Scotland (Figure 3.20) has a long body, as in the
osteolepiforms, but the fins and skull bones are very
different. The fins are pointed, with long central lobes
supported, in the paired fins, by a rather symmetrical
array of bones. The tail is heterocercal and bears a nar-
row fin beneath.

The skull of Dipterus has a complex array of sm all
bones around the large eyes and mouth. There are no
teeth on the margins of the jaws as in other bony fishes,
only a pair of large dentine-covered grinding plates
in the middle of the palate (Figure 3.20(b)), and a
scattering of smaller tooth-like structures in front.
These paired plates aie typical of later lungfishes and in-
dicate a crushing function for feeding on tough and
hard food.

Several lineages of lungfishes radiated in the
Carboniferous, and two continued into the Mesozoic
and Cenozoic. Many changes took place over this time:

(b}
Fig. 3.20 The Devonian lungfish Dipterus,(a) inlateral view,
and (b) ventral view of the palate, showing the tooth plates. (After
Maoy-Thomas and Miles, 1971.)

elaboration of the crushing tooth plates, and the devel-
opment of a special hypermineralized dentine, all of
which increased the crushing power of the jaws. The
body shape changed too after the Devonian, becoming
more symmetrical, and the tail also became symmetri-
cal above and below the body.

The three genera of living lungfishes (Figure 3.21)
have reduced the bony parts of their skeletons. The
braincase and parts of the backbone remain cartilagi-
nous, and the outer skull bones are reduced in number
and weight. The Australian lungfish Neoceratodus is
deep-bodied and has broad pectoral and pelvic fins,
whereas the South American Lepidosiren and the
African Protopterus have stout, muscular, eel-like bod-
iesand very slender, elongate paired fins.

The modern lungfishes, as their name suggests, have
lungs as well as gills. They use the lungs for breathing air
when the pools they inhabit become stagnant. Indeed,
the lungfishes can haul themselves laboriously overland
in search of a fresh pool when conditions become very
dry. Pratoprerus can also aestivate, meaning that it can
survive through the hot summer in a semi-inanimate
condition. The lungfish digs a flask-shaped pit in the
mud, curls up, and seals itself in with an envelope made
from dried mucus. The mucus keeps the body damp,
and the fish reduces its metabolic rate during the dry
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W BOX 3.8 SARCOPTERYGIAN RELATIONSHIPS

The relationships of the sarcopterygian groups to each other have been i isi ;
: [ controversial, and this interest has been height .
thz_: assumption that the tetrapods, the land vertebrates, arose within the Sarcopterygii. The problems concern thge r:;eui:y *
ships of the lungfishes, coelacanths, and the diverse Devonian groups (= ‘Rhipidistia’) to each other, and the identification of '} 4
one of these as the sister group of the Tetrapoda. - it :-
The ‘classic’ view (e.g. Romer, 1966) has been that the R hipidisti inisti |
_ 0. ; pidistia and Actinistia together form the Crossapterygii. Thisis -
treated as the sn?rergroup ofthe Tgtrapoda. with the Dipnoi as outgroup (cladogram (a)). This consensus view ':va;y:hr;a::?aﬁ
zy H;sen_ et al’s (1981) suggestion that the lungfishes are the sister group of the tetrapods. In a revised version of this 4} 2
ypo esis (cladogram (b)), Forey ef af. (1991) argued that lungfishes and coelacanths pair off, and that these two are the 1
sister group of Telrapqda. The ‘Crossopterygii” and ‘Rhipidistia’ are split into their constituent parts, Osteolepifor;
Porolepiformes and Actinistia, as outgroups. ' g
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panchen and Smithson (1988) presented a third view (cladogram (c)) in which the ‘Grossopterygii’ and ‘Rhipidistia’ are
alsosplitup, but the Osteolepiformes are regarded as the sister group of the Tetrapoda. In further analyses, Chang (1991) sug-
gested thatthe Sarcopterygii as a whole are sister group of the tetrapods (cladogram (d)). Schultze (1994) accepted the tradi-
tional sequence of outgroups (cladogram (e)), with osteolepiforms as sister group of tetrapods, then porolepiforms as next
outgroup, asin Panchen and Smithson's (1988) proposal, but he then considered that the coelacanths were closer tothat clade
than the lungfishes. Finally, Cloutier and Ahlberg (1996) found a similar cladogram, except that lungfishes and porolepiforms
arg paired, as Chang (1991) had also suggested (cladogram (f)). Hence, the majority verdict seems to be that some of the ‘rhi-
pidistians’ are the closest relatives of tetrapods.

In a reanalysis (cladogram (g)), Zhu and Schultze (2001) find that the upper part of the tree is relatively stable, but they
move Porolepiformes to lie above Dipnoi and below Actinistia, and split the Tristichopteridae (Eusthenoptaron and relatives)
from the remainder of Osteolepiformes. The onychodonts are placed as a sister group of coelacanths.

Molecular evidence has been equivocal. Meyerand Wilson (1990) found that lungfishes are more closely allied to tetrapods
than are coelacanths, according to an analysis of 125 rRNA sequences, a view that would fit Panchen and Smithson’s (1988)
phylogeny (cladogram (c)). Inarevised analysis, based on the 285 rRNA gene, Zardoya and Meyer (1996) found that the coela-
canth and the lungfishes form a clade, separate from tetrapods, hence matching the cladograms of Forey et al. (1991) and
Chang (1991) {cladograms (b, d)). Inthe end, however, Zardoya and Meyer (2001a) were unable to discriminate refationships
among lungfishes, the coelacanth and tetrapods for a variety of reasons. Lungfishes show significantly higher rates of evolu-
tion of the 285 rRNA gene sequences than coelacanths, other fishes and tetrapods, and this makes it hard todiscriminate their
correct position in the tree. In addition, the mitochondrial tRNA and nuclear rRNA sequences seem Lo give erroneous results
overall because long branches pair with each other, as do short branches. Brinkmann et al. (2004) confirmed the close rela-
tionship of lungfish to tetrapods, based on nuclear genes.

4 =
-

Cl hewing four competing theories for the relationships. of the sarcoplerygian fishes and tetrapods, according 1o (a) Romer (1966)

| and oﬁm’classic' sources: (b) Forey etaf, (1391); (c) Panchen and Smithson (1988); (d) Chang (1991); (e) Schultze (1994); (f) Cloutier and

Ahiberg (1996); (g) Zhu and Schultze (2001). See Figure 3.12 for context of Sarcopterygii, see Box 4.1 for relationships of basal tetrapods and
Figure 7.7 for relationships of Actinopterygii. Synapomorphies (selected, trom Cloutier and Ahiberg (1996) and Zhu and Schultze (2001): A
SARCOPTERYGII (including Tetrapoda), muscular pectoral and pelvic fimbs with substantial limb bones, true enamel onteeth, sclerotic ring
composed of more than four plates, tectal bone in skull, one or more squamasals, splental in lower jaw, triradiate scapulosuracwd, B
CROSSOPTERYGI! (sensu lato), extratemporal present, squamosal present, preopercular does not contact maxilla or postorbital, tusk on
vomer, double-headed hyomandibular, single bone (humerus) in pectoral fin contacts girdle, folded enamel and dentine (plicidenting) in
teeth; C, entepicondylar foramen in humerus; D, more than two supraorbitals, branchiostegal rays absent; E TETRAPODOMORPHA, single

| external naris, posterior naris absent, two Supraorbitals, palatal opening (‘'choana’), vomers articulate with each other, narrow parasphenoid,

proximal articular surface of humerus convex, deltoid and supinator processes on humerus; F OSTEOLEPIDIDA, one branchiostegal ray per
side, vomer has a posterior process, supraneural processes on only a few anterior vertebrae orabsent; G, anterior palatal fenestra present,
well ossified ribs; H, flattened head and dorsally-placed orbits, snout elongate, paired frontals, spiracle large and open posteriorly,
preopercular canal reduced, fang sair on anterior end of dentary. scapular blade large, dorsal and anal fins absent, labyrinthodont plicidentine
inteeth: | CROSSOPTERYGI (sensu stricto), fleshy lobed pectoral and pelvic fins with asymmetrical arrangement of bones; J RHIPIDISTIA,
many narrow submandibular bors, four infradentaries, three coronoids, K. many supraorbital bones, reduction of dorsal elements of gill
arches; L, short nyomandibular fre from palate, pectoral and pelvic fins equal in size. M. shart cheek region, biting possible between teeth on
palate, upright @w suspension, short dentary, angular bone dominant, ball-and-socket joint between paired fins and girdles; N, preopercular
does not contact maxilla; 0, many narrow dibular bones, four inf ies, three C i, plicidentine; P, three or more tectals,
posterior branched radial compiex associated with posterior dorsal fin, same structure of the cosmine, leaf-shaped pectoral fins,
predominant palatal bite; 0 SARCOPTERYGII (sensu stricta). cosmine (specialized scale tissue). intracranial joint, angcleithrum in shoulder
girdle; R, doubie-headed hyomandibular, intracranial joint, three extrascaputars.







ic Fishes

72 Early Pal

hyoid ‘ maxilla
elements prarygoid ectopterygoid
le)

Fig. 3.24 The skull of the tristichopterid Eusth
showing the postulated range of

dont type of tooth, found also in early tetrapods, The
skull is highly kinetic, being jointed in order to allow
the mouth to open wide. Even the braincase (Figure
3.25(d)), deep within the skull, is jointed in order
to permit greater flexihility, a feature retained in
Latimeria, but otherwise unknown in other living
sarcopterygians.

The panderichthyids, or elpistostegids, of which
Panderichthys from the Upper Devonian of Latvia
(Figure 3.23(e) ) is the best known, are rather stout fish-
es with long snouts. The skull is flattened, and the eyes
are located partly on top of the head. Panderichthyids
have only the paired pectoral and pelvic fins, as well as a
tail fin, and they lack the midline fins seen above and
below the body in their relatives (Vorobyeva and
Schultze, 1991 ).

3.10 EARLY FISH EVOLUTION AND MASS
EXTINCTION

Fishesarose in the Early Cambrian, at least based on the
evidence of the myllokunmingiids, and radiated by the

—
10 mm

ip in (a) lateral, (b) dorsal, and (c) ventral views; {d) lateral view of the braincase, :
about the middle joint; (¢) cross-section of a tooth to show the |1 byrinthine infolding of the .
enamel (tooth diameter, 5 mm). (After Moy-Thomas and Miles, 1971.)

dentine

Late Cambrian, as shown by the conedonts and Ana-
tolepis. The Ordovician once seemed to be almost bar-
ren of fish fossils, until several well preserved Early
Ordovician astraspids and arandaspids came to light.
Renewed efforts in searching for more isolated remains
have turned up evidence of a wide array of Late Ordovi-
cian fish groups: thelodonts, shark-like fishes, possible
acanthodians, conodonts and osteostracans.
IntheSilurian, fishesbecame more diverse and more
abundant (Figure 3.25), with the radiation of the ar-
moured jawless fishes and the acanthodians. Further, in

Pt i

the Devonian, the seven major placoderm ordersarose,
as well as the first sharks, and six important groups of
bony fishes, including their derivatives, the tetrapods.
The first extinctions of fishes occurred at the end of
the Early Devonian, with the loss of cyathaspids, acan-
thothoracids and others. Further fish graups, including
some ‘agnathan’ and placoderm families, and some
acanthodians, disappeared during the Mid-Devonian.
During the Late Devonian, a time span of 15Myr
(377-362 Myr ago), further groups disappeared, most
of the ‘agnathans) including many conodont families,
and placoderms, as well as most remaining acanthodi-
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ans and some bony fishes. Other groups that survived
into the Carboniferous seem to have been heavily de-
pleted. Of the 70 families of fishes currently recognized
as present in the Late Devonian (Benton, I%‘f.‘ia), 51

died out during the next 15 Myr, a total extinction rate
0f 73%, which is high by any standards. The extinctions
seem to have been spread through the Late Devonian,
but only 17 families (24%) survived into the Carbonif

erous. A multiphase Late Devonian extinction event
also has been recognized among marine invertebrates
such as corals, brachiopods and ammonoids, as well
as phytoplankton. The Devonian fish faunas were
replaced in the Carboniferous by new groups (see
Chapter 7).

3.11 FURTHER READING

You can read more about the Palaozoic fish groups in
Janvier (1996), a comprehensive and beautifully illus-
trated book, while papers in Ahlberg (2001) present
a variety of current views on basal vertebrate and
fish ph;dageny. Long (1995) is a well-illustrated,
popular history of fishes. Aldridge et al. (1993} 'and
Donoghue et al. (1998, 2000) are excellent overviews
of current knowledge about the conodonts and the
phylogeny of early vertebrates. Forey (1998) gives a
full account of coelacanths and the living Latimeria,
and the full story of its discovery is tald by Weinberg
(1999). Bemis et al. (1986) contains a number of
papersabout livingand fossil lungfishes. There are go(?d
reviews of the relationships of sarcopterygians in
Schultze and Trueb (1991), Ahlberg (2001) and Clack
(2002¢)
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CHAPTER 4

The Early Tetrapods and
Amphibians

T o NS

P

—— KEYQUESTIONSINTHISCHAPTER —

1 What were the key challenges facing vertebrates when
they moved on 1o the land?

7 Were the first tetrapods adapted to life on land or were
they still swimmers?

3 If the first tetrapods had seven or eight fingers and
toes, why are five fingers so widespread, and how are the
fingers coded genetically?

4 How did tetrapods diversify in the Carboniferous?

§ What do sites of exceptional preservation tell us about
early tadpoles?

6 How did the basal tetrapods evolve towards modem
amphibians and reptiles?

INTRODUCTION

Vertebrates made a significant evolutionary move in
the Devonian when the first tetrapods stepped on to
the land. Dramatic new discoveries have filled in many
details of the transition from fish to tetrapod. The
basal tetrapods then radiated extensively during the
Carboniferous and Early Permian, some as small
semi-aquatic forms, but many as larger forms that fed
on fishes and other tetrapods, and that could, in some
cases, live fully terrestrial lives. X

The basal tetrapods are often termed ‘amphibians’in
common with the living forms, frogs, salamanders and
newts. The name amphibian (‘both life’) refers to the
fact that the modern forms — frogs, newts and salaman-
ders —live both in the water and on land, and it is as-
sumed that many of the fossil forms had similar double
lifestyles. The Class Amphibia used to include all the
Palacozoic basal tetrapods, and so was paraphyletic, be-
cause it excludes many descendant groups, the reptiles,
birds and mammals. The term Amphibia can be rede-
fined to include only the modern groups, whicharosein
the Triassic and radiated thereafter.

In this chapter, the major anatomical and physiologi-
cal changes that were necessary when a lobefin fish be-
came a tetrapod are reviewed, and the evolution and
biology of the extinct and living forms are described.
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4.1 PROBLEMS OF LIFE ON LAND

The first tetrapods faced major problems in moving
from the water on to the land. Air breathing was in
fact not the key hurdle to cross, but rather weight and
structural support. New modes of locomotion had to
evolve, as well as new ways of feeding, of sensing prey
and predators, of water balance and of reproduction.

When all these problems of life on land are consid-
ered, it may seem surprising that vertebrates ever left the
protection of the water. One classic theory (e.g. Romer
1966) was that fishes moved on to land in order to es-
cape from drying pools. The Devonian was supposedly
a time of seasonal droughts, and the freshwater fishes
probably found themselves often in stagnant and dwin-
dling pools. The conclusion of this viewpoint is that
terrestrial locomotion evolved as a means of staying
in the water! This suggestion has been criticized asthere
islimited evidence for droughts,and because the theory
would explain only moderate terrestrial adaptations,
not the much-modified tetrapod limb for example. A
simpler hypothesis is that vertebrates moved on to land
because there was a rich and untapped supply of food
there. Waterside plants and terrestrial invertebrates
diversified in the Late Silurian and Devonian, and it was
inevitable that some group of arganisms would exploit
them sooner or later.

4.1.1 Support

A fish is buoyed up by the water and its body weight may
be effectively zero. On land, however, the body is usually
held up by limbs, and the skeleton and all of the internal
organs have to become structurally modified in order
to cope with the new downwards pull of gravity. The

- backbone of a fish is adapted for the stresses of lateral

stretchingand bending during swimming, but the main
force affecting a tetrapod is gravity. The vertebrae and
the muscles around the backbone have to become
meodified ta prevent the body from sagging between the
limbs.
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Fig. 4.1 The origi i i
e ‘d:::::le::' ;2::1;::“ lm:l; ::q:iu !and It:zmrml:n:‘(—al:: p;clo;'al fin of the tristichopterid fish Eusthenopteron showing
t valent forelimb of the basal tetrapod E; : i 5
ST \ pod Eryops; (c) possible movernents of the
henop {d) step cycle of the forelimb of the basal tetrapod Proterogyrinus. | Figures (a, b) after various sources;

and Westoll, 1970a; (d) after Holmes, 1984.)

4.1.2 Locomotion

Tetrapods move in a very different way from fishes in
water. Instead of a smooth gliding motion, the limbs
have to operate in a jerky fashion producing steps to
p-mpel thebody forwards. The paired fins of sarcoptery-
gian fishes already had internal bones and muscles :h’at
produced a form of ‘walking) although different in
dct?il from tetrapod walking. But profound modifi-
cations had to occur in the lobed fin before it became
amoderately effective land limb.

The pectoral fin of the tristichopterid Eu-
sthenupteron (Figure 4.1(a)) contains the major proxi-
mal bones of a tetrapod limb (Figure 4.1(b)): the single
ilhpper arm bone, the humerus, the two forearm bones,

e radluls and ulna. The tetrapod has additional ele-
menfs in the wrist, the ulnare, the radiale and inter-
medium, and the centralia (singular, centrale), distal

forelimb of
[c) after Andrews

carpals 1-5, sometimes an additional bone at the side
the pisiform, and the four or five fingers, which are‘
composed of metacarpals and phalanges. The limb
bones of Eusthenopteron are to be found in early
tetrapods, and indeed most of them are still present in
our arms, although it is speculative to attempt to draw
homologies for all of the bones of the hand and wrist.
The tristichopterid pelvic fin also contains the basic
tetrapod bones of the hindlimb, the thigh bone ( femur)
and the lower leg bones (tibia, fibula), but the tetrapod
ankle bones (fibulare, intermedium) and digits cannot
be identified. Although close anatomical similarities
exist, there were major functional differences: Eus-
thenopteron could not have walked properly on land on
its fins.

How can we compare the locomotor abilities of
a tristichopterid and an early tetrapod? In Eus-
thenapteron, the limbs point backwards and a little

SRS SO
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sideways, and the limb skeleton could swing back and
forwards through only 20-25° (Andrews and Westoll,
1970a). The main motion wasat the shoulderjoint, with
avery slight elbow bend (humerus-ulna/radius hinge).
The lepidotrichia of the remainder of the fin were flexi-
ble,and they might have increased the size of the swing,
put only slightly (Figure 4.1(c)).

Inevolving the ability to walk, the tetrapod limb had
to alter considerably both in structure and in orienta-
tion, when compared with the tristichopterid fin
(Holmes, 2003; Shubin et al, 2004). New bones ap-
peared, and the elbow and wrist joints became more
dearly defined. The humerus lengthened and the
shoulder joint swung round so that the humerus point-
ed partly sideways as well as backwards. The elbow joint
became more of a right-angle and the lower part of the
limb was directed downwards. The wrist acted as a
hinge, and the new bones in the hand allowed it to
spread out widely and fulfilitsroleasa weight-support-
ing surface. In walking (Figure 4.1(d)), the humerus
swung back and forwards ina horizontal plane. During
astride, it also twisted so that the radius and ulna were
swung down from a near-horizontal orientation.

The limb girdles became heavily modified with the
change in limb function, The pectoral girdle of most
fishes is effectively partof the skull (Figure 4.2(a)) asthe
outer elements are attached to the gill and throat bones.
When the first tetrapod used its pectoral fins in walking,
additional forces were applied. At every step, the pec-
toral girdle takes up theimpact of the weight of the front
part of the body as each hand hits the ground. In a fish-
like arrangement, these impacts would be transmitted
from the pectoral girdle directly to the skull, and the
whole head would reverberate in time to the walking
steps. In addition, more flexibility is needed in the
neck by tetrapods so they can snap at prey without
twisting their entire body. The pectoral girdle became
separated from the skullin the earliest tetrapods (Figure
4.2(b)).

The pelvic girdle was also much modified. Whereas
in fishes it is a small unit that is embedded within the
body wall (Figure 4.2(c)), it eventually became grossly
enlarged and firmly attached to the vertebral column in
terrestrial tetrapods (Figure 4.2(d)). This is because of
the additional forces imposed by the role of the
hindlimb in walking. A terrestrial tetrapod is rather like

-
) . =
Lo e
ilium
acetabulum sacral rib

ischium

() (d)

fin articulation

Fig. 4.2 The transition from tristichopterid fish (a,c) obasal
tetraptd (b, d): (a) and (b) the separation of the skull from the
shoulder girdle; (c) and (d) the enlargement of the pelvic girdle
and iis firni attachment to the vertebral column via the ilium and
sacral rib. [Figures{a.c.d}.aﬁchtahL 1974; (b) after Godfrey,
1989.

a wheelbarrow, as the main driving forces in walking
come from the hindlimbs, and the sacrum and pelvis
had to become rigid to allow more effective transmis-
sion of thrust. The suspension isat the front, in order to
keep the chest off the ground and permit expansion of
the lungs.

4.1.3 Feedingand respiration

The earliest tetrapods had to modify the ways in which
they fed and breathed. The skulls of osteolepiforms and
tristichopterids were highly kinetic (see p.72), but this
mobility was largely lost in the early tetrapods. The jaw
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movements of tetrapods are also much simpler than
those of most fishes. The lower jaw hinges at one paint
at the back of the skull, on a roller joint between the
articular bone in the lower jaw and the quadrate in
the skull. The first tetrapods presumably fed on
small fishes and the increasing numbers of terrestrial
invertebrates — millepedes, spiders, cockroaches, drag-
onflies and the like.

Air-breathing needs lungs, or some equivalent sup-
ported vascular surface, instead of gills. Lungs contain
internal folds and pouches lined with heavily vascular-
ized skin and bathed in fluid. Airis drawn in, passed into
the fine pouches, and oxygen passes through the moist-
ened walls into the bloodstream. Living lungfishes have
functional lungs of course, and the same is assumed for
osteolepiforms and indeed most other early bony fish-
es. The first tetrapods may have been only marginally
better than their fish ancestors at air-breathing.

Thereare two main modes of breathingin tetrapods,
(1) costal ventilation, where the ribs and costal muscles
expand and contract the lungs, and (2) buccal pump-
ing, where air is sucked into the mouth and throat, and
then rammed into the lungs by raising the floor of the
mouth. Amniotes all rely on costal ventilation, but
living amphibians use buccal pumping, and it is seen
especially in frogs. Perhaps the early tetrapods breathed
partly,or mainly, by buccal pumping — this is suggested
by their broad mouths and short, straight ribs.

4.1.4 Sensory systems and water balance

Sensory systems had ta change too in the first tetrapods.
The lateral line system could be used only in the water (it
was refained in many aquatic tetrapods). Eyesight was
even more important on land than in shallow ponds
{tetrapods have larger eyes than their precursors), and
the sense of smell may have improved, but there is no
evidence of that in the fossils. Early tetrapods had a poor
sense of hearing in air, as did their ancestors. The main
bone associated with hearing in modern amphibians
and reptiles, the stapes, is present in early tetrapods
(Figure 4.3), but it is too massive to be effective in hear-
ing high-frequency sound. The stapes isa modified ver-
sion of the hyomandibular element, which forms part
of the jaw-hinging apparatus in most fishes (see p.51).

) 2R

(a)

Fig.4.3 Posterior views of the skulls of the sarcopterygian

Eusthenopteron(a) and the tetrapod Greeverpeton (b) to show tbefv 1 ;i
changing function of the fish hyomandibular, which acted largely 8

asa supporting element, to the tetrapod stapes, which functions
in transmitting sound vibrations in air from the tympanum to
the brain. { Modified from Smithson, 1 982, by permission of
Academic Press Lid, London. |

A further physiological problem with life on land is
the maintenance of water balance. In the air, water can
evaporate through the moist skin of the body, the lining
of the mouth and nostrils,and the early tetrapods risked
desiccation. The carliest tetrapods probably remained
close to fresh water, which they could drink in order to
avoid this problem, Certain forms evolved semiperme-
ableskin coverings that would have cut down water loss.

4.1.5 Reproduction

Living amphibians betray their ancestry in their mode
of reproduction. Even highly terrestrial forms have to
lay their eggs in water where the young hatch out as
aquatic larvae, tadpoles. After some time in the water,
breathing through gills, the tadpoles metamorphose

\ hyomandib
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Fig. 4.4 Fossil‘tadpoles’ of Carbonif and Permian
tetrapods; drawings of fossils from (a) France and (c) North
America; (b) reconstruction of an intermediate stage. [ Figures (a,
b) after Boy, 1974; (c) after Milner, 1982.

into the adult form. Fossil tadpoles are rare, probably
because they are so small and their bones are pnor]y
developed, but sufficient specimens have been found in
Carboniferous and Permian rocks to confirm that at
least some early tetrapods passed through larval stages
similar to those of modern amphibians (Figure 4.4).

.

4.2 DEVONIAN TETRAPODS

Knowledge about Devonian tetrapods has increased
dramatically since 1990. The oldest potential tetrapod
remains are tantalizing: some ill-defined footprints
from Australia, and isolated bones and footprints from
different parts of the Old Red Sandstone continent.
Some Late Devonian taxa, Metaxygnathus from Aus-
tralia, Elginerpeton from Scotland and Obruchevichthys
from the Baltic area, are close to the evolutionary transi-
tion from sarcopterygian fishes to basal tetrapods. In
addition, unequivocal latest Devonian tetrapods hav_'e
been reported from Russia (Tulerpeton), Lar\lna
( Ventastega), China (Sinerpeton) and North America
( Hynerpeton, Densignathus).

The most completely known Devonian tetrapods
are Acanthostega and Ichthy from the latest

' 4

Devonian of Greenland. Initially, attention focused on
Ichthyostega, which had been described fram nearly
complete skeletal remains (Jarvik 1996). Since then,
new specimens of Acanthostega have added greatly to
knowledge of that animal (Coates and Clack, 1990,
1991; Clack, 1994, 1998a, 2002a, 2003a; Coates, 1996;
Ahlberg and Clack, 1998). Discovering the relation-
ships of these basal forms has been difficult (see Box
4.1).

4.2.1 Anatomy

The latest Devonian tetrapods all measure 0.5-1.2m
long, and they were carnivorous, presumably feeding
on fishes. Acanthostega and Ichthyostega retain a fish
body outline with a streamlined head, deep vertebrae
and a tail fin (Figure 4.5(c, d)). Both forms have poorly
developed wrists and ankles. In Ichthyostega the ribs
are unusually massive, and they have broad plate-like
processes along their posterior margins that overlap
considerably and form a near-solid side wall.

The skull of Ichthyostegalooks generally like that of
the sarcopterygians Fusthenopteron and Panderichthys
in side view (Figures 4.5(a, b, d}), and it retains the
buried lateral line canals. Acanthostega, however, has
fost certain elementsat theback that covered the gilland
throat region, and the pectoral girdle is naw separate. In
dorsal view, it can be seen that Acanthostega (Figures
4.5(c), 4.6(b)) has a broader and shorter skull than
Eusthenopteron (Figure 3.24(b)), with the eyes placed
further back. Ventrally, the arrangement of bones and
teeth is still sarcopterygian. ,

The pectaral girdle of Acanthostega | Figure 4.6(c)) is
simplified in some respects when compared with thahrnl'
a sarcopterygian. In Acanthostega, there are five main
elements; a cleithrum above and a scapulocoracoid
below, the latter bearing the joint surface or glenoid for
the humerus,and a clavicleand interdlavicle in front of
and below the scapulocoracoid respectively. A fifth ele-
mentis theanocleithrum,a thinsheetaf baneat the tap

of the scapulocoracoid, and a primitive structure that
links the shoulder girdle to the skull in fishes, but which
is lost in most post-Devonian tetrapods. The pelvic
girdle (Figure 4.6(d)) is a single plate, showing rcg,icl_ls
that correspond to the typical paired elements seen in
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The relationships of the Late Devonian tetrapods (see cladogram), and their closest fish relatives, are controversial, not least
because many of the specimens are incomplete and are currently under study. Panderichthyids seem to be the closest sar-
coplerygian relatives of tetrapods, sharing various features of the head and body that are not seen in osteolepiforms. The
Tetrapoda, literally those vertebrates with ‘four feet’, certainly include Ichthyostegaand Ventastegaas basal forms. Their sis-
ter group, the elginerpetontids, may be the earliest tetrapods (Ahlberg and Milner, 1994) if their jaw and forelimb characters are
confirmed.

There is disagreement about the relationships of the remaining Devonian tetrapods. In most analyses (2.g. Ahiberg and
Milner, 1994; Coates, 1996; Laurin, 1998; Ruta et al,, 2003a, b), Acanthostegais seen as more basal than Ichthyostega, as
shown here (see cladogram), whereas Ahlberg and Clack (1998) reversed the order. A further dispute concerns the location of
the major split between the ancestors of modern amphibians and of amniotes. Coates (1996) located the split in the Late
Devonian, placing Tulerperonon the ling to amniotes, a view that s not robust (Laurin,1998). This simplifies aur understand-
ing of digital reduction: in Coates’ (1996) scheme, reduction to five digits had to happen twice, once on the line to amphibians
and once on the reptiliomorph line. In the scheme here, all the Devonian tetrapods are on the stem to later forms, and digital re-
duction happened once, between Tuferpetonand later tetrapods (Ruta et af, 2003a, b), Here, it is assumed that all Devonian
tetrapods fall along the line to a single clade of more derived tetrapods, following Ahlberg and Clack (1998) and Ruta ef al.
(2003a, b).

Cladlogram showing postulated relationships of the basal tetrapods, based
on Ahlberg and Clack (1998) and Ruta ef /. (2003a, b}, with some
information from Ahiberg and Milner (1994) and Coates (1996). See Box
3.6 for context of Tetrapoda; see Box 4.5 for relationships of main post-

BB &
Devonian tetrapod groups. The number of fingers/toes is indicated, where

e &
wf;‘w o ﬁ%‘d}ﬁ
< W ?f & known. Synapomarphies include: A, flattened head with elongate snout,
C E

L orbits on top af skull, external naris marginal, frontal bone present, body
flattened, dorsal fin absent, enlarged ribs, humerus with anterior keel;

B, large nasal bones, fang pair and tooth row on the parasymphysial plate,
anlerior coronoid narrow, Meckelian bone floors precoronoid fossa,
rudimentary sacrum, pre- and postzygapophyses on vertebirae, ilium
branches in two; C ELGINERPETONTIDAE, deep furrow along dentary-

A splemal suture, humerus with thin fiat entepicandyle contimuous with
humerus body and narrow tall ectepicondyle, tibia with articulation surfaces
for imtermedium and tibiale; D TETRAPODA, cheek with broad

jugal-quadratojugal contact, large ornamented interclavicle, carpus, tarsus, up to eight digits, iliac blade extends dorsally and attached to
vertebral column by sacral rib; €, coronoid fangs intooth row: F single pair of nasals meeting in midline. stapes, coronaid fangs absent. well-
developed ventrally-directed ribs, pectoral girdle detached from skull, femur with adductor muscle crest, radius and ulna/ tibia and fibuta
parallel and both articulate with carpus/ tarsus., hand and fool with series of digits; B, postsplenial pit hne in lower jaw absent, freg ventral
flange of the splenial absent, only symphysial and articular ends of the Meckelian element ossified, anacleithrum abseat, olecranon process
present and ulna as long as radius or longer, seven or fewer digits: H. open lateral line system on most or all dermal bones, elongate scapula
and distinct cleithrum, six or fewer digits, tail fin absent; I, five or fewer digits.
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Fig.4.5 Silhouette diagramsof tetrapod
outgroups (4,b) and tetrapods (c—):

(a) Eusthenopterow, (b) Panderichthys;
() Acanthostega; (d) Iehthyostega;

{e) Balanerpeton. ( Courtesy of Mike

Loates.)

all tetrapods on each side; an ilium above, and a pubis
and ischium below, the pubis lying to the front. The
joint surface for the head of the femur, the acetabulum,
is borne in part on all three of these bones. The pelvis is
attached to the vertebral column by an elongate rib of
the sacral vertebra, which meets the inner surface of the
ilium on each side. The pubes and ischia also meet their
opposite numbers in the midline ventrally, thus making
the pelvic girdle a firm all-round basket that holds the
acetabula in immovable positions, and supports the
posterior part of the trunk and the tail. The glenoid and
acetabulum face sideways and backwards, the charac-
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teristic of tetrapods, instead of simply backwards as iz
sarcopterygians.

The limbs of Acanthostega and Iclithyostega are like
later tetrapods in most features, but recent work has
shown that they are startlingly different in others, The
arm of Acanthostega, for example (Figure 4.6(¢)), has
all the major bones seen in later tetrapods (cf. Figure
4.1(b)}, but Coates and Clack (1990} had a surprise
when they prepared the hand region of one of their new
specimens: they found that it had eight fingers. They
then investigated the hindlimb (Figure 4.6(f)), and
found that it had eight toes. Ichthyostega has seven toes,




82 TheEarly Tetrapods and Amphibi

g

Fig. 4.6 The anatomy of Acanthostega: (a,b) skullin lateral view,
lateral view; (d) pelvic girdle and leg in lateral view; (e) armand

wi IP! braincase (a) and dorsal view (b); (c) shoulder girdleandarmin
hand in anterior view; (f) leg and foot of Ichthyostegain anterior view.

[Figures (a, b), courtesy of Jenny Clack: (c—f), co urtesy of Mike Coates,]

and Tulerpeton has six. Again, the remainder of the leg
shows the standard tetrapod elements, although there
are fewer elements in the ankle than in later tetrapods:
femur, tibiaand fibulain the leg, fibulare, intermedium

tibiale, perhaps one centralium, and at least five distai
tarsals (1-5) in the ankle, and seven toes, each of which

has a metatarsal and a number of phalanges. Counting
f}utwards from toe 1, equivalent to our ‘big toe), but
In Acanthostega a small toe, the phalanges number

1,_2,3,?,3.3.3.2. These observations have profound im-

plications for our understa nding of the development of
the standard pentadactyl (‘five-fingered’) condition in
all later tetrapods (see Box 4.2),

4.2.2 Modes oflife

The Late Devonian tetrapods were clearly still aquatic
asis shown by the retention of a tail fin, alateral line sys:
tem and internal gills. The vertebral column was flexi-
ble,asina fish, and Ichthyostegaand Acanthostega could
have swum by powerful sweeps of their tails. In addi-
tion, the orientation of the shoulder and pelvic girdles,
and the shapes of the limb bones, show that the Late
Devonian tetrapods used their limbs more in swim-
ming than walking. The hand and foot, each with jts
extra digits, were broad and flat, and mare use as pad-
dles than feet (Figures 4.5 and 4.6(c, d)). These animals
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BOX 4.2 HOW MANY FINGERS AND TOES?

For years, everyone had assumed that five fingers and toes was the normal complement for tetrapods. The so-called pen-
tadactyl (“five-digit’) limb was a classic synapomorphy of all tetrapods, from salamanders to humans. Our counting system is
based on ten, in other words. two handfuls of fingers. The new finds of basal tetrapods with six, seven, or eight digits showed
that there is nothing special about five digits, and that each finger or toe is not individually mapped to a single gene.
i The tetrapod limb can be divided into three portions thatappear in the embryo one after the other, and that appeared in evo-
jutionary history in the same sequence. First came the proximal portion of the limb, the stylopod (the upper arm or thigh),
equivalent to the root of the fins of Silurian fishes. The middie portion of the limb, the zeugopod (the forearm or calf), appears
in sarcopterygians in the Devonian, and the distal portion, the autopod (the hand and wrist or foot and anide), appears only in
tetrapods in the Late Devonian.

This evolutionary sequence is replicated during development of the embrya (Shubin etal,, 1997; Coates et al, 2002; Cahn
etal, 2002). Atan early phase, the limb is represented sim ply by a limb bud, a small lateral outgrowth from the body wall. Limb
growth is controlled by the Hoxgenes; all animals have Hoxgenes, and these function in determining position and orientation
of the early smbryo, segmentation, and ather aspects of the architecture of the body. Early in fish evolution, five of the 13 Hox
genes, numbered 9-13, were co-opted to control limb bud development. Manipulation of embryos during three phases of
development has shown how this works. In phase |, the stylopod in the limb bud sprouts, and this is associated with expres-
sion of the genes HoxD-9 and HoxD-10. In phase Il, the zeugopod sprouts at the end of the limb bud, and the lissues are
mapped into five zones from back to front by different nested clusters of all the limb bud genes HoxD-9to HoxD-13. Finally, in
| phase lll, the distal tip of the lengthening limb bud is divided into three antero-posterior zones, each associated with a different
| combination of genes HoxD-10 to HoxD-13. Phases | and |l have been observed in teleost fish development, but phase Il
appears to be unique to tetrapods.

Inthe development of vertebrate embryos, therg s no fixed plan of every detail of the limb. A developmental axis runs from
the side of the body through the limb, and cartilages condense from soft tissues in sequence from the-body outwards to the tips

of the fingers. In an osteolepiform (see illustration (), the developmental axis presumably ran through the main bony ele-
= ments, and additional bones, radials, developed in front of the axis (preaxial side). In tetrapods (see illustration (b)), the axis in
the leg (arm) runs through the femur (humerus), fibula (ulna), the ankle (wrist), and it swings through the distal carpals
y (tarsals). Radials condense preaxially at first, as in the sarcopterygian, forming the tibia (radius) and various ankle (wrist)

bones. The develapmental process then switches sides to sprout digits postaxially (behind the axis). This reversal of limb bud
growth direction in the hand/foot is matched by a reversal of the expression of the Hox genes. In the zeugopod, HoxD-9 is ex-
pressed inall five zones, HoxD-10in the posterior four zones, down to HoxD-13 only in the posterior of the five. In the autopod,
on the other hand, HoxD-13 is present in all zones, but HoxD-10to HoxD-12 are found only in the posterior zone.

] In the Late Devonian tetrapads, six, seven, or eight digits were freely produced, and it was only at the beginning of the
g Carboniferous that tetrapods seem to have fixed on five digits fore and aft. Since then, digital reduction has commanly oc-
curred, down to four (frogs), three (many dinosaurs), two (cows and sheep), or one (horses) fingers and toes. In rare cases
where there is a sixth digit (some large dogs, pandas) it is an outgrowth of the wrist or ankle bones.

Read more at http:fn-.'vm.press.ucnicago.edwmuksfgeefshubinz_html (the antero-posterior zonation of the limb bud and

Hoxgene mapping)
confinued
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could also probably waddle about on land, but the
weightof thelarge skull and heavy ribcage of Ichthyoste-
g probably meant that it had to rest its belly and head
on the ground from time to time. 3

Acanthostega and Ichthyostega were found in sedi-
ments deposited by meandering rivers that flowed
through forests of lycopods and low-growing ferns.
The climate was monsoonal. Coates (1996) argues that
Acanthostega lived most of the time in stagnant, vegeta-
tion-choked backwaters,emergingin damp conditions,
but staying underwater in the dry season and gulping
air at the surface. It walked largely underwater, stepping
over vegetation, and kicking itself along the bottom.

If this is true, it suggests a rather unexpected change
in .the ‘standard’ view of why tetrapods grew limbs.
Instead of simply stepping out of the water and trotting
about on the land, the first tetrapods were still perhaps
largely aquatic. Coates and Clack (1995) argue that
Acanthostega and Ichthyostega lived in’ fresh waters,
and that Tulerpeton lived in the sea. The broad ribs of
Ichthyostega could have served as a partial support for
the internal organs when it ventured on to land, where-
as the forelimbs acted as props and the hindlimbs as
paddles, rather like a seal. Acanthostegaand Ichthyostega
had functioning gills, even as adults (Coates and Clack,
1991). Perhaps fully terrestrial tetrapods emerged only
25 Myr later. L

4.3 THE CARBONIFEROUS WORLD

The main phases of early tetrapod evolution took place
inthe Carboniferous period (354-290 Myrago). By that
time, most of the continents were coalescing into a
supercontinent, and land was continuous from Europe
to North America, South America and Africa, with no
intervening Atlantic Ocean (Figure 4.7). Much of Eu-
rope and North America lay around the Carboniferous
equator, and tropical conditions prevailed in Carbonif-
eraus tetrapod localities.

Damp forests of vast trees and lush undergrowth be-
came widespread. The plants included giant club moss-
¢s,40-m-tall lycopods such as Lepidodendron, horsetails
upto 15m tallsuch as Calamites, fernsand seed ferns. As
these trees and bushes died, they built up thick layers of
decaying trunks, leaves and roots that were buried and
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Fig. 4.7 Map of the worldin Carboniferous times, showing the
north (N) and south (5) poles, and the postulated continental
positions, Coal forests are marked C, and the main amphibian
localities are shown with symbols as follows: Late Devonian (£,
Early Carboniferous (@), Late Carboniferous (O) for
temnospondyls and anthracosaurs, and Early Carboniferous (A}
and Late Carboniferous ( A) for‘lepospandyls’ (mainly
microsaurs), The dashed line overSouth America, southern
Africa gnd India shows the known edge-of Carboniferous glacial
deposits, and the arrows shiow directions of glacier movement.
(Modificd from Pough eral;2002.)

eventually turned into coal. The trees provided new
habitats for flying insects, including some giant forms
like dragonflies with-the wingspans of pigeons. The
decaying ]ﬂ'.im matter and undergrowth provided even
richer habitats for ground-dwelling insects, spiders,
scorpionsand millepedes (some up to 1.8 mlong).

These new habitats opened up great possibilities for
the early tetrapods, and they diversified extensively.
Some forms continued to exploit freshwater fishes by
becoming secondarily aquatic, whereas others became
adapted to feed on the insects and millepedes. Early
Carboniferous tetrapods were poorly known until
recent work on localities in Scotland (see Box 4.3} re-
vealed extensive faunas, Late Carboniferous tetrapods,
on the other hand, are well known from Europe and
North America in particular.
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BOX 4.3 TETRAPODS OF THE VOLCANIC SPRINGS
i

s

The Midiand Valley of Scotland, around Edinbun ‘
\ d V. S ) gh and Glasgow, was an important coal-producin 3
spclaled with richly fossiliferous Carboniferous rocks, and East Kirkton, near Edinburgh, has gecom; :n::fat-tzl r: 0211::;: 2
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aistopod, and some anthracosaurs, Eldeceeon, Silvanerpetonand Westlothiana. Westiathianais close ta the ancestry of am-
niotes and, indeed, was hailed for a lime as the world's oldest amniote. The East Kirkton locality is fascinating because of the
unusual environmental conditions represe nted, but it also documents the earfiest example of a prabable terrestrial vertebrate
community. The extraordinary diversity of tetrapods contrasts with the very different Late Devonian tetrapod faunas.

Read more about the East Kirkton site and its tetrapod fossils at http//www.mwfossils. pwp.blueyonder.co.uk/Ekirk.htm and
http:/fwww.bbc.co.ukiworldservice/sci_tech/highlights/001 219_blacklagoon.shtml

ur ie.l rocks consist of volcanic tuffs associaf i
ered silica deposits, interpreted as the products of hot springs that were heated by ne.'iri:nyl iig::;g N

In 1984, Stan Wood, a professional collectar, f i
v , found tet i i
taken out of an old quarry at East Kirkton. He bo g st Boeedpbnclio oy

excavaion, he had amassed a huge collection o
(sharks, acanthodians, actinopterygians, a rhizod
temnospondyl, Balanerpeton (Figure 4.5(e)

f plants, arthropods (eurypterids, a Spider, scorpions, mi

), and the baphetid Eucritta, both of which may have fed on arthropods, a limbless

Reconstructed scene at East Kirkton, Scotland, 340 million
a_rm: contemplating the active volcanos in the distan
right, and a scorpion fragment is wedged in front of

Years ago, during the Early Carb

g ferous. The reptili h Westiothi its on
Ge, and the steaming hot springs closer by. Fragments of a dead millepede fie at bottom

o L R Westlothiana. Two eurypterids are testing the water temperature in the middle distance.

built from rocks '(
ught the walls and leased the quarry and re-opened it. After a few years of I

: ] llepedes), fishes |
ontid) and tetrapods (seeillustration). The tetrapods include aeroad}-skulhd ]

4.4 DIVERSITY OF CARBONIFEROUS
TETRAPODS

The tetrapods radiated into about 40 families in the
Carboniferous. Classically (e.g. Romer, 1966), the basal
tetrapods were divided into three main groups, the
Labyrinthodontia, characterized by the labyrinthodont
tooth structure (shared with derived sarcopterygians,
Figure 3.24e), large body size, and compound verte-
brae; the Lepospondyli, characterized by small size,
simple tooth structure, and fused spool-like vertebrae;
and the Lissamphibia, the modern groups such as
frogs and salamanders. It is clear, however, that the
‘Labyrinthodontia'at leastis not amonophyletic group,
based on modern cladistic analyses (see Box4.5).

4.4.1 Early Carboniferous tetrapods

The Early Carboniferous used to be a poorly known
time interval in tetrapod evolution, but many new
species have been described in the past 10 years. Their
relationships are still much debated —whether they
are basal forms, basal ‘temnospondyls’ or basal
‘anthracosaurs’

The colosteids, such as Greererpeton from the Lower
Carboniferous of West Virginia, USA (Smithson, 1982),
have an elongate body with 40 vertebrae in the trunk
and neck, a broad tail and short limbs (Figure 4.8). The
skull is very different from that of anthracosaurs: the
eyes are placed further forward, the skull and lower jaw
are lower and flatter, and there is no otic notch. The
lateral line canals are also well developed, suggesting
an aquatic lifestyle.

Crassigyrinus from the Lower Carboniferous of

Scotland (Clack, 1998b), was quite different (Figure
4.9(a—c)). It has a large skull with heavily sculptured
bones. The deep embayments in the side of the skull just
behind the eyes are generally called temporal (or otic)
notches, and it was once assumed that these accommo-
dated a tympanum, or ear drum, which was supposedly
linked to the inner ear by the stapes. In basal forms such
as Crassigyrinus, this space was more likely occupied by
a spiracle, a remnant of an anterior gill slit still seen
today in sharks. With its deep skull and sharp fangs,
Crassigyrinus was clearly a meat-cater with powerful
jaws that could have seized large fishes and resisted their
struggles in the mouth. Crassigyrinus has minute fore-
limbs, a long narrow body and probably a flattened tail
bearing a broad fin.

New finds from the earliest Carboniferous have
revealed the existence of a further distinct clade, the
Family Whatcheeriidae. Whatcheeria from lowa, USA
(Lombard and Bolt, 1995) and Pederpes from Scotland
(Clack, 2002b) were both about 1 m long. The lower jaw
is deep, and the teeth sharp and slightly recurved, indi-
cating that these were predators that presumably fed
on large fish, and perhaps other tetrapods. The whatch-
eeriids show a mix of primitive and derived characters.
They retain some fish-like features, such as teeth on the
bones of the palateand on the coronoid in the lower jaw,
a lateral line enclosed in bone, and a rather primitive
ilium, as seen in Acanthostega. But, whatcheeriids show
derived features: the skull is narrower and taller than
that of most sarcopterygians and basal tetrapods, there
is 2 massive tooth on the maxilla, and the skull is lightly
sculpted. Most importantly, the foot probably has five
toes (Figure 4.9(c)), as in later tetrapods such as Greer-
erpeton and Proterogyrinus, but the hand might still
retain a tiny sixth finger. Functionally, though, these
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were the first tetrapods adapted more to walking than
swimming,

The baphetids, or loxommatids, are known from
various Carboniferous localities (Beaumont, 1977;
Clack, 2003b). Megalocephalus from the Early Car-
boniferous (Figure 4.10(a—)) has a small rounded
orbit that extends into an unusual pointed structure in
front, which might have housed a gland, or have been a
site for muscle attachments. There are traces of lateral
line canals, The jaws are lined with short pointed teeth,
and there are about six larger ‘fangs' set into the bones
of the palate, The skull is very low; in fact itis only about
as deep as the lower jaw, so that accommodation for
the brain was clearly not a priority! Almost nothing is
known of the postcranial skeleton, the skeleton behind
the head region, of any baphetids.

Large jaw muscles probably ran from the side of the
skull to the upper surface of the lower jaw, and these
adductor muscles acted to close the jaw (Figure
4.10(c)). The jaw opened by means of a smaller jaw de-
pressor muscle that ran behind the jaw joint. This is a
tetrapod novelty, and represents a further shift from
fish-like anatomy in which basibranchial muscles con-
necting with the shoulder girdle depress the jaw.
Muscles can only pull, and the solution of placing a jaw
opener behind the pivot joint of the jaw is adopted in
most tetrapods.

lateral line canals

Fig. 4.8 The colosteid Greererperon: 8
(a) whole-body restoration; (b,¢) skullin = %
lateral and dorsal views, showing the
sculpturing of the skull bones on the left
side of the dorsal view (c) only. | Figure
(a) after Godfrey, 1989; (b, ¢) after

4.4.2 Temnospondyli

 The temnospondyls are the main Carboniferous
tetrapods, a group that survived in abundance through =
the Triassic, and with much reduced diversity into the ¢

Early Cretaceous, a total span of over 150 Myr. During

this time, 170 genera in 40 families have been recorded.
Balanerpeton from the Lower Carboniferous of Scot-
land (Figure 4.5(e)) and Dendrerpeton (Figure 4.11)
from the Upper Carboniferous of Nova Seotia, Canada
(Holmes et al., 1998) have broader skullsthan most an-
thracosaurs, and they have a rounded front margin,
which istypical of temnospondyls. The palate of Dendr-
erpeton (Figure 4.11(b)) shows several characteristic
temnospondyl features; a broad open space in the mid-
dle, the interpterygoid vacuity, which is very small in
anthracosaurs, a long narrow process from the brain-
case that runs forward across the interpterygoid vacu-
ity,and a pair of broad flat vomers at the front. The arms
and legs are stout, the shoulder and hip girdles strong,
and there is a slender sound-conducting stapes, all of
which suggest that Dendrerpeton was a largely terres-
trial animal.

4.4.3 Lepospondyli

The lepospondyls are generally small tetrapods that
may forma clade (Carroll etal., 1998),although this has

Smithson, 1982.] -
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(c)

Fig. 4.9 Early Carboniferous tetra
view (¢); (d) feet of various early tetrapods, including Pe

been disputed. The microsaurs, the largest group of
lepospondyls, from the Carboniferous and Early
Permian animals (Carroll and Gaskill, 1978), were
mainly terrestrial in habits. Recent cladistic analyses

Greererpelon Froterog

(d) Pederpes

pods: (a—c) Crassigyrinus, whole-body resto ration (a), skeleton (b) and skull and lower jaw Iff side
% rderpes. | Figures (a, b) courtesy of Mike Coates: (c. d) courtesy of Jenny Clack.]

(e.g. Laurin, 1998; Anderson, 2001; Ruta et al, 2093}
show that the Microsauria is not monophyletic, with
Microbrachis and some other close relatives falling in a
clade that includes nectrideans and aistopods. Tudi-




longbodies,and short legs, which suggest that theywere
burrowers or leaf-litter foragers.

The nectrideans (A. C. Milner, 1980) were an aquat
ic group, known from the Late Carboniferous and |

oftic notch

Permian. Many, such as Sauropleura from the Upper
Carboniferous of Europe and North America (Figure %
4.13(2)), are newt-like in appearance, with very long e
% Rattened tails that were presumably used in swimming, = interpterygoid
g The caudal vertebrae of these forms (Figure 4.13(b)J braincase vacuity
£ have remarkable ornamented symmetrical spines |

aboveand below, part of the deep flat-sided tail that was
used for propulsion. <

Diplocaulus and Diploceraspis from the Upper Car-
boniferous and Lower Permian of midwestern USA
(Figure 4.13(c—f)) have dramatically expanded skulls 3
marked by enormous ‘horns’ growing out at the sides, 3
which givesthe head abanmerang-like appearance. The
extensions are formed from massive outgrowths of the
squamosaland tabular bones, which normally form rel
atively small parts of the back corners of the tetrapod

i al view of skeleton. [After
Fig.4.11 Theearly temnospondyl Dendrerpetan: skull in (a) lateral, (b) dorsal and {c) ventral views; {d) lateral view

Holmes etal., 1998.)

canal

depressor f
mandibulag
muscle

adductor muscles
(e

Fig. 4.10 Thebaphetid (I id) Megalocephalus: (a,b)
skullin dorsal and ventral views; (c) skullin lateral view, witha
tentative reconstruction restoration of the main Jaw muscles.

[After Beaumont, 1977.]

tanus, an early form from the Upper Carboniferous of
Ohio, USA (Figure 4.12(a, b)), was a highly terrestrial
animal, having the proportions of a lizard, with power-
fullimbs and a strong skull. Its short tecth were adapted
for crushing and piercing the tough skins of inverte-
bratessuchasinsects, spidersand millepedes. Other mi-
crosaurs, such as Microbrachis(Figure 4.12(c)) from the
Upper Carboniferous of the Czech Republic (see Box
4.4), seem 10 have been secondarily aquatic, with long
slender bodies, and reduced limbs and limb girdles.
Some microsaur lincages show reduced skull bones,
massive occiputs (the posterior part of the skull roof),

skull. Juveniles have almost no hornsatall, but astudyof
hundreds of specimens of Diplocaulus at all stages of
growth (Olson, 1951) shows how they grew out more
and more as the animals became older ( Figure 4.13(f)).
The function of the nectridean horns is more of a prob-
lem. Biomechanical studies (Cruickshank and Skews,
1980) on models of the head of Diplocaulus have shown
that its hydrofoil shape provided lift when it was held
roughly horizontal or just tipped up in even very weak
currents. Perhaps Diplocaulus and Diploceraspis fed on
fishes that they caught from a lurking position on the
siver or lake bottom. They flicked their tails sharply,
rushed up from beneath, grabbed a fish, and rapidly
sank to the bottom again to enjoy their feast.

. The aistopods, a small group from the Carbonifer-
ous and Lower Permian of North America and Europe
(Carroll, 1998; Anderson, 2002), were snake-like ani-
mals, ranging in length from 50 mm to nearly 1 m, with
up to 230 vertebrae, and no limbs or limb girdles
(Figure 4.14(a)). Aornerpeton has a light skull (Figure
4.14(b—d)) with large orbits, and the bones that nor-
mally form the back of the skull have been reduced or
lost. Because the skull is small, the braincase seeims refa-
tively large, and it is exposed in all views. Each vertebra
(Figure 4.14(e)) is formed from a single element, unlike

Fig. 4.12 Two microsaurs: (a,b) the terrestrial Tuditanus, and ( ¢) theaquatic/

those of most other early tetrapods, a condition termed
holospondylous. The upper poniur_l of the vertebra,
the neural arch, which encloses the spinal cord and pro-
vides sites for muscle attachment, ‘I.S fused to the main
body of the vertebra, the centrum. Similar vertebrae are
i trideans and microsaurs. v
Seer"r:‘e:;zt;pods are assumed to have lost their limbs

Microbrachis. | After Carroll and Gaskill, 1978.)

secondarily, rather than to have evolved directly from .11
limbless fish ancestor. Their long trunk and short t..n‘
are similar to snakes, and some aistopods at tea_s[ may
have been able to open their jaws unusually wide be-
cause of extra joints in the skull. Perhaps d‘\c a‘f:lﬁp(?ds
filled terrestrial and semiterrestrial snake-like niches.
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The fossil tetrapods nearly all came from a 300-m-thick sequence of coalified shales and mudstones near the base ofthe |}
NjFany Gaskohle Series (Westphalian D, Late Carboniferous in age, ¢. 300 Myr ago). These sediments were laid down inan
enclosed lake under gentle conditions, and they contain remains of plants such as Calamites, a giant horsetail that grew in up
to 1 m of water. There are also rare fossils of small sharks, acanthodians and actinopterygians, as well as water-living arthro-
pods and terrestrial millepedes. At the time of deposition of these beds, the lake was small and poorly aerated, and the sedi-
ments represent a fairly rapid accumulation. :

The fossil tetrapods are generally very well preserved, and they occasionally show traces of soft parts here, and in similar -
localities elsewhere (see illustration |). The cadavers seem to have sunk to the bottom rapidly, with relatively little decomposi-
tionand no scavenging. It may be that the animals swam a little oo deep in the lake, and encountered anoxic bottom waters that
suffocated them. :

A census of most of the 700 or so Nyfany tetrapod specimens currently housed in museums around the world (A. R.

Milner, 1980) shows that there were 20 species of basal tetrapods, with representatives of most major groups, and four
species of amniotes. These fall into three main ecological associations (see illustration I1). - 3
1 Open-water/lacustrine assocation: three very rare forms from Nyfany, an eogyrinid anthracosaur and two baphetids pre-
sumably fished in the open waler, 52 .
2 Terrestrial/marginal association: representatives of 13 species lived on or close to the shores of the lake. These include
primitive temnospondyls, anthracosaurs, an aistopod, four microsaurs and three primitive amniotes. % 5
3 Shallow-water/swamp-lake association: the remaining seven tetrapods from Nyfahy all appear to have been partially
aquatic, and to have swum rapidly about in shallow parts of the lake where plants grew in the water and where the bottom was
covered with plant debris. They include two temnospondyls, a branchiosaur, two nectrideans, a microsaur and-an aistopod.
Most of these presumably fed on small fishes or small tetrapods. . 5

BOX 4.4 THEu?ﬁANnETnAPuncummumnfs —_—

0 E 5
ne of the most diverse faunas of Late Car boniferous tetrapods is from Nylally. a small -Illl.lll'llg town in the Czech REpUb“l:

the 1870s (A. R. Milner, 1980), and since then many

Fossil tetrapods were first reported from coal mines in this area in
hundreds of specimens have been collected and studied.

3 ; Baphetes ,-_r Archaeothyris
3 Diploversabran Sauroplewra f

! | S

acanthodians

53 palasonsscids Microbrachis |
™ T / SCInCosaurns
Hylopesion LAKE MARGIN UPLAND
plankton Ricnodon =

WOrms = NSeCts 4 5

snails millepedes -
3 N\ _wsoiders }}
" organic deliris ety o i |
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Il Al ate Carboniferous tetrapod community, based on the Nyjfany locality. Czech Republic. Four main habitats are indicated, with
representative vegetation and tetrapods, from left to right: open water (eogyrinid, Baphetes); shallow lake (Ophiderpeton, Sauropleura,
Microbrachis, Scincosaurus); lake margin ( Gephyrostegus, Amphibamus, Aornerpeton, Ricnodon, etc.); possibly upland ( Scincosaurus).
The foad web on the left shows what eats what (the arrows run from the base of the food chains —the plants —through various invertebrates
and fishes to the predatory tetrapods, and terminating at the top of the diagram with the ‘top’ carnivores that feed on other tetrapods). (Based
on A.R. Milner, 1380 and other sources.)
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(a)

I Skeleton of the temno: : . — ®)
ventralsiab of e eame - S00ECteS showing excellent preservation of the deficate bones, and of the body

same speci £ : outline: (a) dorsal slab;
Milner) pecimen. {The original specimen is 48 mm long and from the Upper Carboniferous of {8) dorsal tab (b)

the USA; courtesy of Andrew
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Fig.4.14 The alistopod i
Aornerpetor: (a) reconstructed ; i ¢

dorsal (left : : ructed skeleton; (b—d) skull in lateral, dorsal fovn. " 4
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Fig.4.15 The earlyanthracosaur Proterogyrinus (ac) skull in lateral, dorsal and ventral views; (d) restoration of the skeleton; (e) the
anthracosaur Pholiderpeton. [Figures (a—d) after Holmes, 1984; (e) after Panchen, 1972.]

4.4.4 ‘Anthracosauria’

The anthracosaurs, a paraphyletic group that arose in
the Early Carboniferous, and survived into the Early
Triassic, include a number of moderate-sized fish-
eaters. Some were apparently terrestrial, whereas others
became secondarily adapted to life in the water.
Proterogyrinus from the Lower Carboniferous of
West Virginia, USA (Holmes, 1984) and Scotland is
about 1m long and has an elongate skull (Figure
4.15(a=d)). The skull table, the square area at the back of
the skull (Figure 4.15(a, c)), is set off from the cheek
area, and there is a line of weakness between the two
units that presumably allowed the skull to flex during
jaw opening, as in osteolepiforms. Proterogyrinus has
large vertebrae, a short neck and a flat-sided tail. The

-

limbs are well developed for moving rapidly on land,
but the flattened tail shows that Proterogyrinus could
swim well. Later anthracosaurs, such as Pholiderpeton
from the Upper Carboniferous of England (Panchen,
1972), were even more clearly adapted for an aquatic
lifestyle, with their long slender bodies, small limbs and
deep tail fin (Figure 4.15(e)).

4.4,5 Vertebral evolution

One of the most startling patterns of evolution ob-
served among the basal tetrapods occurs in the back-
bone. In sarcopterygian fishes, there are three main
components of each vertebra, a pleurocentrum and an
intercentrum encompassing the notochord below and
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’——W BOX 4.5 RELATIONSHIPS OF THE BASAL TETRAPODS
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Temnospondyls and Reptiliomorphs after the Carboniferous 99

e

Athorough new analysis (Ruta etal., 2003a, b) confirms aspects of bath views (see cladogram). Temnospondyls lie on the
jine to lissamphibians, as discovered by Panchen and Smithson (1988), and the Lepospandyliis indeed a valid clade and lies
onthe amniote lin, as argued by Laurin (1998} and Anderson (2001). Butthe lissamphibians return to the temnospondyl side,
and are not grouped with the lepospondyls, as Laurin (1998) and others have argued.

From the base, there are some stem-group taxa (Crassigyrinidae, Whatcheeriidae, Baphetidae), and then a major
split into a batrachomorph clade, or the ‘true’ amphibians, and a reptiliomorph clade, or those tetrapods on the line to the

amniotes.
The Batrachomorpha have a shallow skull and a fused skull roof with no kinesis with the cheek. Batrachomorphs have only

Controversial issues since 1988 have conc % four fingers in the hand, repr_esenl'mg the permanent loss of one finger. Temnospondyls, as classically defined, are a para-
(1993), Ahlberg and Milner (1 994) and othe; efmed the content of each of those lines. Panchen and Smithson (1988), Mi e plyleic o, loveng 4 Srics T oigroups LISk
phibians than to amiotes, and that antt rs found that ter!'mosmndyrs microsaurs and nectrideans are clpser to , Milner The other line consists of lepospandyls {microsaurs, nectrideans and aistopods) and reptiliomorphs. The Reptiliomorpha
Lawrin (1998) and Anderson e racosaurs, Seymouriamorphs and diadectomorphs are basal outgroups of lissam-- -, : are characterized by changes in the snout region and in the foot. The paraphyletic ‘anthracosaurs’, the seymo uriamorphs and
sister group to Lissamphibia, and m&watr:el::f;:; hand, ;el;lstam Lepaspondyfi as a valid clade, and pmpnssj :Jn e’;mw":feh Ik the diadectomorphs form successively closer outgroups to the Amniota (=reptiles + birds + mammals).
the split between iote : mnospondyls, anthracosaurs and seymouriamorp |y
the amniote and the lissamphibian line. SeymOouramorphs tothe stem For more information, go ta hitp:/Aclweb.org/tree?group=Terrestrial_Vertebrates&contgroup=Sarcopterygii, where a series
! of pages take you through an alternative cladogram of basal tetrapods, based on the work of Laurin (1998). Do not be confused
B b by his rather heterodox use of group names such as ‘Amphibia, ‘Anthracosauria’ and ‘Tetrapoda'.
TEMNOSPONDYLI" i
rl—%
A & iy
@W'f £ : ; P [ | B - —
g g 3 S e Cladogram shawing the relationships of the major groups of basal tetrapods, based on Ruta &t al (2003a), with divisions of Temnospondyli
& 2 Qﬁ,‘;? Of?& Aﬁf fxfﬁ J f {,sf & 3 from Yates and Warren (2000). Only a smal selection of temnospondy familes is shown. See Box 4.1 for context of Devoniantetrapods: see
¢ 9 & ,:*‘P \yf RS > v‘@‘o Bax 5.1 for relationships of Amniota. Synap hies include: A, five or fewer digits; B, orbits neither round nor elliptical, tabular does not
H o contact squamosal, large scapular blade; C, anterior patatal vacuity absent, humerus shorter than the length of two and a half mid-trunk
G o) R U E: 3 vertebrae; D, occipital condyles present, hord ded from braincase in adult, ectepicondylar 1 inhu zhsent; E, lateral
M N Q T 2 fine system on skull roof absent, mandibular canal absent. ventral humeral ridge absent; F, exposure of posterior coronoid in kateral view,
L S entepicondylar foramen absent, 6 BATRACHOMORPHA, parasymphysial plate absent, radius approximately as long as uina, no more than
= four digits in hand; H LIMNARCHIA, ectopterygoid tooth row, maxilla sutures with vomer, denticles on vomers absent, interclavicle elongated;
g K P e 3 1, double occipital condyles with no ¢ ion from basioceipital, denticle field on all three caronoids absent, tooth row on posterior
1 g coronoid: J EUSKELIA, postpanietals wide, farge plate-like illa, shart jor skull table, intertemporal absent, basicranial
= articulation fused and immobile. fewer than 23 presacral i f absent: K, maxilla enters orbit margin, narrow
E &= interorbital bar, longest trunk ribs poorly ossified short rods, slender and elongate humerus; L, skull table very short, ectopterygoid reduced
F BATRACHOMORPHA A ur absent, palatine poorty ossified, palatine without fangs, reduced interclavicle; M LISSAMPHIBIA, pedicellate teeth, teeth bicuspid or
G LIMNARCHIA multicuspid, supratemporal absent, tabular absent, pineaf foramen absent, two coranaids absent; N, postorbital absent, postfrontal absent,
o flgSKEUA coronoids absent, splenials absent, surangular absent, 0 BATRACHIA, jugal absent, ossified opercular bone in oval window of middie ear,
o BATSHAA%;ﬂBM & fewer than 20 presacral verlebrae. pubis unossified; P, premaxillae less than two-thirds of skull width, parietal-tabular contact, vomers
Q LEPOSPONDYL| 5 elongate and strip-like, tarsus with L-shaped proximal element; 0 LEPOSPONDYLI, sup | absent, | foramen absent,
E R HOLOSPONDYL| vertebrae consist of cylindrical pleurocentra only, neural arches and centra fuse indistinguishably early in ontogeny. atlantal
c o S REPTILIOMORPHA, absent: R HOLOSPONDYLI, prefrantal less than three times as long as wide, ectopterygoid with tooth row, extra articulations above
B T BATRACHOSAURIA 2ygapophyses inat least some trunk and caudal vertebrag, neural and haemal spines rectangular to fan-shaped in side view, hamal spines
A fused to caudal centra: § REPTILIOMORPHA, premaillae less than half of skull width, vomers taper forwards, phalangeal Formula of foot
23.4.5.4-5: T BATRACHOSAURIA. jugal enters ventral margin of skull roof, intetemporal absent, vormer lacks fang pair, palatine lacks fang
pair, trunk neural spines fused to centra, neural spines swollen laterally, interclavicle wider than long, humerus with expanded proximal and
distal ends; U, postparietal and tabular entirely in occiput, sup sipital present, first id absent, sacrum with two vertebrae.
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=
250 mm

wrist banes
not ossified

Fig. 4.17 Diverse temnospondyls from the Permian (a—) and Triassic (f<h): (a) Er

the neotencus branchiosaurid Apateon, wops; (b) dorsal view of skull of Doleserpetor (¢, d)

showing tadpole-like characters, such

. b, 3 asgillsand poarly

.l\u[l in dorsal view; (e) reconstructed branchiosaur; (f) the dvinosaur ]'i;_pr'hlk o
saur Plng_mscumm. [Figure (a) afier Gregorv, 1951 (h) after Bolr, |

5 courtesy of Mikhail Shishkin. | . -

assified bones: (¢} reconstructed

77 (e, d) based un Boy, 1972; (e} based on AR,

Fig. 4.18 Advanced reptiliomorphs: (a)
Seymouria skeleton; (b—d) Diadectes: (b)
skeleton; () skull in lateral and (d) ventral
views, showing the herbivarous
adaptations of the dentition. [Figure (a)
after White, 1939; (b) altered from Romer,
1944; (¢, d) after Carroll, 1969b.]

Permian (Figure 4.18{a)) was a 600-mm-long active
terrestrial animal that lived in fair abundance in the
southern midwestern USA and Germany {Berman
et al., 2000b). It had powerful limbs, and the body was
held higher off the ground than in most tetrapods so far
considered. Aquatic seymouriamorphs from the Upper
Permian of Russia, the kotlassiids, had broad skulls and
fed on fishes. The discosauriscids, another seymouri-
amorph group. were small, 400mm long, terrestrial
forms, known from the Upper Carboniferous to Upper
Permian of Europe and Asia.

4.5.3 Diadectomorpha

The diadectomorphs, Late Carboniferous and Early
Permian terrestrial forms, are reptiliomorphs, very
close to the origin of the amniotes (see Box 4.5).
Diadectes from the western USA and Germany
(Figure 4.18(b—d)) is rather heavily built, with massive

AN
Lila/

limb girdles, short limbs and Beavy vertebrae and
ribs (Berman et al, 1998). its key features are, however,
seen in the skull. Diadectes was one of the frst terres-
trial vertebrates to adopt a herbivorous diet: there
are eight short peg-like teeth at the front of the jaw that
were used for nipping off mouthfuls of vegetation, and
rows of broad blunt cheek teeth that were used to grind
itup.

4.6 EVOLUTION OF MODERN AMPHIBIANS

Modern amphibians, the Lissamphibia, are diverse,
being represented by more than 4000 species that fall
into four distinctive clades, the extinct albanerpeton-
tids, the anurans (frogs and toads), the urodeles (newts
and salamanders), and the gymnophionans (limbless
caecilians). The history of each of these will be outlined
briefly before a consideration of their origins and
relationships.




Rave,

s

102 The Early Tetrapods and Amphibi

, 3

4.6.1 Albanerpetontidae

The albanerpetontids are a family of some five or six
genera, known from the Mid-Jurassic to the Miocene of
Europe, and most widely represented by Albanerpeton
from North America (Gardner, 2001; Mc‘Gﬂwa n,2002).
Celtedens, an early form, about 70 mm long, from the
Upper Jurassic and Late Cretaceous of Europe (Figure
4.19(a,b)),looks just like asalamander,and it is no won-
der that the albanerpetontids were long classified sim-
p‘ly as salamanders. The body is long and flexible, the
ribs are short, the tail tapers rapidly to a thin structure
and the limbs are powerful. Key albanerpetontid char-
acters are seen in the skull (Figure 4.19(b)): the frontals
are fused together as one triangular element, and there
1s a prominent process pointing forwards and contact-

articulation of lower jaw

J B,
remnants 3

of ribs

urostyla

Smm

~

ing the premaxilla, nasal and lacrimal, and the articula-3
tion of the lower jaw and the skull is nearly vertical, jp &
addition, the vertebrae of the neck are most l-lﬂl-l.s;.lal‘

(Figure 4.19(b))—there are effectively only two of#
them, the atlas and axis, and these fuse dirc.;ctly with 3
the first vertebra of the trunk. The recuction of the cer- _

vical vertebrae to almost nothing in albanerpetontids &
presumably stiffened the neck, and it may have been an :
adaptation for burrowing. :

4.6.2 Anura (Salientia)

Frogs and toads are so distinctive in their anatomy that*

they are immediately recognizable. The skeleton (Fig- 3
ure 4.19(c)) is highly modified for their jumping mode |

.

Fig. 4.19 Albanerpetontids (a,b) and
early frogs (¢, d): (a, b) skull and skeleton
of the Cretaceous Celtedens, (c) the
Jurassic Vieraella, showirig most of the
adaptations of modern frogs; (d) the first
frog Triadvbatrachus. | Frgures (a,b)

Estes and Reig, 1973, by permission of the
editor, copyright @ 1973 by the Curators
of the University of Missouri. |

courtesy of Jerry McGowan; (¢, d) after P
12

|

——

oflocomotion: the hindlimb is extremely long, with the
addition of a flexible pelvis and elongate ankle bones
givingit a‘five-crank’hindlimb; the ilia run far forwards
and the posterior vertebrae are fused into a rod called a
urostyle, making a strong pelvic basket; the forelimbs
and pectoral girdle are impact absorbers for when the
frog lands; and there are no ribs and a short stiffened
vertebral column with only four to nine vertebrae in the
trunk. The head is short and flat, and the upper jaw is
lined with small gripping teeth for processing insects or
other prey.

Thespecialized characters of the frog skeleton can be
detected even in one of the earliest forms, Vieraellafrom
the Lower Jurassic of South America (Figure 4.19(c)),
which has elongate hindlimbs, reduced numbers of
vertebrae, and a flattened skull. It is primitive in having
more vertebrae than in most modern frogs (nine), small
traces of ribs, and slightly heavier limb bones, but it
offers few guides to ancestry. Prosalirus, another Early
Jurassic frog, from the south-west USA (Jenkins and
Shubin, 1998) has more elongate hindlimbs, and it was
clearly the first jumping frog.

Some of the 23 modern families of frogs may be
traced back as far as the Jurassic or Cretaceous, but most
have very short fossil records, or none at all (Estes and
Reig, 1973; Sanchiz, 1998). Triadobatrachus from
the Lower Triassic of Madagascar (Figure 4.19(d)) is
the oldest known frog: it has a reduced number of
vertebrae, reduced ribs, elongate ilia, and a frog-like
skull.

4.6.3 Urodela(Caudata)

Newts and salamanders show far fewer obvious special-
izations than frogs. The body is elongate, and there are
generally four short walking limbs and a flattened
swimming tail. The fossil record of salamanders, like
that of frogs, is patchy (Estes; 1981), but modern fami-
lies are now known from the Mid-Jurassic onwards
(Gao and Shubin, 2003). One of the oldest well-
preserved salamanders, Karaurus from the Upper
Jurassic of Kazakhstan (Figure 4.20(a)), has a broad
flattened skull with large orbits and rows of small teeth
around the jaws. The skull roof is covered with heavily
ornamented bone. The skull of a modern salamander

Evolution of Modern Amphibians 103

(Figure 4.20(b)) shows many changes; the bones are
generally lighter, and the braincase has become fused
with the parietal bones and is partially exposed on the
skull roof. The teeth of salamanders bear two cusps
(Figure 4.20(c)).

4.6.4 Gymnophiona

The Gymnophiona, or caecilians, are strange little
amphibians that look like earthworms (Figure 4.20(d) ).
They have lost their legs, hence an alternative
name, apodans (literally ‘no feet’), and they live by bur-
rowing in leaf litter or soil, or swimming in ponds, in
tropical parts of the world, The skullis solidly built,and
can be used for burrowing by battering the soil with the
snout (Figure 4.20(¢)). There may be as many as 200
vertebrae in the trunk region, but the tail is generally
short.

The caecilian fossil record is meagre. Foralong time,
only isolated vertebrae had been reported from the
Palaeocene of South America. The record was extended
dramatically by the discovery of several Early Jurassic
specimens in Arizona, USA, named Focaecilia ( Jenkins
and Walsh, 1993). Eocaecilia (Figure 4.20if)) shows
typical caecilian features in the skull and its long body,
but it has much reduced legs, confirming the origin of
tHe group from limbed lissamphibian ancestors.

4.6.5 Originofthemodernorders

Most biologists regard the three modern groups as
members of a clade Lissamphibia (e.g. Bolt, 1977;
Milner, 1988, 1993; Ruta et al., 2003). All of them share
teeth that are both bicuspid (two-cusped | and pedicel-
late (Figure4.20(c)),in other words, the baseand crown
are separated by a zoneof fibrous tissue. The ancestry of
the Lissamphibia, according to this analysis. is placed
among the temnospondyls (see Box 45 The am-
phibamid Doleserpeton (Figure 4.17(b)) has pedicellate
teeth (Bolt, 1977), and other temnospondyls, such as
the branchiosaursand dissorophids, show other lissam-
phibian features. An alternative view has been to seek
the origins of the lissamphibians among the lep-
ospondyls, and even to see each of the three modern
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Fig.4.20 Salamandersand caecilians: (a) dorsal view of the skull of the Jurassic salamander, Karaurus; (b) similar view of a modern
salamander skull; (c) pedicellate teeth of the salamander Antphiuma, (d) a typical modern caecilian; (e) skull of the modern caecilian

Grandisomia: (f) reconstructed skeleton of the oldest caecilian, Eocaecilia. [Figure (a} after Ivakhnenko, |

978; (b, ¢}, altered from Romer

and Parsons, 1986: (d, ¢) modified from Pough eral., 2002; () courtesy of Farish Jenkins, Jr.|

orders as having a separate origin among the
lepaspondyls (e.g. Carroll, 1987, 1998; Laurin, 1998;
Anderson, 2001). Lepospondyls and lissamphibians do
indeed share many features, but probably largely as a
result of miniaturization and loss of elements.
Relationships within Lissamphibia have been
equally controversial. Generally, frogs and salamanders
are paired as sister groups, together termed the Batra-
chia, with gvmnophionans as an outgroup (see Box
4.3). Hitherto, the albanerpetontids had been regarded
as rather odd salamanders, but new studies (Gardner,
2001; McGowan, 2002) show they are probably an out-
group to the Batrachia, but the gymnophionans remain
asa basal outgroup within Lissamphibia. Molecular re-
sults so far are limited. Feller and Hedges (1998) com-
pared the DNA sequences of four mitochondrial genes,

and found a sister-group relationship of salamanders
and caecilians, with frogs as the outgroup. This contra-
dicts the more usual pairing of frogs and salamanders. A
study based on the complete mitochrondrial genome of
a representative of each group (Zardoya and Mever,
2001b), however, confirms the traditional Batrachia
(frogs +salamanders) groupi ng.

The pattern of evolution of the basal tetrapods
(Figure 4.21) shows a major radiation in the Early
Carboniferous, with new reptiliomorph and tem-
nospondyl groups appearing in the Late Ca rboniferous
and Early Permian. The temnospondyls continued ra-
diating in the Triassic and dwindled through the Juras-
sic, whereas the reptiliomorphs had by then long made
the transition fully to being amniotes. The modern
amphibian groups probably arose in the Triassic,
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but scattered fossils are known only in the Jurassic
and Cretaceous, before a major expansion in the

Cenozoic.

4.7 FURTHER READING

Ihehiology of amphibiansis outlined by Duellman and
Trueb (1994). Heatwole and Carroll (2000) provide a
detailed overview of basal tetrapods and fossil amphib-
ians. Zimmer (1999) and Clack (2002c) give thorough
and clear accounts of all the recent work on I)e_vonian
and Carboniferous basal tetrapods, and the new
evidence about the transition on to land.

-

These web sites offer fascinating glimpses of Lh:f-excité—
ment of current work on basal tetrapods: http:// tolweb..
org/treetgroup=Terrestrial_Vertebrates&contgroup=:
Sarcopterygii, the ‘Tree of Life’ pages zlh»nul basal
tetrapods, and with links on many of the important
Palaeozoic taxa. hllpcf!www.palamir.fsnﬂ.co.L!kf npd
http://hometown.aol.com/darwinpage/tetrapods.htm
offer overviews of recent work on basal tetrapods by .
Jenny Clack and her team; and hllp:wau‘.canzi'mrner.
com/water_1.htm] presents excerpts from Zimmer
(1999). Full three-dimensional details of the anatomy
of the living coelacanth Latimeria are at htip://
digimorph.urg!spctimenlealimeria_cha[umna:!
whole/.
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The Evolution of Early Amniotes

CHAPTER 5 E

——  KEY QUESTIONSINTHISCHAPTER ——

1 How did tetrapods complete their adaptation to life on
land?

2 What were the first amniotes (‘reptiles’) like?

3 How do we know that Carboniferous amniotes laid
eggs when the oldest confirmed eggs are Triassic in age?
4 How did amniotes diversify in the Carboniferous and
Permian?

5 What were the adaptations of the dominant Permian
synapsids?

6 Areturtles diapsids oranapsids, and why dothe fossils
and molecules offer opposing evidence?

7 How did the tetrapods fare in the end-Permian mass
extinction, when as many as 96% of species were wiped
out?

INTRODUCTION

Duringthe Late Carboniferous, the temnospondylsand
anthracosaurs dominated most terrestrial landscapes,
especially the damp forests. Small lizard-sized
tetrapods were also in existence, creeping in and out of
the vegetation in drier areas, in search of insects and
worms. They laid eggs that did not have to hatch in
water. These were the first amniotes, and they included
the ancestors of all subsequent major tetrapod groups
(i.e. reptiles, birds and mammals) that were to domi-
nate Earth from Permian times onwards. These early
amniotes are generally called reptiles, although the
traditional ‘Class Reptilia’ is paraphyletic as it excludes
the birds and mammals, descendants of these early
forms.

In this chapter, the early amniotes will be described,
and key biological problems of living a life completely
divorced from the water will be explored. The radiation
of amniote groups in the Late Carboniferous and Per-
mian built up complex ecosystems that were to be de-
stroyed by the huge end-Permian mass extinction. But
among these Permian amniotes were the ancestors of
the animals that dominated during the better-known
ages of the dinosaurs and of the mammals.

Hylonomus and Paleothyris — Biology of the First Amniotes
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5.1 HYLONOMUS AND PALEOTHYRIS—
BIOLOGY OF THE FIRST AMNIOTES

The oldest amniotes are Hylonomus and Paleothyris
from the mid-Carbeoniferous (310 and 300 Myr ago, re-
spectively) of Nova Scotia (Carroll, 1964, 196%a). The
body (Figure 5.1(a)) is slender, and iis about 200 mm
long, including the tail. Unlike many basal tetrapods,”
the head is relatively small, being about one-fifth of the
trunk length rather than one-third to one-quarter. The
skull of Hylonomusis incompletely known, with uncer-
tainty about the posterior view and the palate, but Pale-
othyris is represented by better skull remains (Figure
5.1(b-f)).

5.1.1 Theamnioteskull

The tetrapod skull consists of a thin outer covering of
dermal roofing bones with a modest-sized braincase,
loosely attached, inside. The outer covering is perfo-
rated by two large orbits and two nostrils. The array of
bones in the skull of Paleothyris is similar to that of ad-
vanced reptiliomorphs (cf. Figure 4.18), but it has no
otic notch, and the bones at the back of the skull table
{supratemporal, tabular, postparietal) are very much
reduced and seen mainly in the posterior view of the
skull on the occiput (Figure 5.1(e}). The skull and jaw
bones maybe divided into five main sets, which relate to
the following standard views.

1 Cheek (Figure 5.1(b)): from the front, the side of the
skull shows the following bones: premaxilla and
maxilla, both bearing teeth, lacrimal and prefrontal in
front of the orbit, and postfrontal, postorbital and
jugal behind. The squamosal, quadratojugal and
quadrate make up the posterior angles of the skull.

2 Skull table (Figure 5.1(c)): paired nasals, frontals
and parietals form the dorsal surface of the skull, with
the nasals lying between the nostrils, and the frontals
between the orbits, Many early tetrapods have a large
parietal foramen lying in the midline between the pari-
etals (e.g. Figures 5.1(c), 5.6(c), 5.8(e)), a feature that
was lost in most Mesozoic descendants. This foramen is
often associated with the ‘pineal organ’, a part of the
brain that serves a light-detecting function in some
vertebrates.
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lur.ng T-shaped element beneath. The arm is short
(Figure 5.1(a)), and the hand (Figure 5.2(c)) long and
sIe‘nder, It shows all the wrist bones seen in Eryops
(Flgu‘re 4.1b), and the phalangeal formula of the
hand' 182,3,4,5,3 —a typical value for anthracosaurs and
amniotes.
The pelvis (Figure 5.2(d)) consists of anarrowilium.
and a heavy pubis and ischium beneath, which mcet‘
cach ather in the midline as in basal tetrapods (cf. Fig-
ure 4.6(d)). The hindlimb and foot are longer lha;'l tI?e
forelimb and hand. The ankle bones have changed in
one respect from those of Acanthostega ( Figure 4.6(f))
aparll from becoming more slender. The tibiale, imer-l
{‘118dll.lr'l1 and a centrale of basal tetrapods have fused
intn a larger element terined the astragalus, The fibu-
lare is also larger, and is termed the calcaneum, The
phalangeal formula of the foot is 2,3,4,5,3, '
Thf-re areno bony scales in the skin of Hylonomus or
H!.’:iornyns, but these animals have chevron-like gas-
tra!:a. or abdominal ‘ribs, closely spaced in the helly
region (Figure 5.1{a)). .

5.1.3 Palaeobiology of the first amniotes

The light construction of the skull, and the small sharp
teeth, suggest that Hylonomusand Paleothyrisfed onin-
vertehrates such as insects and millepedes. The teeth

could readily pi %
i adily pierce the tough cuticle to reach the flesh

Fig. 5.3 The mode of preservation of the
early amniotes Hyloromus and Paleothyris,

the mid-Carboniferous of Nova Scotia,
(After Carroll, 1970, and ather sources.)

Oneof the key features of the skull of Pﬂhﬂ:thyn'stl'u:?t :
'relates to feeding is an increase in the strength of the :
jaws when compared with basal tetrapods, sufficient ta
nip through the toughest arthropod cuticle. A major
muscle group, the pterygoideus, supplements the ad- 2
ductors in pulling the jaw up and forwards (Figure 3
5.1(g)). The palatal teeth in Paleothyris are smaller than &
those on the premaxilla and maxilla, and they presum- £

ably played a less important role, proba bly in holdin;
the food and in further crushing it after it had been cuf
up. The tongue was probably toughened on its upper
su rfe?cc,and worked against the palatal teeth.

The stapes in Paleothyris is heavy, as in the basal
mra_pods, and it probably had a limited function in
heal“mg. Low-frequency sounds could be transmitted
as vibrations from the throat region through the sta
to the braincase. It is unlikely that Paleothyris hagc:
tympanum as there is no otic notch.

Restorations of the life appearance of Hylonomus
and Paleothyris (Figure 5.3) show that they probabl
looked like modern terrestrial insectivorous liwdsy
Both are lightly-built, so it is remarkable how well lhcir.
n:'mains have been fossilized. This is explicable because
of the unique conditions of preservation: both Hylono-
::r:; ::d Faleothyris have been found in fossilized tree

Hylonomus comes from mudstones, sandstones and
coals, deposited in shallow freshwater lakes and rivers
of the Cumberland Group of Joggins, Nova Scotia
(Carroll, 1970). In the 1840s geologists discovered

which were trapped in hollow tree stumpsin

abundant upright tree stumps of the lycopod (club
moss) tree Sigillaria. The first fossil vertebrates were
collected there in 1852, and since then over 30 produc-
tive tree stumps have been discovered, and the con-
1ained bones removed for study. The total haulincluded
skeletons of hundreds of basal tetrapods (six species of
microsaurs, one temnospondyl, and one anthracosaur)
a5 well as two amniote species, Hylonomusand the basal
synapsid, Profoclepsydrops.

It seems that in mid-Carboniferous times the Jog-
gins area was covered with lush forests of Sigillaria, up
to 30m tall. Occasionally, the lakes flooded and the
forests were inundated with sediment. The trees died
and fell, leaving only their roots and buried lower
trunks in place. As new forests became established
above, the centres of the lycopod tree trunks rotted, and
millepedes, snails and small tetrapods crawled in seek-
ing food or shelter (Figure 5.3). These animals lived for
some time in the tree trunks as the tetrapods fed on the
invertebrates and left faecal remains, but eventually
they died or were inundated by further floods. The bot-
toms of the tree trunks then provide a concentration of
the small terrestrial animals of the time.

5.2 AMNIOTE EVOLUTION

The amniotes of the Late Carbeniferous include about
25 genera of small- and medium-sized insect-eaters.
During the Permian, amniote diversity ex panded enor -
mously, and the main lines are documented later in this
chapter. But what was it that setamniotes apart from the
other basal tetrapods? The key features are 1o be seen in
their eggs and their skulls.

5.2.1 Thedleidoicegg—a private pond

Modern amniotes are set apart from the basal tetrapods
primarily by the fact that they lay eggs that have semi-
permeable shells and that contain sufficient fluid and
food for the embryo to develop fully into a terrestrial
hatchling. The eggs are not laid in water, and there is no
aquatic larval stage, the tadpole. Ampniotes generally lay
far fewer eggs than do amphibians or fishes because
more reproductive energy hasto beinvested ineachegg,

allantois e
amniotic

cavity

chorionic
cavity

yolk sac \ chorion
Fig. 5.4 Thecleidoic egg, showing the semipermeable shell and
the extraembryonic membranes.

and because the young are protected from predation to
a much later stage in development. Reproduction also
takes place on dry land, so that internal fertilization is
esseptial.

The egg of amniotes, called the amniotic or cleidoic
(literally ‘closed’) egg (Figure 5.4(a)), has two key
features.

1 A semipermeable shell, usually calcareous, but leath-
ery in snakes, some lizards, and some turtles, which
allows gases to pass in (oxygen) or out (waste carbon
dioxide), but keeps the fluids inside.
2 Extraembryonic membranes, specialized mem-
branes that lie ‘outside’ the embryo. the chorion, am-
nidn and allantois. The chorion surrounds the embryo
and yolk sac, whereas the amnion surrounds the em-
bryo with water. Both function in protection and gas
transfer. The allantois forms a sac that is involved in
respiration and stores waste materials. As the embryo
develops, the yolk sac, full of highly proteinaceous
food, dwindles and the allantois fills up.
Fossil eggs are rare. Theoldest examplesare from the
Triassic, much younger than the time of origin of the
amniotes. In the absence of Carboniferous eggs, how
can we identify Hylonomusand Paleothyrisas the oldest
amniotes? The argument is phylogenetic. The intricate
featuresof the cleidoic egg of all livingamniotes develop
in the same way, and hence itis most likely that the clei-
doic egg is an apomorphy of Amniota, a feature that
arose once only in the common ancestor of reptiles,
birds and mammals. Hylonomusand Paleothyrisalready
lie on one of the major amniote lineages, above the ini-
tial split among the ancestors of turtles, lizards and
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mammals (see p. 114), so the amniotic egg must have
arisen at a point in the cladogram below those two carly
amniotes.

5.2.2 Amniote phylogeny and temporal fenestrae

Fundamental early splits in amniote evolution are
documented in their temporal fenestrae —openings
behind the orbit that probably function in reducing the
weightof the skull and in conserving calcium. The argu-
ment is that bone is costly to produce and maintain, as
well as being heavy, and it can be advantageous to dis-
pense with it where it is not required. Much of a skull is
under stress from the movements of the jaws and neck
muscles, but some spots, in the cheek region and palate,
are under very little stress, and openings may appear,
and the skull becomes an engineering marvel of struts
and braces without reducing the effectiveness of the
skull. Fenestrae also provide additional attachment
edges for specific jaw muscles, and they allow jaw mus-
cles inside the skull to bulge out. ]
There are four amniote skull types (Figure

5.5(a~d)).

(2} Anapsid: amniotes with no temporal fenestrac,
Mightinclude early forms such as Hylonomusand Pale-
othyris, as well as several lineages in the Permian and
Triassic, and the turtles. The clade Anapsida includes
turtles,and most of the Carboniferous to Triassic anap-
sid amniotes, but several anapsid forms, such as
Hylonomusand Paleothyris, are excluded, and others ex-
hibit temporal fenestrae,
(b) Synapsid: amniotes with one lower temporal
fenestra, surrounded by the postorbital, jugal and

Fig.5.5 The four main patternsof
temporal fenestrae in amniote skulls: (a)
anapsid; (b) synapsid; (¢) diapsid; (d)
euryapsid. Abbreviations: j, jugal; P
parietal; po, postorbital, sq, squamosal,

squamosal. The clade Synapsida includes the extinct
synapsids and the mammals. S
(c) Diapsid: amniotes with two temporal fenestrae, a
loweroneasin synapsids, and an upperone surrounded &
by the postorbital, squamosal and parietal. The clade‘ 3
 Diapsida includes the lizards, snakes, crocodilians and |
birds, as well as numerous extinct groups such as the 4
dinosaurs and pterosaurs,
(c'l) Euryapsid: present in a broad range of later am- v
niates, especially the marine nothosaurs, plesiosaurs
and ichthyosaurs of the Mesozoic. In the euryapsid
condition, there is one upper temporal fenestra, sur-
rounded by the postorbital, squamosal and parietal.
This pattern probably evalved from the diapsid by the
loss of the lower temporal fenestra. '
‘_Nhrreas, atone time, it was thought that each of these |
four skull types indicated an independent and distinct -\
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high as the Himalayas, formed roughly along the line of
the palaeoequator. A southern ice-cap developed over
Gondwana (South America, Africa, India, Australia and
Antarctica) in the Late Carboniferous,and disappeared
in the Early Permian as Gondwana drifted north. Most
finds of Late Carboniferous and Early Permian tetra-
pods are from the northern hemisphere, perhaps be-
cause the southern continents were experiencing cold
and temperate climates. By the Late Permian, however,
rich deposits of fossil tetrapods are known, from South
Africaand Russia in particular,

In the northern hemisphere, following the collision
of the supercontinents, Early Permian climates became
hotand arid, with the development of extensive evapor-
ite deposits in North America and Europe. Major floral
changes took place as a result of these climatic changes.
The lush damp tropical Carboniferous forests disap-
peared as the previously dominant club mosses and
horsetails died out. They were replaced by seed-bearing

T

BOX 5.1

RELATIONSHIPS OF EARLY AMNIOTES

Amniotes fall into three main groups: the synapsids, the diapsids, and the anapsids (see p. 112). The Anapsida and Diapsida
are broadly sister groups, forming the clade Sauropsida, and Synapsida is the outgroup. It has taken some time, however, to
make sence of the relationships within each of these thrae major groups. and of the early anapsids in particular.

At first, attempts were made to group Protorothyrididae and Captorhinidae together (e.. Romer, 1966; Carroll, 1987), but

plants of rather more modern type, conifers in the
northern hemisphere, and glossopterids in the soutl.
The replacement of basal tetrapods by amniotes as the
dominant terrestrial tetrapods during the Permian
must be related, in part at least, to these major climatic
and floral changes.

5.4 THE EARLY EVOLUTION OF ANAPSIDS
AND DIAPSIDS

The ‘protorothyridids’ and araeoscelids were the first
anapsids and diapsids, respectively, in the Late Car-
boniferous, but both clades expanded during the Per-
mian, Most of these animals were of small or medium
size, but the pareiasaurs were an unusual and important
group of Late Permian herbivores that achieved consid-
erable size. The relationships of these disparate anapsid
and diapsid groups have been controversial (see Box
5.1).

line of evolution, the euryapsid type seems clearly to be
amodified diapsid pattern. ‘

The fundamental split in amniote evolution (see
Box 5.1} taok place in the Mid-Carboniferous, into two
great clades, the Synapsida, leading eventually to mam-
mals,and the Sauropsida (= monophyletic Rc:-i:lrili;i].in—
cluding Anapsida and Diapsida, which led to turtles,
lizards, snakes, crocodilians and birds.

5.3 THE PERMIAN WORLD

During the Permian, the continents moved into even
closer contact than in the Carboniferous (Figure 4.7),
and the supercontinent Pangaea ( literally *whole
world’) came fully into being. As Gondwana drove
northwards into Laurasia, a great mountain chain, as

these two families share only primitive characters. Indeed, the family ‘Protorothyrididae’, containing the oldest amniotes, Hy-
lonomus and Pafeathyris (see pp. 107-11), turns out to be a polyphyletic assortment of small anapsids, some such as Pale-
othyrislying close to the diapsid line, and others occupying avariety of basal positions in the cladogram. Gauthier et al. (1988a)
discovered that most of the Permian anapsid groups formed a clada they termed ‘Parareptilia’, a view generally confirmed sub-
sequently. Lee (1995) and Laurin and Reisz (1995) found that the parareptiles were outgroups of Testudines, the turtles, and
together they form a larger clade Anapsida. But what are the closest relatives of turtles amang the Permian anapsids,
pareaisaurs (Lee, 1995) or procolophonids (Laurin and Reisz, 1985)7 The former view is accepted here (seecladogram). More
distant outgroups of turtles are bolosaurids, millerettids and mesosaurids ( Modesto, 1999, Berman et al., 2000a).

The relationships of the diapsids seem alittle clearer. Captorhinids and Paleathyris appear to be outgroups of Diapsida. The
weigeltisaurids are primitive in many respects and forman outgroup tothe Younginiformes and Proforosaurus (Benton, 1985;
Laurin, 1991). The diapsids of the Late Permian include two lineages that rose to importance later, one, the Archosauromor-
pha, leading to the dinosaurs, crocodilians and birds, and the other, the Lepidosauromarpha, to the lizards and snakes (see
p-150).

Molecular evidence could completely change this picture. Nearly all molecular analyses so far (e.g. Zardoya and Meyer,
1998; Hedges and Poling. 1999; Kumazawaand Nishida, 1999; Rest etal,, 2003) have placed turtles firmly within Diapsida, and
associated closely with the archosaurs (i e. crocodilians and birds). f this is the case, then Anapsida, as indicatedhere, would
gither be reduced to the extinct outgroups only, orindeed they might be dragged with turties to fie within Diapsida. Inthis case,

the diapsid skull arrangement would be the basal form from which the anapsid evolved. It has also been argued (deBraga and
continued
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iezxggou:;::r?:;z: iﬁeﬁnliturr::c:g;? sn:pport for this arrangement is, however, weak (Wilkinson ef al., 1997) Rieppel
Iy ical support for the malecular pairing of turtles and arch : i
argue that both data sets are suspect: the morphological data i sl
Lbo I contain a great deal of homopla d i
turtles artificially close to lepidosauromo i s s
rphs, whereas high rates of molecular evolution i i
thetree, hence artificially pairing turtles and arch i e
: osaurs, This clash of molecular and morphological data ha:
; ] S yet
and explained: only one result can be correct and one data set then is giving a mislead| ingpam:l 1aglse signal sy

Read m i
ead more about basal amniote phylogeny at hitp://tolweb. org/tree?group=Amniota&contgroup=Terrestrial_vertebrates
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Fig. 5.6 Small Permian anapsids: (a) the
mesosaur Mesosatrus, (b, <) the
millerettid Millerosaurus skull in lateral
and dorsal views. ( After Carroll, 1987.) ()

quadratojugal

5.4.1 ‘Protorothyrididae’

The basal anapsids include Is such as Hyl

and Paleothyris (Figures 5.1-5.3) and six other genera
from the Upper Carboniferous and Lower Permian of
North America and Czechoslovakia that have been as-
signed to the Protorothyrididae (Carroll and Baird,
1972; Clark and Carroll, 1973). The ‘protorothyridids
were agile insectivores, rather like modern lizards in
their ecology. It was once thought that the protorothyri-
dids were a highly conservative family, a group that had
evolved little during its 30 Myr history. Cladistic studies
indicate, however, that the family is paraphyletic, de-
fined only by primitive characters, and the various pro-
torothyridid genera are in fact basal members of all
three major amniote lineages (Laurin and Reisz, 1995).

5.4.2 Mesosauridae

Mesosaurs (Modesto, 1999) are the first-known fully
aquaticamniotes, represented by abu ndant small skele-
tons, up to 1 m long, from the Lower Permian of South
America and South Africa, areas that were in contact at
the time. They were used by Alfred Wegener as key evi-
dence for the existence of Gondwana (see p. 25). The
body (Figure 5.6(a)) iselongate, withalong neckandan
especially long flat-sided tail that was used in swim-
ming. The long thin jaws arelined with needle-like teeth

quadrate i

(e

that intermesh as the jaws close. They provide a kind of
straining device that allowed Mesosaurus to take a
mouthful of small arthropods or fish and strain the
water out before swallowing.

5.4.3 Millerettidae

The millerettids from the Upper Permian of South
Africashowsome superficiallylizard-like featuresinthe
skull (Figure 5.6(b, ¢)). There is usually a temporal fen-
estra, but its lower bar is often incomplete, and the
squamosal, quadrate and quadratojugal may have been
mobile. Millerosaurus was a small active insectivore
with a 50 mm skull, and it probably lived rather like a
modern lizard.

5.4.4 Bolosauridae

Thebolosauridsare asomewhat enigmatic group of five
or six genera that were known only from the Lower Per-
mian of North America and the Upper Permian of Rus-
sia until the recent (Berman et al, 2000a) discovery of
Farly Permian Eudibamus from the Bromacker locality
(see Box5.2) in Germany. This slender reptile, some 250
mm long, was bipedal, the first bipedal tetra podever. Its
hindlimbs are twice as long as the forelimbs, and its feet
are long, so that it probably ran up on its toes when
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BOX 5.2 THE BROMACKER LOCALITY

m:;hc:m tifa;god localities are not ongn discovered in Europe because so much collecting has already been done over the past
s ies. Buta chance discovery in the 1980s by Th omas Martens, a palaeontologist at the Museum der Natur Gotha has
. ::E:tt:j r:tnc:na;shsem blage of basal tetrapods and amniotes. Martens, working in what was then East German y, had little Icnnn
s mustrau;m (af}\,"s" but then made connections with palaeontologists in North America after the Berlin wall came down
“ The Ioss_lls c_orne rrum.the Tarnpacp Formal_Jom a seqqence of conglomerates, sandstones and mudstones 200-400m
ick, deposneq ina small, internally drained basin. The sediments were deposited onan alluvial plain with minor stream cha
nels, and the climate showed seasonal wet-dry cycles of a savanna type climate. This upland type of setting is unusuaf a:n;

none of the fishes and aquatic tetrapods that are typical elsewlhe:e
have been found here. The fauna identified so far (Berman et al.
20003, b) consists of Tambachia, a trematopid lemnuspondyl'
adult Seymouria, a Diadectes-like reptiliomorph (see p. 101 )i mé
bolosaurid diapsid Eudibamus (Figure 5.9), a captorhinomorph
reptile, Thuringathyris, and the sphenacodont Dimetrodon. Yet to
be described are a small dissorophid, a caseid and a varanopid,
The qominance by large herbivores and the absence of aquatic
Species suggest that the Bromacker assemblage may represent
one of the first terrestrial vertebrate ecosystems.

_ Many of the fossils are nearly complete with very little abra-
sion, and they are probably preserved at or very close to their site
of death (see illustration {b)). But, because of the friable nature of
the shales and fine sandstones in whichthey are preserved, prepa-
ration of the delicate fossils can take a long time. '

Read more at the ‘official home pages:
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http://www.erin.utoronto ca/-w3reisz/germany.htm, hitp /www.carnegiemuseums.org/cmnh/research/eudibamus/ and
nrrp:.-’m-:w.epnng.da’DnhumenMShow;Auss!eftu ng/Prehistoric/Gotha_Ursaurier.htm.
These give more information, and illustrations of the site and some of the fossils.

The Bromacker locality, Germany: (a) American and German palaeontologists wark through the red-brown shales at the Bromacker locality;
(b)a pair of skeletons of Seymouria. (Courtesy of Robert Reisz and David Berman.)

20mm

Fig. 5.7 The bolosaurid Eudibamusrunning at speed. (Courtesy
of Diane Scott and David Berman.)

moving at high speed (Figure 5.7). The tail is as long as
the body, and was probably used for balancing.
Bolosaurids have bulbous teeth that occlude —that is,
they meet on distinct facets—indicating a diet perhaps
of tough plants. Despite their unusually advanced loco-
motion, bolosaurids were never more thana rare group,
and did not outlive the Permian.

5.4.5 Procolophonidae

The procolophonids arose in the Late Permian andlived
tor about 50 Myr to the end of the Triassic, becoming
rather diverse in the Triassic (Spencer and Benton,
2000; Sues et al, 2000). Procolophon from the Lower
‘[riassic of South Africa and Antarctica (Carroll and
Lindsay, 1985; deBraga, 2003) is 300~400 mm long and
has a stocky body and a relatively large broad skull
(Figure 5.8(a—)). The large orbits include a posterior
portion that was associated with the jaw adductor mus-
cles, and the quadratojugal is expanded into a *horn’
Later procolophonids often had several horn-like pro-
jections on the quadratojugal, possible defensive struc-

tures. The cheek teeth are blunt and peg-like, present
onlyinsmall numbers,and they meet during occlusion.
They suggest adiet of fibrous plant material, and possi-
bly.arthropods with tough cuticles. The broad paddle-
like feet suggest that procolophonids might have been
burrawers (deBraga, 2003).

5.4.6 Pareiasauridae

The pareiasaurs (Lee, 2000) are restricted in time to the
Late Permian. Most are large, typically 2-3m long
and heavily built. The Russian Scutosaurus (Figure
5.8(d—f)) has masSive elephantinelimbs with short feet,
and a muscle hump’ over the shoulders associated with
massive neck muscles. The skull is broad and heavy and
covered with thickened knobs and incized sculpture,
andabroad lateral frill that descends below the jaw line.
Theangularbone of the lower jawis expanded to forma
ventral boss. The teeth suggest that pareiasaurs were
plant-eaters that fed on soft vegetation. In recent de-
bates, pareiasaurs and procolophonids have been pro-
posed asasister group of the turtles (see Box 5.1).

5.4.7 Captorhinidae

The captorhinids are known from the Lower Permian of
North America primarily, with late survivors in the
Upper Permian of Africa and Eurasia. Captorhinus (Fig-
ure 3.9(a—)) isa small animal, about 400 mm long, but
with a relatively large heart-shaped head (Heaton and
Reisz, 1986; Holmes, 2003). The skull is heavy and bears
surface sculpture. The proportions are similar to the
earlier amniotes, but the skull is much broader at the
back. The main pecularities of captorhinids are seen in
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large orbit

Zentition. The peg-like teeth are often present in
s plerows (Figure 3.9(b, c)) that seem to slope diag-
oraily across the width of the jaw, and five or six rows
may be distinguished in one jaw bone.

fl_x,qlé—s and Bolt | 1983) argued that the teeth of. cap-
mzm_:ds were budded off from a dental lamina, the
gum tissue which produces teeth, that lay medially. As
the amimal grew in size, the maxilla added bony tissue

3 “d .l.ll—c:II%lelpmcquphunid menlaphan. skeleton and skull in lateral and ventral views; (d—
or and skull in lateral and ventral views. | Figures (a—c) after Carroll and Lindsay, 1985; (d—f) after Kuhn, 1969.

& —
ampular boss —_
n 50 mm

f) the parciasaur

plus teeth from the inside, and bone was removed and
teeth worn on the outside. Thus, over time, the inner
teeth in each row will come into wear at the jaw edge as
older teeth are lost. This complex system of tooth re-
placement is interpreted as an adaptation for piercing

or grinding tough plant material or hard-shelled
invertebrates.
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Fig. 5.9 The captorhinid Captorhinus (a) skeleton in walking posture; (b) ventral view of the palate; (c) ventral view of the maxilla,
showing the multiple rows of teeth. [ Figure (a) after Heaton and Reisz, 1986; (b, ¢) after Ricglésand Bolr, 1983.]

5.4.8 Aracoscelidia

Diapsids are rare in the Carboniferous, being known
from only two taxa from the Upper Carboniferous of
Kansas, USA. One of these, Spinogequalis, was possibly
aquatic and the other, Petrolacosaurus (Reisz, 1981), re-
tained terrestrial adaptations. Petrolacosaurus,aslender
400-mm-longanimal, hasa body (Figure 5.10(a)) simi-
lar in proportions to Hylonomus, but with a relatively
smaller head, less than one-fifth of the body length,
alonger neck and longer limbs. The skull (Figure
5.10(b—d)) is also similar, but with larger orbits, two
temporal fenestrae,and more small teeth on the palatal
bones. The teeth are small and sharp and clearly indi-
cate a diet of insects and other small animals. In addi-
tion to the choana, or internal nostril, of all tetrapods,
through which the air passages from the nasal cavity
pass into the mouth, there is an extra opening in the
palate, the suborbital fenestra (Figure 5.10(d)).

5.4.9 Permian diapsids

The diapsids remained at low diversity during the Early
Permian, and radiated in the Late Permian. The most

unusual were the gliding weigeltisaurids of Europe and
Madagascar (Evans and Haubold, 1987). These small
animals have elongated bony rod-like ribs that stick out
sideways forming horizontal ‘wings’ (Figure 5.11(a)),
but could be folded back when the animal was running
about. The ribs were presumably covered with skin,and
Coelurosauravus could have glided from tree to tree as
theliving lizard Dracodoes. The skull (Figure5.11(b)) is
diapsid (the lower temporal bar is incomplete), and the
squamosal and supratemporal have striking ‘toothed’
margins at the back.

The other Late Permian diapsids were less exotic.
They include forms such as Protorosaurus (Figure
5.11(c)),a slender long-necked animal from the Upper
Permian of Germany, the first representative of the
Archosauromorpha (see p. 138). Youngina (Figure
5.11(d)), only 350-400mm long, was probably an ac-
tive lizard-like insectivore and carnivore (Gow, 1975)-
The skull is similar to that of Petrolacosarirus (cf. Figure
5.10), but with rather larger temporal fenestrae. The
neck is short and the limbs arc long. Younginais part of
a wider clade Younginiformes that includes other Late
Permian and Early Triassic terrestrial and aquatic rela-
tives, some of the latter with deep flattened tails and
paddle-like feet.
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lower temporal fenestra

(b} L )
10 mm

5.5 BASAL SYNAPSID EVOLUTION

The synapsidssplit from the sauroposids (anapsids+di-
apsids) in the Mid-Carboniferous, and they expanded
in diversity enormously during the Permian, becoming
the dominant land animals. The clade is generally
divided into two groups. The ‘pelycosaurs’ (Romer and
Price, 1940; Reisz, 1986) are a paraphyletic group of
six families of basal synapsids that were particularly
important in the Early Permian. These were succeeded
in the Late Permian by the Therapsida, a diverse clade of
small tolarge plant- and flesh-eaters (sce Box 5.3).

5.5.1 Carboniferousand early Permian synapsids

The Ophiacodontidae, a group of six or seven genera,
arose in the Mid-Carboniferous and survived into the
Early Permian. The first ophiacodont, Archacothyris
from the Morien Group of Nova Scotia, which also
yielded Paleothyris, isincompletely known, beingrepre-
sented by only a backbone, pelvis and partial skull (Fig-
ure 5.12(a)). Its relative Ophiacodon, from the Upper
Carboniferous and Lower Permian of New Mexico
(Romer and Price, 1940; Reisz, 1986), is larger than the
amniotes so far described, being 1.5-3m in length

suborbital
fenestra

Fig.5.10 The firstdiapsid,
Petrolacosaurus: (a) skeleton; (b-d) skull
in lateral, dorsal, and ventral views. (After

(d) Reisz, 1981.)

(Figure 5.12(b—d)). The skull is relatively very large. It
has a long, high narrow snout region that makes up
three-fifths of the total length,and the orbitand tempo-
ral fenestra are small and placed high. The limb bones
are massive. Ophiacodon was a meat-eater, and it may
have fed on fishes and tetrapods rather than mainly on
insects,

The eothyrid Eothyris, a small animal from the
Lower Permian of Texas (Figure 5.13(a)), has a low
skull with a much shorter and broader snout than that
of Ophiacodon. The two caniniform teeth are very large,
and Eothyriswas clearly a powerful predator.

The caseids, herbivorous pelycosaurs from the mid-
Permian of North America and Europe, include small
and large forms. Cotylorhynchus from Texas and Okla-
homa (Figure 5.13(b—d)), is the largest pelycosaur, at a
length of 3m, but its disproportionately small skull
looks as if it comes from an animal one-quarter of the
size. The key caseid characters are seen in the skull
(Figure 5.13(b, d)): greatly enlarged nostrils, a pointed
snout that extends well in front of the tooth rows, re-
duced numbers of teeth with no caniniforms, and avery
large parietal (pineal) opening. There are several indi-
cations that Cotylorhynchus was a herbivore: the teeth
are spatulate in shape rather than pointed, and they
have crinkled edges; the jaw joint is placed below the
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T i

squamosal
lower temporal 5 mm
opening
(b)
-elongate neck”

Fig.5.11 Late Permian diapsids: (a.b) Coel
(d) Youngina. [Figure (a)
of the Bernard Price Lnstitute. |

Jevel of the tooth rows, an adaptation that shifts the
maximum bite force to the cheek teeth; the jaw could
probably have been moved fore-and-aft; anc_i the barrel-
shaped ribcage presumably contained massive guts that
were necessary for digesting large quantities of rough
plant food. -
The varanopids, six or seven genera of small carni-
vores known until recently only from the Lower
Permian of North America, survived into the Upper
Permian in Russia and South Africa (Modesto et ‘.ﬂ"
2001). The limbs are long and the skeleton Iig‘htlly bml},
so that they are interpreted as active and agile in their
habits. Varanops (Figure 5.13(e, f)) hasalonglow skull,

after Carroll, 1978; (b) after Evans and Haubold, 1987: (<

¢ restored skeleron in dorsal view, and lateral view of the skull; () Frotarosaurus

) after Seeley, 1888; (d) after Gow, 1975; 13,d) courtesy

with the dentition extending unusually far back to lie
below the temporal fenestra.

5.5.2 Thesail-backed synapsids

Two groups of Early Permian synapsid_s. the
edaphosaurids and the sphenacodontids, include
genera that had massive ‘sails’ on their backs. The
edaphosaurids, such as Edaphosaurus from the Lower
Permian of New Mexico and Texas (Figure 5.14), were
herbivores. They have enormously elongated neural
spines of the cervical and dorsal vertebrae that were
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BOX 5.3 RELATIONSHIPS OF THE SYNAPSID GROUPS ———M8M ———

Synapsida traditionally have been divided into ‘pelycosaurs’. a paraphyletic group, and therapsids, a well-characterized clade
(see cladogram). Both groups together were formerly sometimes called ‘mammal-like reptiles’. The pelycosaurs appear to
form a sequence of outgroups to Therapsida, with the sphenacodontids being the most derived (Reisz, 1985). The Biarmo-
suchia, perhaps a paraphyletic group, are the most basal therapsids. The dinocephalians, dicynodonts and gorgonopsians fol-
low next {Hopson and Barghusen, 1986; Sidor and Hopson, 1998). Some have suggested the dinocephalians and dicynodonts
should be paired as Anomodontia (King, 1988), but the dinocephalians may in fact be paraphyletic (Sidor and Hopson, 1998).
The dicynodont branch is probably more extensive, i.e. the Anomodontia proper, consisting of basal taxa such as the
venyukovioids from Russia and relatives from South Africa (Maodesto and Rybczynski, 2000). The therocephalians are a sister
group of the cynodonts, which properly include the mammals.

For more detail on the phylogeny of basal synapsids, go to http//tolweb.org/tree?group=Synapsida&cantgroup=
Amniota#T0C2

o 9 &
2 \ﬁ? ﬁéﬂp R T 3 ‘b\@ ,\\?‘
W g2 f &ff& & voooe
& 4’@{; @ﬁi*; @ﬁﬁqﬁc‘@i‘&«vﬁi‘\

J THERIODONTIA

A SYNAPSIDA

Cladog howing the p of the main groups of s ynapsids, according to Hopson and Barghusen (1986), Reisz (1986)
and Sidar and Hopson (1998). See Box 5.1 for context of Synapsida, and Figure 10.1 for relationships of Cynodontia. Synapomorphies:
ASYNAPSIDA, maxilla contacts quadratojugal, caniniform maxillary teeth, lower temporal fenestra, paroccipital process contacts tabylar and
squamosal, trunk neural arches narrow; B, pointed snout formed by anteriorly tilted premaxilla, external nostril elongated, maxilla enters
ventral margin of orbit: €, frontal forms at least one-third of dorsal margin of orbit, narrow long supratemporal located ina groove formed by
parietal and squamosal: D, dorsal process of stapes articulates in a socket on the paroccipital process, cheek margin concave; E, postorbital
narrow, parietal foramen well in front of occiput, stapes with blade-iike shatt, ilium expanded i front and with horizontal dorsal margin;

F. buttress in maxilla at root of caniniform tooth, premaxillary teeth in de=p sockets: G THERAPSIDA, septomaxilla facial Exposure extensive,
contact between maxilla and prefrontal, external acoustic meatus in squamosal, basipterygoid articulation absent, jaw joint in line with
occiput. anterior coronpid absent, serrations on teeth. 12 or fewer teeth behind caniniform, ectopterygoid teeth absent. vertebral notochordal
canal absent in adult. anteriar darsal intercentra absent, cleithrum and clavicle separated, ossified sternum, acetabulum deep: H, posterior
skull roof narrow. temporal fossa expanded laterally; I, pineal foramen opens flush with skull roof, lateral palatal foramen, coronoid process
present and formed by dentary or dentary and surangular; J THERIODONTIA, zygomatic arch flares laterally, coronoid process on dentary,
dentary masseteric fossa, postdentary bones reduced in height, atlas and axis pleurocentra fused, calcaneal tuber: K, temporal roof ellminatea
andtemparal fossae meet in midline sapittal crest, postorbital reduced. postfrontal reduced, secondary palate on maxilla and palatine, teeth
absent on palatine bone, dentary extends below angular.
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lower temporal  orbit
fenestra

=0 premanxilla i |

Fig.5.12 Theophiacodonts(a) _ -4
Archaeothyrisand (b—d) Ophiacodore. (a) g TRV maxilla

partial skull and skeleton in lateral view: ; { - s
(b) skeleton; (¢, d) skull in lateral and @ v L admih
ventral views. (Modified from Romer and @

Price, 1940, and Reisz, 1986.)

nlarged naris

Fig. 5.13 Three early pelycosaurs: (a) Eothyris skull; (b—d) Cotylorhynchus skeleton and skull in lateral and dorsal views; (e, f) Varanops
9. 9. ree ) [

skullinateral and dorsal views. | After Romer and Price, 1940.)
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;l!. 5.14 ThcA herbivorous pelycosaur Edaphosaurus: (a) skeleton;
omer and Price, 1940; (b—d) courtesy of Sean Modesto.]

probably covered by skin, hence the popular term ‘sail
backs’ The skull of Edaphosaurus (Modesto, 1995) is
relatively small in comparison with the body size,and it
shows several adaptations to herbivory: peg:!ike teeth,a
deep lower jaw, a sliding jaw joint to allow propalinal
(back-and-forwards) jaw movements, and extensive
palatal teeth (Figure 5.14(d)) that are large and Ibr;'n a
broad crushing surface, and occlude against a similar
battery on the lower jaw. ‘
The sphenacodontids (Reisz, 1986) were medium-
tolarge-sized carnivores from the Upper Carboniferous
anld Lower Permian of North America and Europe
D;_me!nm‘an from the Lower Permian of Texas am:i
nclg'h bouring states, as well as German y, has a large sail
ar'.d itreaches a length of about 3m, It has a large skuli‘
with a small orbit and a high temporal fenestra (Figurel
5.15). The powerful jaw muscles of Dimetrodon have
been reconstructed (Figure 5.15(c)): the adductors
\:El‘t? attached to the inside of the lower jaw and pulled
the jaws shut, whereas the pterygoideus ran from the

‘

crushing palatal teeth

(b—d) skull in lateral, dorsal, and ventral views. [Figure (a) after

pterygoid to the outer face of the angular and provided
abackwards jaw movement.
Tyepciycusaursail haslongbeenapuzzle. The neur-

al spines in Dimetradon have grooves at the base that
were pro bably occupied by blood vessels. Further, when
fossil skeletons are excavated, the neural spines gen-
erally lie in a neat fence-like array, which 'iuggcx.l.\ that
t.he.v were held together by a tough covering of skin in
life. The sail’ then was probably cumpu.w;ihnl' heavily
vascularized skin, and its function seems to have been
Ilhn:rmnrcgu]alury (Haack, 1986). The idea is that, early
u-\ Ihf’ morning, when Dimetrodon was cold and slug‘»

gish, it would stand with its sail fully facing the sun, and

jw.'uurd then absorb heat rapidly. This would have given

it a head start over its sail-less prey. Later in the d.l)’.. ifit

became overheated, Dimetrodon could stand in the
shade and radiate heat from the sail. The weakness of
this argument is that most pelycosaurs, and their con-
h?mpuraries. lacked sails, and yet seemed to have sur-
vived perfectly well.
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Fig.5.15 The carnivorous pelycosaur
Dimetrodor: (a) skeleton; (b) skull in
lateral view; (¢) major jaw muscles
reconstructed, in lateral view. (After
Romer and Price, 1940.)

5.5.3 Biarmosuchia: the basal therapsids

Derived characters of therapsids, in comparison with
the'pelycosaurs,includeanenlarged temporal fenestra,
loss of the supratemporal bone, a deeply notched re-
flected lamina on the angular bone (Figure 5.16(c)). a
forwards position of the jaw joint, reduction of the
palatal teeth, as well as modifications of the shoulder
and pelvic girdles and of the hindlimb (Kemp, 1982;
Hopson and Barghusen, 1986; Sidor and Hopson, 1998;
see Box 5.3).

A synapsid from the Early Permian of Texas, USA,
Tetraceratops (Figure 5.16(a, b)), may be the oldest
known therapsid (Laurin and Reisz, 1996). In many
features, it seems to be intermediate between
sphenacodontid pelycosaurs and later therapsids, but it
shows an enlarged temporal fenestra and some reduc-
tion in the palatal teeth. Further early therapsids come
‘from the Late Permian of Russia (Battail and Surkov,
2000). Biarmosuchus (Figure 5.16(c, d)), for example,
was a small carnivore that resembled the sphenacodon-
tids in most respects. The occiput slopes back rather
than forwards, however,and the supratemporal bone is

absent. The numbers of teeth are reduced and there is a
prominént single canine, as well as a few small pdlalél
teetlf. An additional element, the septomaxilla, present
within the nostril of pelycosaurs, is now exposed on the
side of the skull. =

5.5.4 Dinocephalia

The dinocephalians include 40 genera of synapsids
known only from the Upper Permian of Russia a nd
South Africa, which fall into both carnivorous and her-
bivorous lincages (Kemp, 1982; King, 1988; Battail and
Surkov, 2000). A carnivorous form, Titanophoneus
from the Upper Permian of Russia (Figure 5.16(¢)), isa
large animal with short limbs and a heavy skull. Thein-
cisors and canines are well developed, and presumably
they were used for grasping and piercing prey.

The Tapinocephalidae includes a range of herbivo-
rous forms, some quite bizarre in appearance. Moschops
from South Africa (Figure 5.16(f)) is a large animal
about 5m long with a massive ribcage and heavy limbs,
but tiny feet. The hindlimbs were held close under the
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Fig. §. ids: i
g.5.16 Ear{yti:lczapsldx. (a,b) skull of Tetraceratopsin lateral and ventral views; (c,d) skull of Biarmasue

(e} carnp d halian Ti h,

body in a derived erect posture, whereas the forelimbs
_srill stuck out sideways in a sprawling posture. The head
isalsorelatively small compared with the body, reminis-
cent of the herbivorous pelycosaurs (cf. Figures 5.13(c)
and 5.14(a)). The skull of Moschops has a rounded
snout, but the posterior part is elevated in a broad,
square heavily-built structure, What was its function?
Tl'.le raofing bones of the cranium are extraordinarily
thick (up to 100mm), and it has been suggested
(Barghusen, 1975) that this was an adaptation for head

»f

0%

4
.

septomaxills

husin lateral and dorsal views;
; phoneus;(f) herbivorous dinocephalian Moschops | Figures S
1996; (c, d) after Sigogneau and Chudinov, 1972; (e, f) afier King, [9;;')! ian Moschaps. | Figures (a,b) modified from Laurin and Reisz,

butting, as is observed today among sheep and goats
(Figure 5.17). The main force of the butt hit the thick-
ened dorsal shield of the skull, and was transmitted
round the sides 1o the occipital condyle. The occiput
was also thickened and placed well beneath the skull,
and the occipital condyle lay in direct line with the
butting point. The impact was then transmitted down
the thick vertebral column of the neck to the massive
shoulder region.

post-temporal bar
(b) ([-]

Fig. 5.17 Head-butting bebaviour in Moschops: (a) lateral view
of the skulls of two butting individuals showing the line of

tr ission of the impact through the occipital condyle; (b, c)
dorsal and ventral views of the skull showing the broad thickened
dorsal shield, and transmissiog of forces from it through the
postorbital and post-temporal bars to the occipital condyle.
(After Barghusen, 1975.) g

Fig. 5.18 Skeletons of dicynodonts: (a)
Robertiafrom the Upper Permian; (b)
Kannemeyeria from the Middle Triassic.
(After King, 1988.)
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5.5.5 Dicynodontia

The dicynodonts, a group of over 70 genera, were domi-
nant herbivores in the Late Permian ( Kemp, 1982, King,
1988; Angielczyk, 2001), and nearly all died out at the
end of the Permian. Late Permian dicynodonts,such as
Robertia, were generally medium-sized pig-shaped ani-
mals with barrel-shaped bodies and unsatisfactory tails
(Figure 5.18(a)). Dimensions ranged from rat- to
hippo-sized. Dicynodonts were hit hard by the end-
Permian mass extinction (see p. 133), but several new
dicynodont lines radiated in the Triassic,and some were
large, being 3 m or so long. These must have had an eco-
logical role similar to large modern browsing mam-
mals. The Triassic Kannemeyeria (Figure 5.18(b)) has a
narrow pointed snout and the parietals form a high
crest. The ribcage is vast and the limbs and girdles pow-
erfully built. Dicynodont biology has been studied in
some detail (see Box 5.4).

5.5.6 Gorgonopsia

The dominant carnivores in the Late Permian were the
gorgonopsians (Figure 5.19(a, b)), a group of some 35
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and Hotton, 1967.)

BOX 5.4 DICYNODONT DIETS

In the Late Permian, dic; :
y : , dicynodonts such as Pristerodon made up 80-90% ies i
sk ( 3 . eup 90% of species in typical fa
2 gargumgjgi:o?mecm of different sizes were presentin a fauna, and they were prey:d on b:zgfn[isz:gonﬁl' — Oﬂen,
e a.sma“ :9& success of these Late Permian dicynodonts may relate to their specialized jaw R
Mobi [see’iuustratiu::yl(:o-gom;ﬂm‘jm the Upper_ Permian of South Africa, has a skull 40-60 mm Iz:ng m :im:i
b ol !}.thnsmmﬂm unlike many dicynodonts, retains a few teeth in addition to the can[iJ: e
S tan' ed_ama ry. ﬂwsmll sets of teeth worked against each other, and they are wo, est, o
i ket hiﬁhly X :b _nla l_ha jaw margins are made of sharp bone, presumably covered Iby ahorny beak 'ml‘i? T
ile jaw joint. The articulating surf i i i i
= terodon ! 2 1 0 surface of the articular
?196 ;;11; ;l’;l nt:ti:l t:;cllu;e r jaw cupld slide sqmedlstance back and forwards during a iawlgp:ii:gc[:cl::: E?c:rnnng ke
el uftoot: jaw a?mns of Pristerodon using a complete and undistorted skull. By man.hpu!atigmilhan'd g
T e Ffvsar. hey.wure able to work out with some confidence how Pristerodon seized and . me o
5 L jaEQ a;rsg “;m:;:w opened fully, then moved forwards by sliding al the joint.The food wl;f:l;k‘m i r?d
s b mm{memddulaﬁgdmt;w’ and was !hgn pulled back firmly with the jaw joint sliding ‘:ac:
fmc:-um e e effect of tearing the food at the front of the mouth and slicing any
he jaw muscles of Pristerodon were al i
S0 reconst i i
:nd aelerptebiriocs ot ructed (illustration li{e-g)) by an analysis of the shape of the jaw bones
raction phase of the jaw action. These key i
b muscles include a major fat
pli i ¢ n ] eral external adductor that ran | i
quadratojugal to a long ridge on the side of the dentary (illustration Il(e)), a mediair:nn:rrt:; ?&ﬁzﬁiﬁzf ::

(a)

(e)

I The skull of the dicynodont Pristerodoni
d in (a) lateral, (b) dorsal, and (c) ventral views, and (d) the mandible in dorsal view. (After Crompton

adductors ran nearly horizontally, and their contraction would have powered the re-

canine

horny beak

six postcanine L—J
teeth 10 mm
roller-like jaw joint

(d)
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flexible sheet of tissue in the cheek regian, the Mund
gularis oris muscle (illustration I1(e)), a small pteryg
the depressor mandibulae (illustration 11(g)). that ran
the lower jaw behind the jaw pivot.
Pristerodonfed on vegetation that it snippe
the cheek region for grinding and crushing before it was
when they are examined under high magnifi
rial, and the diet may have consisted of roots,

Mundplatt
(e (f)
odon, [a) as it lowers its jaw and moves it back, (b) moves it forward, (c) up for the bite, (d) and
tion of the jaw muscles of Pristerodon, drawn as if at progressively deeper levels, from () 10 (g)

11 {a-d) Asingla chewing cycle of Prister
backwards to tear the food: (2-g) restora
{After Crompton and Hotton, 1967.)

inside the zygomatic arch from the parietal and postorbital to the top of t
platt, which limited the jaw opening, and was kept taut by the levator an-

oideus muscle that pulled the jaw forward, and the jaw opening muscle,
from the back of the squamosal to the retroarticular process, the part of

d off with its horny beak and passed back, probably witha muscular tongue, to
swallowed. The tusks of certain dicynodonts show wear striations
cation, which suggests that they were used for scraping in the soil for plant mate-
horsetail stems, club mosses and ferns. Dicynodont tusks may alsc show wear

onthe inside surfaces, confirming the prolapinal (back-and-forwards) jaw movements.

lateral external levator angularis medial external
adductor oris adductor

he dentary (illustration 11(f)). Other features include a

pterygoideus

depressor
mandibulag'
retroarticular process

(g}

genera from southern Africa, Russia and China. Their
anatomy is remarkably conservative, most forms being
about | m long and with a skull superficially like that
of the earlier carnivorous therapsids. A typical form,
Arctognathus, could have opened its jaws with a gape
of 90° or so in order to clear its vast canines. The jaws
then accelerated shut on to the prey animal, and
the large fangs passed each other but did not touch,
thus effectively piercing the skin and flesh, and dis-
abling its victim. The jaw then shifted forwards and

the incisors met, thus removing swallowable chunks
of flesh (Kemp, 1969). The gorgonopsians are reminis-
cent of sabre-toothed cats, which arose much later
on and had similar enlarged canines and vast gapes
(see p. 349). The gorgonopsians may have owed their
success to the ability to prey on large thick-skinned
dinocephalians and dicynodonts, and when these
groups dwindled at the end of the Permian, so too did
their predators.
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quadrate

reflected lamina
(b}

lower jaw

Fig. 5.19 Thegorgonopsians (a) Lycaenops, (b) Arctognathus, and (c) Leontocephalus: (d, e) the therocephalian Theriognathus. | Figur
(a) after Broom, 1932; (b, c) after Kemp, 1969; (d, &) after Brink, 1936, courtesy of the Bernard Price Institute. | : b o

5.5.7 Suborder Therocephalia

The therocephalians, another group of carnivorous
therapsids, survived from the Late Permian into the Tri-
assic. They ranged in size from small insectivores to
large carnivores, and also include some herbivores in
the Early Triassic. Theriognathus, a small carnivorous
form from the Upper Permian of South Africa (see Box
5.5), has a skull 75mm long (Figure 5.19(c, d)) with
large orbits and temporal fenestrae, It shows several de-
rived characters in comparison with the gorgonopsians
(see Box 5.3): a reflected lamina placed near the back of
the jaw, a vaulted palate made from vomer, premaxilla,
maxilla and palatine (Figure 5.19(d)), and a narrow
parietal crest that was extensively covered with the jaw
adductor muscles.

Severallineages of therocephalians survived into the
Triassic,and one group, represented by Bauria from the
sic of South Africa (Figure 5.20(¢, f)), be-
came successful herbivores. The teeth of Bauriaare gen-
erally robust, and there is a solid battery of broad cheek
teeth for cutting up fibrous plant material. Between
these teeth, the palate is vaulted over with bone to form
a secondary palate. This is like the secondary palate of
mammals. Bauria also has another superficially mam-
malian character in the loss of the bar of bone l;ctween
the orbitand temporal fenestra.

Lower Tri:

5.5.8 Cynodontia

The cynodonts, as a clade, include the mammals (see

LJ
20 mm
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double occipital
condyle

Fig. 5.20 The early cynodont Progymosuchus, skull in (a) lateral, (b) dorsal, (c) ventral, and (d) occipital views; (e, f) the herbivorous
therocephalian Bauria, skull in dorsal and ventral views. [Figures (a—d) after Kemp, 1979, (e, {} modified from Carrall, 1987.]

BOX 5.5 THERAPSIDS OF THE KARDO

.

Late Permian therapsids are best known from the Karoo basin of South Africa, and the southern Urals region of Russia. The
first records of these extraordinary animals came from South Africa in the 1850s, and since then many thousands of skulls and
skeletons have been collected. The Karoo basin covers a huge area, some 600,000 km?, more than half of South Africa, and the
sequences of Permian to Jurassic sediments total 12km in thickness (Smith, 1985). During the Late Pe rmian, sediments were
fed into the Karoo basin from a ring of mountains that girdled southern Gondwanaland, partly located on what is now South
America and Antarctica.

The Upper Permian and Lower Triassic sediments of the Karoo basin belong to the Beautort Group, which is subdivided into
eight biozones, based on the distributions of tetrapod taxa. Each biozone is 250-450m thick. In all, the Beaufort Group has
yielded about 100 therapsid genera, belonging to all major groups, as well as anapsids (pareiasaurs, procolophonids,
millerettids), diapsids ( Youngina), temnospondyls and palaeoniscid fishes. The fossil amniotes are found in association with
mudstones and sandstones that were deposited by meandering rivers on a broad floodplain, and soil horizons that developed
after flooding episodes. Skeletons are preserved most often in a partly disarticulated condition in mudstanes that were laid
down between the river channels.

Spectacular recent discoveries include excellently preserved dicynodont skeletons in coiled burrows (seeillustration). The
animals evidently constructed deep burrows near to river channels, perhaps to escape the midday sun, and occasionally the

hapless animals were trapped by an unexpected flash flood,
continued
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Clossbiass o rremmmrce
Dicynodont burraws from the Late Permian, Karoo basin, South Africa:

¥

For ewzryjh«'ng on the fossils of the Karoo, the locations
resource/palago/cluverfindex.html, an online reference
home page of the Bernard Price Institute far Palagontologi

long); (b) skeleton of a curleq -up dicynodont, overwhelmed by a flash fi

cal Research.

3 = (b)
(a) part of a corkscrew-shaped living burrow i
, (matchbox
00d (skeleton is 200 mm fong). (Counasyniﬂog«Smﬂ:]m =
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Box5.3).Cynodontsaroseat the end of the Permianand
radiated mainly in the Triassic. The Permian forms are
described here, and later cynodont evolution will be
considered in Chapter 10, as a prelude to the origin of
the mammals,

Procynosuchus from the uppermost Permian of
southern Africa (Kemp, 1979) has a long-snouted skull
with an expanded temporal region (Figure 5.20(a—d)).
Procynosuchusshowsa large number of features that are
generally mammalian in character (Kemp, 1982;
Hopson and Barghusen, 1986): the wide lateral flaring
of the zygomatic arches that allowed an increased mass
of jaw adductor muscles; a depression, the adductor
fossa, for expanding jaw muscles on the upper part of
the dentary behind the tooth row; an enlarged coronoid
process of the dentary making up more than three-
quartersof the length of the lower jaw; an enlarged nasal
bone; the frontal excluded from the margin of the orbit;
adouble occipital condyle (Figure 5.20(d)); and the be-
ginnings of a secondary palate composed largely of the
maxillae and palatines (Figure 5.20(c)), rather than the
vomers and maxillae, as in therocephalians. The size of
Procynosuchus,and the nature of its teeth, suggest that it
ate insects or small tetrapods.

5.6 MASS EXTINCTION

&
The greatest mass extinction of all time took placeat the
end of the Permian (Benton, 2003), and the tetrapods
were involved. Of the 48 families that were present in
thelast 5 Myr of the Permian, the Tatarian Stage, 36 died
out (a loss of 75%). These include ten families of
basal tetrapods { mainly anthracosaurs), captorhinids,
millerettids and pareiasaurs, as well as the younginids,
and 17 families of therapsids, including the gorgonop-
sians, the last dinocephalians, most of the dicynodonts,
and many families of small insect-eaters (Figure 5.21).
Only 12 families of tetrapods survived ( Benton, 1993a).
Itis hard to estimate the levels of loss at generic or spe-
cific level, because nf patchiness of the fossil record.
Modesto et al. 12003) have shown, for example, that
when a cladogram is drawn, several lineages can be
shown to have survived the extinction horizon, even
though fossils are yet to be found.

This dramatic loss of tetrapod families represents

the largest mass extinction in their history. The families
that died out include a broad range of ecological types,
from small 1o large, from carmivores to herbivores, and
the event affected tetrapods worldwide. At the same
time, more than 50% of marine invertebrate families
died out, the highest rate of extinction in'the history of -
the seas. Losses of 50~75% of familieson land and in the
sea equate to losses of 80-96% of species, according to
different calculations.

Estimates for the timing of the end-Permian event
have tightened up considerably. Whereas in 1990 many
geologists estimated a duration of 5-10 Myr, more pre-
cise radiometric dating (Bowring et al., 1998) shows
that the Permo-Triassic boundary is dated at 251 Myr
ago, and the mass extinction was rapid, taking less than
500,000 years. Studies of continental sequences in the
Karoo (see Box 5.5) show a stepwise loss of tetrapod
genera througha shortspan of the sedimentary sections
{Smith and Ward, 2001). ’

Catastrophists have attempted to explain the end-
Permian mass extinction by the impact of an asferoid,
the favoured explanation for the KT event (see pp.
248-55), but there is limited evidence for this at the end
of the Permian. There were, however, massive eruptions
of basalt lava in Siberia. Over the course of perhaps
500,000 years, some 3 million km® of lava were erupted
over a Yast area. The eruption released huge volumes of
gasessuch as CO, and SO, into the atmosphere, and this
probably caused catastrophic temperature changes and
oxvgen depletion (Wignall, 2001). The oxygen deple-
tion, associated with greenhouse heating of the atmos-
phere and oceans, combined to kill off most plants on
land and much of the plankton. With thé plants gone,
soils and organic matter were washed into the sea. Heat-
ing mav have reached suchalevel that gas hydrates, huge
volumes of methane frozen in ice deep around the con-
tinental margins, were unfrozen and released. These
would have burst to the surface of the oceans, expand-
ly in volume and further driving the green-

ing massively
house heating effect.

Whatever the cause, the mass extinction was pro-
found. [t was a dramatic punctuation mark, separating
the Palacozoic faunas from those of the Mesozoic. The
complex multi-tier Late Permian ecosystems on land
were destroyed. These changes can be tracked in South
Africa and in Russia. Where there had once been
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Fig.5.21 Phylogeny of the early amniotes, showing the known fo:
‘balloons’), and postulated relationships (dashed lines).

some 40-50 tetrapods in a fauna, ranging from tiny
insect-eaters to giant sabre-toothed gorgonopsians
that preyed on the thick-skinned pareiasaurs and
dinocephalians, only two or three tetrapod taxa sur-
vived. Most famous of the survivors was the dicynodont
Lystrosaurus, which spread worldwide in the earliest
Triassic. Such dominance by a single taxon, making up
perhaps 95% of the post-extinction faunas, is a sure in-
dication that a major crisis has happened. Other sur-
vivors included two or three ‘temnospondy!’ lines (see
p. 97), some procolophonids, some basal archosaurs
and lepidosauromorphs (see Chapter 6),and some the-
rocephalians and cynodonts.

ssil record (vertical scale), relative abundance (horizontal di

5.7 FURTHER READING

You can read more about the phylogeny of early
amniotes in Sumida and Martin (1997). Two older
accounts of Permo-Triassic synapsids are Kemp (1982)
and Hopson and Barghusen (1986), and a more
recent survey is given by Rubidge and Sidor (2001).
An overview of the stratigraphy and faunas from
the Permo-Triassic of Russia is given in Benton
et al. (2000b). Benton (2003) gives an account of the
current understanding of the end-Permian extinction
event.

Learn more about the first reptile Hylonomus, Nova
Scotia’s provincial fossil, at http://www.gov.ns.ca/

G
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CHAPTER 6

Tetrapods of the Triassic
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. KEYQUESTIONS INTHISCHAPTER ~——

1 How did tetrapods recover from the devastation of the
end-Permian mass extinction?

2 How did archosaurs diversify and take over a range of
carnivore and herbivore niches during the Triassic?

3 Whatdo studies of the posture and locomotion of early
archosaurs tell us about the major differences between
crocodilians and birds?

4 How did other diapsid groups diversify on land and in
the sea during the Triassic?

5 Whatis the oldest dinosaur?

6 How did dinosaurs take over the world in the Late
Triassic?

INTRODUGTION

Some of the key episodes in tetrapod evolution oc-
curred during the Triassic period (251-200 Myr ago),
marking the transition from faunas of Palaeozoic-style
tetrapods to modern forms. The Triassic began with re-
stricted faunas, of lower diversity than those of the Late
Permian, depleted by the great mass extinction. On
land, the synapsids re-radiated during the Triassic, but
they had already lost a number of their key adaptive
zonesto two new groups—thearchosaursand the rhyn
chosaurs. In the seas, several lines of fish-eating reptiles
emerged, the nothosaurs, placodonts and ichthyosaurs.
Synapsid dominance in the Permian had been
destroyed and replaced by diapsid dominance through-
out the Mesozoic.

The Late Triassic was a key episode in the evolution
of tetrapods. Not only did the dinosaurs appear, but a
number of other major groups also arose: the ¢r wodil
ians, the pterosaurs, the turtles and the mammals (see
Chapters 8and 10).

6.1 THE TRIASSIC SCENE

The Triassic world was similar in many ways to that of
the Permian. All continents remained united as the
supercontinent Pangaea (Figure 6.1), although the
North Atlantic Ocean began to open at the very end of
the period, with rifting in eastern North America,

Fig. 6.1 Map of the Triassic world, showing the arrangement of
the present continents (light line) and the Triassic coastline
(heavy line). Fossil reptile localities are indicated with symbols:
A, Early Triassic; B, Middle Triassic; @, Late Triassic. (Modified
from Tucker and Benton, 1982.)

southern Europe and North Africa. Nevertheless, there
is strong evidence that tetrapods could disperse widely
becapse faunas of continental tetrapods were similar
worldwide. For example, the first faunas of the earliest
Triassic were dominated by the dicynodont Ly-
strosaurus, and included other elements such as small
therocephalians and cynodonts, the early archosaur
Proterosuchus (see below), prolacertiforms and pro-
colophonids. These animals were found first in the
Karoo Basin of South Africa (see p. 131), but similar
faunas were later found in Antarctica, India, South
America, Chinaand Russia, evidence for a global super-
continent at the time (see p. 25).

Triassic climates were warm, with much less varia-
tion from the poles to the equator than exists today.
There is no evidence for polar ice-caps, and the north
andsouth polesboth lay over oceans at the time. During
the Triassic, there was apparently a broad climatic shift,
at least in terms of the reptile-bearing rock formations,
from warm and moist to hot and dry (Tucker and
Benton, 1982). This may have been caused partly by a
northwards drift of southern reptile-bearing sites into
the tropical climatic belt.
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The climatic change caused a major turnover in
floras. During the earlier part of the Triassic, floras in
the southern hemisphere were dominated by the seed
fern Dicroidium, a shrubby plant with broad leaves.
These floras disappeared in the Late Triassic, and they
were replaced by northern-style conifer-dominated
lloras, better adapted to dry climatic conditions.
The floral turnover was matched by a major faunal
turnover, and the dominant herbivores died out, to be
replaced in time by the first herbivorous dinosaurs (see
pp-159-61).

6.2 EVOLUTION OF THE
ARCHOSAUROMORPHS

The archosauromorph branch of the diapsids (see p.
113) includes several groups, the trilophosaurids, thyn-
chosaurs, prolacertiforms and archosaurs. The first two
are known only from the Triassic, but the prolacerti-
torms had arisen in the mid-Permian, and the

_W

BOX 6.1

ARCHOSAUR DIVERSIFICATION

Thg archosaurs underwentamajor phase of evolutionary diversification at the end of the Early Triassic. They branched inlo two
major groups, one of which led to the crocodilians and the other to the dinosaurs and birds. The precise compositions of these
two lineages were hard to resolve (Gauthier, 1986; Benton and Clark, 1988; Sereno, 1991; Gower and Wilkinson. 1 996,

archosaurs by the Early Triassic. The most importang of
the archosauromorph groups is the Archosauria, gy 1
their evolution in the Triassic was critical for the
later history of vertebrate life on land: here were 13: 1}
the foundations of the radiation of the dinosag
pterosaurs and crocodiles, and ultimately of the birg
These later stages of archosaur evolution are descril od}
in Chapters8and 9. g

6.2.1 Basalarchosaurs

During the Triassic the archosaurs radiated into severs
groups. There were some short-lived forms in the Early
Triassic, before a major split in the archosaur clade took s
place. One line led to the crocodilians, and the ather tos
the pterosaurs, dinosaurs and birds (see Box 6.1).
Triassic archosaurs that do not belong to any of these
terminal clades were previously called ‘thecodontians}
a paraphyletic group. ‘

Clad howing the rel
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genton, 1999a), however, have shown that they are part of the Crurotarsi. Relationships within Crurotarsi arg slill»uncertain.
Phytosaurs appear to be the basal branch (Sereno, 1991}, although only just (Bentqn, 1999a), but the relationships among
ornithosuchids, stagonolepid ids, rauisuchians and crocodylomorphs have so far defied analysis (Benton, 1999a).
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hips of the Triassic arch based on the work of Gauthier (1986), Benton and Clark (1988), Selen_o

(1 991]_ Parrish (1993), Sereno et /. (1993), Gower and Wilkinson (1996) and Benton (1393a). See ﬁqumyﬁ.ﬁ for context ufmm‘saum; see
Box 8.5 for relationships of Dinosauria and Box 8.8 for more detail on crocodyjomorph and ptemsa,u_l relalmn_shlps. angnumarphnes.l .
ARCHOSAURIA antorhital fenestra in snout wall between nostril and orbit, laterally flattened teeth with serrations, ossified !a_tarusphenmd in
braincase. lateral mandibular fenestra in posterior lower jaw bones, B, antorbital fossa surrounding mefenesqa, pubis and ilium elungatqj,
anterior process on iliac blade, fourth trochanter on femur, canal between astragalus and calcaneum absent, distal tarsals 1 and 2 not q_ssrﬁed,
metatarsal 3 longer than 4; €, parietal foramen absent, sigmoid (S-shaped) curvature of shaft of femur, os‘l!odeqns (bony |E|Iates]| running
along the back, D AVESUCHIA, loss of palatal teeth, calcaneal tuber oriented more than 45° posterolaterally, continuous articular surfaces for

fibula and distal tarsal 4 on calcaneum; E CRUROTARSI, cervical ribs shortand stout. scapulocoracaid notch at anterior junction of scapula
and coracoid, ventral astragalocalcaneal articular facet large, astragalar tibial facet flexed. calcaneal tuber shaﬂ bruadlar'man tall, calcaneal
tuber distal end rounded. hemicylindrical calcaneal condyle, osteoderm sculpture; F. pubic acetabular _rnargp pqsmrm( portion recessed, .
calcaneal tuber distal end with dorsoventrally aligned median depression; 6 AVEMETATARSALIA, forelimb/hindlimb ratio less than 0.55, pubis

Benton, 1999a), as there were a large number of convergences, particularly in modifications of the limbs and changes in
posture (see Box 6.2). The current view (Gower and Wilkinson, 1996) is that the crocodilian lineage, the Crurotarsi, includes
most of the Late Triassic archosaurs, whereas the dinosaur lineage, the Ornithodira (see p. 153), includes dinosaurs,
pterasaurs and a number of basal forms (see clad ogram). Note that | use the term ‘Archosauria' to refer to the whole clade, the i

( A 5 = s verse width, to distal tarsal 3, compact metatarsus with
normal usage, whereas some authors (e.g. Gauthier, 1986) have suggested restricting the t ssuchi longer than ischium, tibia/femur ratio more than 1.0, distal tarsal 4 subegual in transuerse width, .
Pl (e.g ) 99 icting the term to the clade termed Avesuchia metatarsals IV tightly appressed, metatarsals -1V more than 50% tibial length, absence of dorsal body osteoderms; H ORNITHODIRA,

; ; T: 1 on humerus subrectangular, fibula tapering and calcaneum reduced
In the cladogram, the key contentious issues have been the placement of Euparkeria and of the arnithosuchids and the presacral centrum 8 longer than “'Es:jz'lﬁgam;z ‘r’l?;'lm:‘r;:;'::s:; ;'DINUSAU‘RDIDIIPHA, . iy e
relationships of rauisuchians. On the basis of the structure of the ankle, Euparkeria was assigned by Gauthier (1 986) to the in size, astragalar postenor groove a ! : rectang|

i Icaneal distal articular face less

! , i ‘ nhead, astragalar ascending flange on anterior face of tibia, astragalar anteromedial comner acute, cal . é

dinosaur lineage, but these characters are outweighed by features of the derived archosaurs that are absent in Euparkeria I::‘:;glz :ﬁh? ;, fmzu& am'gcular?:m for metatarsal V less than half of laterai surface of distal tarsal 4, midshaft diametersof

e ot (e T e el metatarsals | and V less than 11-1V. metatarsal V has no *hooked” proximal end and articular face for distal tarsal 4 is subparallel to shaft axis; J
The Ornithosuchidae (see p. 141) were also placed on the dinosaur line by Gauthier (1986) and Benton and Clark (1988)

DINOSAURIFORMES, parallelogram-shaped cervical centra, acetabular antitrochanter, articular surface on the femur that extends under the
as they apparently share features of the limbs with ornithodirans. All subsequent analyses (e.g. Sereno, 1991; Parrich, 1993 proximal head, weakly develuped lesser (anterior) rochanter on the femur.
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Fil 6.2 Early Triassic archosa urs:
Vjushkavia, skeleton in running po.
Faul in Parrish 1986; (b) after Cruickshank

T he. Early Triassic archosaurs took over the carpivo-
rous _mches formerly occupied by the gorgonopsid
and t!lanusuchjds that had died u‘ul at the end ol;bllh :

Per,man.\ Proterosuchus (Figure 6.2(a, b)) from Soullf
:falrllrcnaa:k(;!.'grckshunk,.l972) shows four archosaurian
e : an antorbital fenestra (an opening in the
5;1 e of the skull !lmween the nostril and the eye socker
the houscd anairsinus), an ossified laterosphenoid (a
midline structure in front of the braincase), a lateral
mandibular fenestra (an opening in the side of the

lower jaw) and flattened (instead of rounded) teeth

a.b) the proterosuchid Proterosuchus, skeleton iy
sture; (d-f) the agile Euparkeria, skallin lateral vi
1972; (d-f) after Ewer, 19635, |

50 mm

1 running posture and skull: (c) the er vthrosuchid
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5 a slender animal 15m long that
e =i
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the o " 1 i
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It has short limbs and ado
m most Permi
salamanders,

pted a sprawling posture, as
an synapsids and living lizards and

_I:n- the Early and Mid-Triassic, further basal
archosaur hpenges flourished for a short while The
erythrosuchids, such as Viushkovia from Russia (Figure
6.2(c)), reached very large size, -

| up to 5m long, These
powerful animals were top predators, capable of feed-

:
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:
:

e

ing on the bulky dicynodonts and other herbivores.
Typical archosaur characters that are seen in erythro-
suchids and later archosaurs, but not proterosuchids,
indlude a three-pronged pelvis, with an elongate pubis
and ischium, a knob-like muscle attachment on the
femur, termed the fourth trochanter, and metatarsal 3
Jonger than 4 (Gower, 2003).

A small archosaur from the early part of the Mid-
Triassic of South Africa heralds the beginning of the
first major radiation of the archosaurs, Euparkeria
(Ewer, 1965), only 0.5m or so in length (Figure
6.2(df)), may have been capable of walking both on all
fours and bipedally. It has a short, high-snouted skull
with a large antorbital fenestra set in a pit, and large
orhits and temporal fenestrae. It shows features in the
skeleton such asan S-shaped femur,and osteoderms, or
bony dermal plates down the middle of the back, that
place it close to the common ancestry of crocodilians
and birds (Gower and Weber, 1998; Box 6.1).

6.2.2 Crurotarsi: Late Triassicarchosaur diversity

The crurotarsans, members of the ‘crocodilian line’ of
archosaur evolution, are characterized by an ankle joint
that allows rotation between the astragalus and calca-
neum (Sereno, 1991). The basal crurotarsans, the phy-
tosaurs, are known mainly from the Uppes Triassic of
Germany (Hungerbithler, 2002) and North America.
Parasuchus from India (Chatterjee, 1978) is 2.5m long
and exhibits crocodilian-like adaptations to fish-eating
(Figure 6.3(a, b)) The long narrow jaws are lined with
sharp teeth that interlock in such a way that Parasuchus
could seize a rapidly darting fish and pierce it with
the long teeth, and then hold it firm while it expelled
water from the sides of its mouth before swallowing.
The nostrils of Parasuchus are raised on a mound of
bone just in front of the eyes (not at the tip of the snout
a5 in crocodilians), so it could have lain just below the
surface of the water with only its nostril-mound show-
ing. Parasiichuis,like many modern crocodilians, did not
only hunt fishes in the water. Two specimens of Para-
stichus have been found with stomach contents of small
tetrapods— the bony remains of prolacertiforms and
a small rhynchosaur —that may have been seized on
the river bank and dragged into the water. Phytosaurs
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fed on larger prey too: isolated teeth have been
found around skeletons of prosauropod dinosaurs on
which they may have been scavenging (Hungerbiihler,
1998).

The ornithosuchids are known from_the Upper
Triassic of Scotland and South America, They include
forms such as Ornithosuchus (Walker, 1964), which
ranged in length from 0.510 3.0m (Figure 6.3(c)). It has
a slender build and long hindlimbs that were probably
adapted for both quadrupedal and bipedal progression.
Superficially Ornithosuchus looks dinosaur-like, butit
has the crurotarsan ankle, as well as numerous other
characters of that clade (see Box 6.1),

The aetosaurs (Stagonolepididae) .were the “first
herbivorous archosaurs, and. they radiated nearly
worldwide in the Late Triassic (Harris et al, 2003).
Stagonolepisfrom Scotland (Walker, 1961) istp102.7m
long with a small head, a powerful heavy tail and short j
stout legs (Figure 6,3(d, e)). The snout isblunt and up-
turned and it may have been used to dig around in the
soil for edible tubers and roots. The body is Fm:ised in
an extensive armour of heavy bony plates that are set -
into the skin, a necessary defence against the major-
carnivores of that time, the rauisuchians,

The rauisuchians are large Late Triassic carnivores, -
some quadrupedal and some possibly bipedal referred
to the Prestosuchidae, Rauisuchidae, Poposauridae and.
Chatterjeeidae. Re]atiom!hips among these forms are
unclear: Rauischia may be a clade, or it may be a para-
phyletic group that includes ever-closer ouigroups to
Cracodylomorpha (Benton and Clark, 1988; Gower,
2002). The poposaurid Postosuchus (Figure 6.3(f)), a
2- 10 5-m-long carnivore from Texas, USA (Long and
Murry, 1993), was a top predator, with'a high skull and
deep jaws lined with long recurved teeth. The skull was
narrow from side to side, and in many ways it is super-
ficially similar to the skull of a carnivorous theropod
dinosaur (see p. 155). LT

Saurosuchus, a rauisuchid from  Argentina
(Bonaparte, 1981), is one of the largest rauisuchians,
reaching 6 or 7m in length (Figure 6.3(g)). The skull
(Figure6.3(h)) showsa specialized slit-like opening just
behind the nostril,and a possible joint just below. Inad-
dition, the hip bones are preserved in three dimensions,
and Bonaparte (1981) was able to show how highly
modified Saurosuchus was for a specialized erect gait
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(see Box 6.2) in which the femur remained vertical, the
pillar-erect posture (Figure 6.3(i, j)). The ilium has a
very low blade and it was oriented almost as much hori-
zontally as vertically, which meant that the socket for
the femur (the acetabulum) faced downwards rather
than sideways. The skeletons of Saurosuchus were found
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in association with a rich fauna of aetosaurs, rhyn-
chosaurs, small and large synapsids (dicynodonts and
cynodonts) and some rare temnospondyls and small
dinosaurs (see p. 155). Saurosuchus probably fed on all
of these animals, but the rhynchosaur Hyperodapedon
in particular, as it was extremely abundant in the

possible joint

o |
100 mm
thy

Fig. 6.3 Crurotarsal archosaurs:

{a, e oy L »
skeletonin lateral ey a,b) the phytosaur Parasuchus, skeleton and skullin lateral view; (c)

theaetosaur Stagomolepis: skel in |2 i i

e ; ( ; agonolepis: skeleton in lateral view, showing part of the

N eton -al"rd skull |r.| [ateral Vltfh’i (f) the raisuchian Postosuchus, shull in lateral vf:v' { 0—'::;1

= B pose (g), skull in lateral view (h), pelvic girdle and hind limbs in lateral (i o
‘Bures (a.b) after Chatterjee, 1978; (<) after Walker,

Bonaparte, 1981, | '

the ornithasuchid Ornithosuchus,
armour, but most armour missing to
cpi chid Saurosuchus, skel
)and anterior (j) views to show the ‘pi i

i pillar erect’

1964; (d, c) after Walker, 1961; () modified from Long and Murry, 1995; (u;;':cr

BOX 6.2 ARCHOSAUR HINDLIMB EVOLUTION AND POSTURE =

Archosaurs showed dramatic changes in their posture and these are reflected in the two living groups. Crocodilians are
essentially, though secondarily, like their sprawling Triassic ancestors, whereas birds stand fully upright, or erect {illustration).
The key changes happened largely in the Triassic.

Early Triassic archosaurs such as Proterosuchus were sprawlers, Sprawling is the standard reptitian posture, in which the
limbs are directed sideways and the body is held only a little way off the ground. Some later archosaurs, such as Euparkeria,
probably had a semi-erect posture, in which the bady could be hoisted clear of the ground during walking. The fully erect
posture, inwhich the limbs are tucked beneath the body and the whale length of the limb operates to produce a stride in the ver-
tical plane, appeared, possibly several times, in different Late Triassic archosaur groups: ornithosuchids, rauisuchians, early
crocodylomorphs, pterosaurs and dinosauromorphs. The erect posture also arose independently during the Triassic in the
cynodonts (see p. 292), and itis seen in their descendants, the mammals.

Why the change? Advantages of an erect posture are that more of the limb is used in walking or running and stride length is
increased. Also, having the limbs tucked beneath the body means that erect animals can more readily support their body
weight. When a sprawier lifts its belly from the ground, its elbows and knees are subject to intense bending stresses. An erect
animal, such as an ostrich or an elephant, can support its body weight with much less stress as the upper and lower elements
of the limb are more in line. ;

Inthe switch from sprawling to an erect posture (illustration (a, b)), muscle forces changed and these can be seen inacom-
parison of living crocodilians and birds, and in the fossils (Hutchinson and Gatesy, 2000). When a sprawler is standing still, its
body is liable to collapse. This forces the knee joint up (abduction) as the body goes down and the tendency is opposed by the
adductor muscles that lie heneath the limb, runaing from the pubis and ischium to the underside of the femur. In erect animals,
on the other hand, the tendency is for the femur to move in towards the midline (adduction), so this is opposed by muscles
above the limb, the iliotrochanteric (iliofemaralis) muscles, which extend from the posterior part of the blade of the ilium to the
dorsal surface of the femur, attaching on the fourth trochanter.

Inwalking, sprawlers swing the femur through a wide arc and the retraction (‘backwards pull’) phase of the stride is pow-
ered by the large caudifemaralis muscle, which attaches all down the side of the 1ail and runs to the posterior margin of the
femur. Birds, on the other hand. have tiny tails, a somewhat reduced caudifemoralis muscle and most of their stride is com-
posed from ratation of the femur along its long axis and movements at the knee powered by ‘hamstring’ muscles that run from
femur to tibia and below.

These changes in muscle function may be seen in the evolution of basal archosaurs and various dinosaur groups on the
way to birds. The iliofemoralis (IF) muscle divided its functions during archosaur evolution, and the anterior part, the
iliotrochanteric muscle (ITC). moved more anteriorly on the liac blade (illustration (c), 10), whereas the posterior part stayed
in place above the acetabulum. This move was paralleled by a similar split in the site of insertion on the head of the femur: the
ITC inserted on the so-called lesser trochanter, which separated from the head of the femur and moved inward and forward.
This farwards and inwards move of the [TC was necessary in erect archasaurs to oppose the tendency to adduction and to ro-
tate the femur. The location of the puboischiofemaralis internus (PIFI) muscle (illustration (c), 2) does not move much, al-
though its function changed from protraction (forwards movernent) of the limb in basal archosaurs to rotation of the femur in
birds. The puboischiofemoralis externus (PIFE) muscle did move substantially (illustration (c), 3). First, in dinosauromorphs,
the insertion on the head of the femur moved laterally as the femoral head curved more and more inwards, and so the PIFE

continued
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Fig. 6.4 Basal crocodylomorphs: (a—) the saltoposuchid Saftopostchues, skeleton and skull in lateral view, hand in anterior view; (d,e)
the sphenosuchid Sphenosuchus, skull in lateral and dorsal views. [ Figures (a—), after Crush, 1984; (d, ) modified from Walker, 1990.]

Ischigualasto fauna and was large enough to make a
succulent meal.

6.2.3 Crocodylomorpha:origin of the crocodilians
.

True crocodilians arose in the Early Jurassic (see pp.
232-7), but there were a number of close relatives in
the Late Triassic. Some of the Late Triassic crocodylo-
morphs seem most uncrocodilian at first sight. An
example is the saltoposuchid Saltoposuchus (Crush,
19841 from South Wales, a lightly built, delicate animal
. It has a long skull with

0,5m long (Figure 6.4(a—c)
slender pointed teeth and long hindlimbs that suggestit
wasabiped. It probably fed on small reptiles, insectsand
other invertebrates.

How can this fully terrestrial insectivorous biped be
1 close relative of the crocodilians? Saltoposuchus has a
number of diagnostic crocodylumorph characters. The
main bones of the wrist (radiale and ulnare) are
elongated into rod-shaped elements, instead of being
button-shaped (Figure 6.4(c)), the lower element of the
shoulder girdle (the coracoid) has a long backward-
pointing spine and the pelvis has an open acetabulum

(hip socket). In addition there area number of: crocody-
lomorph specializations in the skull (Figure 6.4(b)): the
quadrate and_ quadratojugal are displaced inwards
towards the braincase and the cheek region is overhung
bythesquamosal. -~

Another crocodylomorph family of the Late Triassic
and Early Jurassic, the Sphenosuchidae, were rather
mare crocodile-like in appearance. Sphenosuchus from
the Lower Jurassic of South Africa (Walker, 1990) was a
slightly heavier animal than Saltoposuchus, 1.4mlong,a
fast runner and probably usually quadrupedal. Its skull
(Figure 6.4(d, e)) is crododilian in many regards: the
forwards sloping quadrate and quadratojugal, as in
Saltoposuchus, and the square skull table at the back,
made from the squamosals and postorbitals, which
overhangs the temporal region. The position of the
upper end of the quadrate is characteristic of crocody-
lomorphs: in Sphenosuchus, the quadrate head contacts
the proatic and the squamosal, whereas in later croco-
dilians it slopes further forward and also meets the
laterosphenoid, a midline element, typical of ar-
chosaurs, that lies in front of the basipterygoid and
prootic. The saltoposuchids and sphenosuchids were
grouped as a clade Sphenosuchia in some recent cladis-
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‘tic analyses, but Clark and Sues (2002) suggest that
sphenosuchians’ are paraphyletic with respect to later
crocodylomorphs.

6.2.4 Otherarchosauromorphs of the Triassic

The arch‘maurs were the main group of archosauro
morph diapsids to rise to prominence in the Triassic,

20 mm
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rough l.hctoath-bearing bones of the skull [
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faunas where they were often the dominant herbivores,
mp;esenting 40-60% of all skeletons found (see Box
6.3). Early forms (Dilkes, 1998) were small, but Late
Triassic thynchosaurs such as Hyperodapedon (Benton,
1983b; Langer et al., 2000) were up to2m long. Hypero-
dapedon has a deep cheek region composed mainly
from the jugal and maxilla, and the premaxillae extend
forwards and downwards as rounded and pointed
elements (Figure 6.5(c)). The lower jaw is also deep
and the dentary bears two rows of teeth, one on the crest
and the other lower down on the inside (Figure 6.5(d)).
The skull is triangular in plan view (Figure 6.7(e)).
The back of the skull is broader than the total length,
and this vast width seems to have provided space for
strong jawclosing muscles. There are broad tooth plates
on the maxillae in the palatal region that bear
several rows of teeth on either side of a midline groove.
The lower jaw clamped firmly into the groove on the
maxilla, just like the blade of a penknife closing into its
handle (Figure 6.5(f)). This kind of jaw action, with no
sliding back and forwards, or from side to side, is the
precision-shear system, just like a pair of scissors. Rhyn-
chosaurs were herbivores that fed on tough plants, pos-
sibly seed-ferns. Hyperodapedon has massive high claws
on its feet (Figure 6.5(g)) that were probably used for
uncovering succulent tubers and roots by backwards
scratching.

The fourth group of archosauromorphs, the prolac-
ertiforms, had appeared first in the mid-Permian, rep-
resented by Protorosaurus(see p. 119),and they radiated
in the Triassic. Most of the Triassic forms probably
looked like lizards, but by the Mid-Triassic, one of the
most unusual reptilian lineages had arisen within this
clade. Prolacertiforms are characterized by long necks,
but that of Tanystropheus from Central Europe (Wild,
1973) was extraordinary, being more than twice the
length of the trunk (Figure 6.5(i)). The neck was not
greatly flexible as it is composed of only 9-12 cervical
vertebrae. Each of these bearslong thin cervical ribsthat
run back beneath the backbone and may have provided
attachments for powerful neck muscles. Juveniles of
Tanystropheus have relatively short necks and, as they
grew larger, the neck sprouted at a remarkable rate. Its
function is a mystery. The sharp teeth (Figure 6.5(h))
suggest that Tamystropheus fed on meat (fishes and
cephalopod hooklets are known as stomach contents),
whereas the limbs and other features may indicate a life
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in the water. Indeed, many of the specimens are found
in marine sediments, and Wild (1973) reconstructs
Tarystropheus as a coastal swimmer that fed on small
fishes that it caught by darting its head about.

The trilophosaurids, rhynchosaurs and prolacerti-
forms all died out in the Late Triassic, the rhynchosaurs
and many of the prolacertiforms well before the end of
the period, about 220 Myr ago, and the others right at
the end of the period. These three groups and the
archosaurs belong to the Archosauromorpha, one of
the main divisions of the Diapsida (Benton, 1985;
Evans, 1988; Laurin, 1991; Dilkes, 1998). The prolacer-
tiforms and archosaurs are sister groups (Figure 6.6),
sharing many characters, such as a long snout and
narrow skull, long nasal bones, backwardly curved
teeth and long thin cervical ribs. Dilkes (1998) found
that the prolacertiforms split into two clades,
Prolacerta, lying close to archosaurs in the cladogram,
and the remaining prolacertiforms closer to the base of
Archosauromorpha.

The phylogenetic scheme shown here (Figure 6.6) is
very different from older views (e.g. Romer, 1966).
Rhynchosaurs and prolacertiforms were regarded as
true lepidosaurs, relatives of the modern lizards, and
they were thus placed on the other major diapsid
branch, the Lepidosauromorpha. Tanystropheus, for ex-
ample, shares various features with the lizards, such as
its incomplete lower temporal bar (Figure 6.5(h)) and
specialized teeth and vertebrae (Wild, 1973). These
must be convergences, however, as they are far out-
weighed by the evidence for archosauromorph affinity.

6.3 IN TRIASSIC SEAS

There were four main groups of reptiles in Triassic
seas (McGowan and Motani, 2003; Rieppel, 2000¢),
the placodonts, pachypleurosaurs. nothosaurs and
ichthyosaurs, all of which have the euryapsid skull
pattern (see p. 112), with one (upper) temporal fenes-
tra. Each has very differentaquatic adaptationsand they
represent a major radiation of marine predators,
probably from independent sources among the early
diapsids.
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grinding back teeth and chisel-like front teeth

)

| Close-up views of 5

S Up views 0f specimans of Hyperodapedontr
;l:xsnc of Elgin, norih-gast Scotland, 1o show the q”:';m: Upper
‘”Y-‘"l;vaim e surface detail. (a) premaxillary beak (left) and maxilla
inthe maxila;ph on the premaxilla and blood vessel openings
Bt el P Wﬁrapn of PVC cast (x1.3); (b) the lacrimal (tear)

g from the eye socket (top) into the :

< photograph of natural rack mould [:’3”0] the resa cavy ().
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Brachyrhinodon has sharper teeth, pro
been able to leap around in the moving
probably preyed on by young Omithosuchus,

Read more at http://www mcrayﬁrth‘parmership.orgfmfpl
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his early wark on the Eigin reptiles.

bably for chopping small plants.
sands on the edges of the well-
by the very rare archosaur

reasure/infozona/56.fitm, a ve!
guide to Thomas Henry Huxley, the great

Scleromachius has long siender legs and it may have
watered feeding grounds. These small animals were
Erpatosuchusand the possible dinosaur Saltnpus.

ry brief account of the Elgin reptiles,
Victorian anatomist, and -
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Y ». :

1} The Late Triassic Elgin fauna: three Hyj
\owards an armoured Stagonolepis (midd
urs tawards atiny Brachyrhinodonand two Lep
peen found at Elgin. |Based ona drawing by

perodapedon feed on low waterside pl
le left); behind it, two E rpetosuchus fe
topleuron. The planls are based on similar localilies
Jenny Middigton; in Benton and Walker, 1985.)

ants at the lower right; behind them, an Omithosuchusruns
ed ona carcase, and in the lower left, a tiny dinosaur, Saifopus,
slsewhere, because o plants have ever

e

6.3.1 Placodontia

lacodonts were also most abundant in the Mid-
entral Europe, some Mediterranean areas
n China, and disappeared during the Late
Triassic. Placodus (Figure 6.7(a)) looks at first like a
heavily built land animal, but its remains are found in
shallow marinebeds. Thetailisnot deep,asmightbeex-
pected if it were used in propulsion, and the limbs are
fied as paddles. The limb girdles, although

The p
Triassic of ¢
and souther!

not modi

ier than in the nothosaurs, are nol as firmly

attached to the sides of the body as one would expect in
a terrestrial form. The heavy array of gastralia covering
the belly region is a feature shared with pachypleu-
rosaurs and nothosaurs. Some placodonts carried
their backs, compused

heav

massive armour shields over

of polygonal bony plates.
The skull of Placodus (Figure 6.7(b, c)) shows all of

the remarkable features of this group (Rieppel, 2000a).
The teeth consist of three spatulate incisorson each pre-
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Fig.6.6 Cladogram showing the postulated relationships of the major diapsid groups, based on the work of Benton { 1985), Laurin
(1991), Dilkes (1998) and Rieppel (1998). See Box 5.1 for context of Neodiapsida; see Box 6.1 for phylogeny of Archosauria,
Synapomorphies: ANEODIAPSIDA, anterior process of squamosal narrow, trunk ribs mostly single-headed, ends of humerus robust: §
B, external nares close to the midline, sphenethmoid absent, presacral intercentra absent, entepicondylar foramen in humerus absent,
radius aslong as ulna, fifth distal tarsal absent; C, tabular absent, squamosal mainly restricted to top of skull, quadrate deeply

emarginated posteriorly, stapes slender, cleithrum absent, lateral centrale in hand small ar absent, fifth distal tarsal absent, fifth
metatarsal hooked; D LEPIDOSAUROMORPHA, supratemporal absent, teeth absent on transverse pterygoid flanges, dorsal intercens
absent, thyroid fenestra in pelvic girdle; E SAUROPTERYGIA, premaxilla large, lacrimal absent, upper temporal fenestra larger than

orbit, lower temporal fenestra open ventrally, anterior premaxillary and dentary teeth procumbent (slope forward), cervical intercentra &

absent, three or more sacral ribs, clavicles positioned anteroventrally to interclavicle and meet medial surface of scapula, humerus
curved, humerus with reduced epicondyles, radivs and ulna of equal length, fifth metatarsal long and slender, straight fifth metatarsal;
F EOSAUROPTERYGIA, zygosphene-zygantrum articulation, pedicels of neural arch received on ‘butterfly'-shaped platform on
centrum, clavicles with anterolaterally expanded corners, scapula constricted in the middle, entepicondylar foramen, three tarsal
ossifications; G NOTHOSAUROIDEA, quadratojugal without anterior process, occiput plate-like, clavicles broad medially, coracoid
strongly waisted; HARCHOSAUROMORPHA, posterodorsal process on premaxilla, sagittal crest, slender and tapering cervical ribs,
notch on anterior margin of interclavicle, small anterior processand larger posterior process on iliac blade, medial centrale in carpus
absent; 1, ectopterygoid expanded posteriorly, upturned retroarticullar process, second sacral rib bifurcates and posterior process
truncated sharply, anterior apron of pubis; J +long snout and narrow skull, nasals longer than frontals, recurved teeth, extensive
participation of parasphenoid/basisphenoid in lateral wall of braincase, long thin tapering cervical ribs with two or three heads andan
anterior process.

maxilla, four heavy teeth on each maxilla, three on each
palatineand three or four on each dentary. These palatal
teeth are broad, flattened and covered with heavy
enamel. They were clearly used in crushing some
hard-shelled prey, most probably molluscs and bra-
chiopods, which were levered off the rocks in shallow
coastal seas with the incisors, smashed between the
massive palatal and posterior dentary teeth and the
flesh extracted. The broad triangular skull is of such a
shape that the maximum biti ng force occurs just in the
region of the largest teeth on the palatine and dentary,

and the extended squamosal probably bore powerful
jaw adductors that ran forwards to the high process of
the dentary. These muscles then ran nearly horizontally
and they would have provided a powerful backwards
grinding pull to the lower jaw.

6.3.2 Pachypleurosauriaand nothosauria

The pachypleurosaurs are elongate animals with small
heads, long necks and tails and paddie-like limbs
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‘( 'F_igurlc 6.7(d)). They are best known from the Middle
Iriassic of central Europe where animals such as
Pachypleurosaurus have been found abundantly in m-‘1-
rine sediments (Carroll and Gaskill, 1985; Ricppél
1995). These 0.2-1 m-long animals were clearly mninh:
aqlu.nic in adaptations, using wide sweeps of their dce’
tails to produce swimming thrust. The forelimbs ma?
fllsn have been used to some extent for thrust and steer-
ing. The hindlimbs were probably held along the sides
r?f the body mostof the time in orderto reduce drag. The
Ifmh girdles are very much reduced and they ;1reg ;3n] /
|1I11.-,hL|y attached to the sides of the bud):. 50 tha)t
:ﬂ :;muld not have supported the animal's weight on
.Thej skull of pachypleurosaurs is long and lightl
built u{uh avery large orbit and nostril, but a small ten‘f
poral fenestra (Figure 6.7(e, f)). The pointed peg-like
reeti? are spaced fairly widely and project at the front of
the jaws. They suggest a diet of fishes that the agile
pa.chypleumsaurr. could have chased and sna edg
with darts of their long necks. S
3 An‘mng the abundant remains of pachypleurosaurs
from Switzerland, Sander (1988) found aspecimen ofa
young animal, less than 50mm in length (Figure
f:.?ig]_l.Thcspccimcn showstwo key fcaturesthatpfuve
itis a juvenile: the orbit is relatively large and the limb
bones are poorly ossified. Perhaps this juvenile had just
been born, or it may even hean embryv, =
T'he larger nothosaurs (Rieppel, 1998), 1-4 m long
had elongate heads and large temporal ﬁ;nestmc bLi:t‘
were m‘herwise similar to pachypleurosaurs in ;hcir
.1.:.1‘1[1laumns. They appear to be closely related to ple-
stosaurs,a group that firstappeared in the i\v’[id-’l‘riaiic
.1»|n! radiated  dramatically in the Jurassic a I
Cretacenus (see pp. 245-6). v . &

6.3.3 Ichthyosauria

1 hu.ichlhg.'osnurs (literally ‘fish lizards’) were the most
iilv\'{Utrslp' aquatic reptiles of all with their d0|p|liu—|ifc
1:::15;-;1':1 neck, s-t.rmmti{:ed form, paddles and fish-
thmugl;ou:;imse in tf.m Early Triassic and continued
e ?f.hMcsnzmc F,ra with essentially the same
e f4 e oldest ichthyosaurs include Utar-

us from Japan (Motani et al, 1998), a 3-m-

&——'

}ong basal form (Figure 6.7(h=j)). It shows
ichthyosaurian characters of abour 40 cylindrical
sacral vertebrae, and limbs and girdles shortened :
broadened toact as paddles. In the skull [Figure6.7(;
tFw orbit is large, the nostril is placed well buckfn; G
tipofthesnoutand thereisasingle high temporal ol
tra. The jaws are long and narrow and lined with i
form peg-like teeth. Primitive features, hinti at lgl
land-living ancestry of ichthyosaurs, are that ntfe E
two sacral ribs and the hindlimb and forelimb :e F
roughly equal size. In later ichthyosaurs, there a el
sacral ribs (the hip joint is completely sepal*atcdrf: -
thevertebral column) and the front paddleisla \ert]-:m:ll
the hind. In later forms too the snout beca melorf el
teeth more pointed, the orbit larger andtheboncsg 2
back of the skull more ‘crowded’ backwards, - %
The ichthyosaurs radiated in the Mid- and Upper!
’l"nassm of central Europe, Nevada, Spitsbergen angf&
Far East (Massare and Callaway, 1990; McGowan and
Motani, 2003): Mixosaurus (Figure 6.7(k)) has derived &
paddles with short limb bones and an excess number of
phalanges. Some Late Triassic ichthyosaurs reached |
lengths of 15m. They had long bullet-shaped heads,
teeth only at the front of the snout, a vast rib cage and
tremendously elongated limbs. The fater ichthyosaurs
(.?ee PP. 246-7) were important in Jurass‘ic and &
Cretaceous seas, but never reached this huge size. :

i e RIS

6.3.4 Relationships of the Triassic marine reptiles

.l he placodonts, pachypleurosaurs, nothesaurs and
u.hlhg.'usaurs were formerly (e.g. Romer, I';ﬁbi‘cc; -
bined in the group Euryapsida, whose ancestry was scr:n
as rather mysterious. Since then, many authors havear-
gqed that all these marine groups are ::nodiﬁmi diapsid:
of one kind or another (Carroll, 1987; l\-lassa;eandp(“ :.Iii
loway, 1990}, and more particularly neodiapsids u:ilh
siaumplrrygjans atleast lying on the Jcpidumururr;or h
!mc (Rieppel, 1993, 1995, 1998). The position of (i
[chlthynsaurs isuncertain, either as close relatives nfthe
lepidosauromorphs too, or as an outgroup 15 Lepi‘-:
dnsauromorpha - Archosauromorpha (Motani et al
1998). d
Equally, it is clear that the marine groups fall into at
least two clades, the Ichthyosauria and the Sauroptery-

Wi sl vl e a0 5
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gis which consists of placodonts, pachypleurosaurs,
nothosaurs and plesiosaurs (Storrs, 19913 Rieppel,
1993, 1995, 1998). In carlier analyses, placodonts fell
petween pachypleurosaurs and nothosaurs, but Riep-

1(1998) finds a monophyletic Nothosauroidea, con-
sistingof pachypleurosaurs and nothosaurs,asis shown

here ( Figure 6.6).

.4 THE ORIGIN OF THE DINOSAURS

The major radiation of archosaurs in the Mid- to Late
Triassic, marked by the split of the Crurotarsi and the
Ornithodira (see pp. 138-45), provided a starting point
for the radiation of the dinosaurs. The oldest dinosaurs
date from the earliest Late Triassic (mid-Carnian),
although their sister group, Marasuchus, is latest Mid-
Triassic in age, which implies an origin of dinosaurs at
[east by that time. The dinosaurs radiated dramatically
during the last 20Myr of the Triassic, the Norian
Stage, and there has been a heated debate about how
this happened, whether by successful competition with
the synapsids, the basal archosaurs and the rhyn-
chosaurs, or by opportunistic radiation afteran extinc-
tion event. An understanding of the origin of the
dinosaurs must start with a study of the earliest

ornithodirans. .

6.4.1 Ornithodira: dinosaursand relatives

The closest major outgroupof the dinosaurs may bethe
pterosaurs (see Box 6.1), This may seem an unusual
pairing, but Gauthier ( 1986) noted similarities between
the two groups, particularly in the hindlimb. For exam-
ple, the ankle joint is simplified to a hinge-like arrange-
ment in which the astragalus and calcaneum act
together as a kind of ‘roller’ and the middle three toes
are elongated and held inan upright position so that the
animal stands up on its toes, the digitigrade posture.
Prerosaurs are discussed in more detail later (see pp.
224-9), Prerosaurs and dinosauromorphs together are
termed the Ornithodira.
A small reptile from the Upper Triassic of Elgin,
Scleromochlus (Figure 6.8(a, b)), appears to be an out-
group to Ornithodira, the basal member of the di-

nosaur branch of archosaurian evolution, termed the
Avemectatarsalia (see Box 6.1). Scleromochlus has the
bird-like features of a tibia that is longer than the femur,
an adaptation seen in some running animals, and a
closely bunched group of four elongate metatarsals. It
lacks the elongate neck, reduced fibula and the simpli-
fied ankle joint (astragalus and calcaneum closely
attached to each other and to the tibia) seen in or-
nithodirans. Scleromochlus has sometimes been allied
with Pterosauria (Sereno, 1991), but it appears more
firmly located in the phylogeny at the base of
Avemetatarsalia (Benton, 1999a). This slender little
reptile was only 170 mm long, the size of a blackbird,
and it was certainly bipedal —its forelimbs are very
much shorter than its hindlimbs. It had been inter-
preted as a a climber or even a glider and hence in some
way ancestral to pterosaurs. Scleromochlus might even
have been able to hop: it has the proportions of the
desert-living jerboa, a small mammal that leaps around
the sand dunes of North Africa at night.
Two small reptiles from the Mid-Triassic of
Argentina fall closer to the dinosaurs than to the
pterosaurs, Lagerpeton and Marasuchus. Lagerpaton is
incompletely known, but is a basal dinosauromorph,
whereas Marasuchus (Sereno and Arcucci, 1994) isa
basal dinosauriform (see Box 6.1), characterized by a
number of shared characters (Sereno, 1991), such as:
2 'swan-neck’ in which the cervical vertebrae follow'a
strongly S-shaped curve, a forelimb less than half the
length of the hindlimb, a much reduced calcaneum that
is one-third or less of the size of the astragalus and fur-
ther specialized features of the foot.

Marasuchus (Figure 6.8(c, d)) was a lightly built
flesh-cater, some 1.3 m long, that presumably preyed on
small fast-moving animals such as cynodonts and
procolophonids, as well as perhaps worms, grubs and
insects. The skull is incompletely known, but the post-
cranial remains show many dinosaur-like characters,
such as parallelogram-shaped cervical vertebrae
(necessary for the S-curved neck), an arm that is less
than half the length of the leg, the beginnings of an
open acetabulum (Figure 6.8(d)) and other features
of the pelvis and limb bones associated with fully
erect posture. Marasuchus was clearlya biped, running
on its hindlimbs, and the long tail was presumably

used as a balancing organ. It may have used its hands
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for grappling with prey and for passing food to its
mouth.

6.4.2 Theoldestdinosaurs

Older accounts frequently state that dinosaurs arose
early in the Triassic and evidence in the form of skele-
tons and footprints is often quoted. The supposed
skeletal remains of dinosaurs from before the Late Tri-
assic turn out, though, to belong to prolacertiforms,
rauisuchians and other non-dinosaurian groups (Wild,
1973; Benton, 1986a, 1994). Dinosaur footprints, gen-
erally showing three toes and no heels, because of their
digitigrade posture and the reduction of toes 1 and 5,

had also been recorded from the Lower and Mid-

Triassic of various parts of the world, but critical re-

examination (Thulborn, 1990; King and Benton, 1996)

shows that they have been wrongly identified.

Fig. 6.8 Basal avemetatarsalians: (a,b)
Scleromachlus: (a) skeleton in lateral view,
(b) anterior view of the foot; (¢, d) the
basal dinosauromorph Marasuchus.

(c) skeleton in lateral view, (d) pelvisin
lateral view. [Figures (a,b) based on
Benton (1999a); (¢, d) courtesy of Carol
Abraczinskas and Paul Sereno.|

The oldest true dinosaurs are known from the early
part of the Late Triassic (the Carnian Stage, 230-220
Myr ago) from various parts of the world. The best
specimens come from the Ischigualasto Formation of
Argentina, source also of the rauisuchid Saurosuchus
(see p. 141). The Ischigualasto dinosaurs, Eoraptorand
Herrerasaurus, are relatively well known from nearly
complete specimens and they give an insight into the
days before the dinosaurs rose to prominence.

Eoraptor (Sereno etal., 1993) isa lightweight animal
I m long (Figure 6.9(a)), with a number of dinosaurian
characters: the postfrontal is absent, there are three ver-
tebrae in the sacrum, the deltopectoral crest runsalo ng
way down the shaft of the humerus, the femur is
modified for fully erect posture and there are various

dinosaurian characters in the ankle, including an as-
cending process on the astragalus.

Herrerasaurus (Sereno and Novas, 1992) is a larger,
more heavily built animal 3 m long (Figure 6.9(cf)). It
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s:(a,b) Eoraptor,

Fig. 6.9 Thefirstdi

ing di i - f the bones and open acetabulum (d),
irdle showing dinosaurian lay-out ol nes b ;
gll gitigrade foot (e), hand, showing reduced digits 4 and 5 (f). [Figures (a—c

Galton 1977.]

shows a number synapomorphies of the Dinosauria,
features that are not seen in Marasufhus or the
pterosaurs: theacetabulumis fully open (Figure 6.?(:1)).
and the head of the femur is bent inwards (Figure
6.9(e)). Herrerasaurus has a short arm :‘and a smn:\g
hand (Figure 6.9(F)) with three funcno.nal ﬁnﬁ_u;
(digits 4and 5 are reduced to small bone'splmtsl, wB I’ih
it probably used for grasping and ral‘m_m food:,. 0 0
Eoraptor and Herrerasaurus were initially ¢ dssc ]
(Sereno and Novas, 1992; Sereno ef al, 1993) as bdb‘:
theropods, although they may turn out either to be
basal saurischians or even basal dinosaurs (Langer etal.,
X x 8.5). .
lggi;s::eﬁ?me. r:wst palacontologists regarded the di-

d skull i lateral view; (c—f) Herrerasaurus, skeleton in lateral view (), pelvic
kel an .

hindlimb, showing large fourth trochanter on femur and In.n L
F) courtesy of Carol Abraczinskas and Paul Sereno; (d,e)after

nosaurs asa diverse assemblage of archosaurs thfn a.m.xl,e_

from several ancestors —a polyphyletic gmu-}j'(‘ladls?‘t

analyses (e.g. Gauthier, 1986; Benton and Clark, !%:;
5cre.nn. 1991) have indicated, however, that ._t €
Dinosauria is a menophyletic group, charac_lcru.cu
by many features (see Box 6.1). .O"m (.arn-mr;
dinosaurs include basal ornithischians and b.!;i

sauropodomorphs (Langer et al,, 1999), but thq,r,I (n
raptor and Herrerasaurus, were only rare elemen :' 1 -
their faunas (1-3% of all skeletons). Befurn? the CITd (]I«
the Triassic, however, the dinosaurs had radiated wide \.
to become the most abundant vertebrates on land. How

did this happen?
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6.4.3 Radiation of the dinosaurs — competition or
mass extinction?

Thereare currently two ways of viewing the radiation of
the dinosaurs in the Late Triassic. Either they radiated
opportunistically after a mass extinction event, or they
competed over a longer time-span with the synapsisis‘.
rhynchosaurs and basal archosaurs, and eventually
prevailed. b
Until recently, most authors (e.g. Bakker, 1972;
Charig, 1984) favoured the competitive model for four
reasons. First, as mentioned above, many considered
that the dinosaurs were a polyphyletic assemblage and
hence that dinosaurs arose several times as a result of
similar competitive pressures. Second, the origin of the
dinosaurs was seen as a drawn-out affair that started
early in the Mid-Triassic and involved extensive and
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Fig.6.10 The expansion of the dinosaurs in
il"ne Nx?run.al‘ler the extinction of dominant
diversified, with the appearance of large species,

end- i iassi incti
Carnian and end-Triassic extinction events are indicated.

long-term competition (Figure 6.10), The dinosayr
ancestors were regarded as superior animals, with
advanced locomotory adaptations {erect gait) or
physiological advances (warm-bloodedness, or cold-
hluotlin:dncss: both cases have been argued!) that pro-
gressively competed with, and caused the extinction of,
all of the synapsids and basal archosaurs. Third Lhe‘
appearance of the dinosaurs has often been rcgard::d as
agreatleap forward in evolutionary terms,

A fourth reason why many palacontologists ace-
epncd the competitive model for the radiation of the
dinosaurs was more general. It had commonly been
assumed that the evolution of life is in some way pro-
gressive, that more recent plants and animals a.re iﬁ-
evitably better than those that went before. So, modern
mammals might be said to be betrer competitors than
archaic mammals, archaic mammals might be better

Phytosauria
‘Rauisuchia’

nts

Sauropodomorpha

Carnivorous cynodo

Theropoda (small)

v

Camivores

i:\-u:;aha&cs: (1) sauropodomorphs expanded in abundance and diversity at the beginning of
erbivore gmu?s (r.hyuchnuu:s. dicynodaonts, chiniguodontid cynodonts); (2) theropods
after the extinction of phytosaurs and ‘rauisuchians’at the end of the Triassic. The

than dinosaursand dinosaurs might be better than their
forerunners. This assumption of progress has never
peen demonstrated (Benton, 1987), and indeed the
major changes in world floras and faunas might equally
well be associated with expansions into new ecaspace,
involving no direct competition with pre-existing
formsatall.

Several lines of evidence (Benton 1983a, 1986a,
1994) suggest that the dinosaurs radiated after ecospace
had been cleared during the end-Carnian extinction
event (Figure 6.10) and that the dinosaurs did not
establish their pre-eminence after a long period of
competition with precursor groups.

1 The fossil record does not show a gradual take-over,
but two rapid expansions after extinction events. The
first dinosaurs in the Carnian were rare (1-3% of indi-
viduals). An extinction event at the end of the Carnian
saw the disappearance of all dominant herbivore
groups —the dicynodonts, herbivorous cynodonts and
rhynchosaurs. Herbivorous dinosaurs then radiated
seemingly rapidly in the early Norian, rising to 50-90%
of individuals, Dinosaurs diversified further in the
Early Jurassic after a second mass extinction at the very
end of the Triassic when the remaining basal archosaurs
and other groups died out. ‘

2 The first dinosaurs had the key characters that
assured their later success, but they did not take over at
once (Sereno, 1999). During the Carpian, all three
major dinosaurian lineages were present, but theropods
and sauropodomorphs did not radiate for some 5-10
Myr after their origin, and ornithischians 20-25Myr
later, in the Early Jurassic. :

3 The ‘superior adaptations’ of dinosaurs were proba-
bly not so profound as was once thought. Many other
archosaurs also evolved erect gait in the Late Triassic,
and vet they died out {e.g. aetosaurs, ravisuchians,
arnithosuchids and some early crocodylomorphs).

4 There were other extinctions at the end of the Carn-
ian. The Dicroidium flora of the southern hemisphere
gave way to a worldwide conifer flora about this time
{ see p. 138). There were lurnaversin marine communi-
ties, particularly in reefs, and there was a shift from
pluvial (heavy rainfall) climates to arid climates
throughout much of the world (Simms and Ruffell,
1990). The climatic and floral changes may have caused
the extinctions of the dominant herbivorous tetrapods.
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5 The idea that simple competition can drive the re-
placement of one major group by another is an over-
simplification. Competition between families or orders
of animals is very different from the ecological obser-
vation of competition within or between species. In
palacontological examples such as this, competition
has often been assumed to have been the mechanism,
but the evidence has generally been shown to be weak
{Benton, 1987).

This kind of macroevolutionarydebateis hard toset out
in clearly testable form. Many palaeontologists would
prefer not to investigate such questions, regarding them
as story-telling of the worst sort. Intelligent people are
bound to ask questions about major events, whether
mass extinctions or evolutionary replacements; it
would be unsatisfactory simply to say ‘we do not know,
and never will’ And, as the quality of cur understanding
of the fossil record improves (more fossils, better
dating, better geographical coverage), it is possible
to home in on events and dissect them in increasing
detail.

6.5 FURTHER READING

Research on Triassic vertebrates, including aspects of
faunal change and the origin of the dinosaurs, is pre-
sented in volumes of collected papers, such as Padian
(1986) and Fraser and Sues (1994). Tetrapods of the
Russian Permo-Triassicare summarized in Benton etal.
(2000b). Sereno (1991) and Benton (1999a) present
comprehensive cladistic overviews of archosaur
phylogeny, and Sereno (1999) gives a broad picture of
dinosaur phylogeny.

Useful web pages include http://rainbow.ldeo.
columbia.edu/coursesv1001/9.html on the Triassic
and its fossil tetrapods, http://www.museums.org.za/
sam/resource/palaeo/cluver/ on the Permo-Triassic in
the Karoo, South Africa and http://tolweb.org/tree?
group=Diapsida&contgroup=Amniota on diapsid
phylogeny. You can see a detailed three-dimensional
dissection of the skull of the ‘rauisuchian’ Saurosuchus
at  hup:/idigimorph.org/specimens/Saurosuchus_

galilei/.
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Recent studies of Lower Carboniferous rocks in central Sc
Montana, USA (Lund, 1985, 1989; Janvier and Lung. 1985)

(see illustration I)! Stethacanthus and Falcatus, with their

denticles. Another chimaera, Echinochimaera, has denticlesin
Hardistiella.

professional collector, in 1981 (Wood, 1982), and it has
other sharks like those from the Bear Guich Limestone, as wel
coelacanth. ;

1 The world of (a-£) sharks and chimaeras and (f h) other fishes. in the mi
(a) the ch iform Har (b)the s }

y : ymmoridan Falcatys;
Defphypdonfos (&) the halocephalan Echinochimaera; (f) the coelacanth 4
Hardistiella. (After Janvier and Lund, 1985.)

BOX 7.1 THE AGE OF SHARKS

have reveale ] i i
The Montana fauna, from the Bear Guich Limestone (Namurian, ¢. 32 i e A ot

forehead ‘claspers’, short spines over the eyes, as in
: J some modern forms. The othe i
coelacanth, Allenypterus, a narrow eel-like actinopterygian bony Ll

Tr.ne I'nssi!s fram Montana and Scotland are preserved exq
contains marine and non-marine beds, and shark fossils were fi

yielded superb specimens of Akmonistion (see illustration 1) and ¢

otland (Wood, 1982; Coates and Sequeira, 1998, 2001b) ang

SMyr ago), is particularly striking—a world of sharks

L extraordinary shoulder spines Pe
petalodontiform sharks, such as Belantsea (see Figure 7.1(f)). with their differentiated dﬁmpr;az[;u;h:e;me“ The unusyal {3

known here. Harpagofutator, a relative of the subterbranchiali ndrenche, a
. » i chialian Chondrench: fys, has forked ppendages
onlyinthe male. Delphyodontos, a possible early chimaera, seems to have nofinsatallanda spherical bo

titions, are also best
on the forehead, but
i s dy covered with smajl
different parts of its body. The male alsa has pelvic claspers and

» fishes include: a ‘telescoped’
fish, Paratarassius, and the oldest known true lamprey,

uisiteAIy. The Scottish deposit, at Bearsden near Glasgow,
ound in both. The deposit was discovered by Stan Wood. a'

I as numerous palaeoniscoid bony fishes, acanthodians and a

thi

d-Carboniterous Bear Guich Limestane of Montana, USA
(c) the symmoridan Stethacanthys: (d) the holocephalan
Wenypterus, (g) the actinopterygian Paratarassius. (h) the lamprey
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museum/earth/bear.htmi.

Read more about the Bear Gulch fishes and their setting at http://www.sju.edu/research/bear_gulch and the Bearsden
Akmonistion at  hitlp/fwww hunterian.gla.ac.uk/news/archive/shark/shark.shtml  and  http//www.hunterian.gla.ac.ul/

W Aspecimen of Akmonistion, a close relative of Stethacanthus, from the Mid-Carboniferous of Bearsden, Glasgow, Scotland, showing the
remarkable shoulder spine. The specimen is 0.5 m long. (Courtesy of Stan Wood.)

.

baseplate. The spine is made from dentine, the main
constituent of teeth, surrounded by acellular bone.

7.1.2 Eugeneodontiformes and petalodontiformes

I'he eugeneodontids, or edestids, are known almost
exclusively from their teeth, which grew in spiral shapes
(Figure 7.1(d)), and are common fossils in the
Carboniferous and Permian (Zangerl, 1981). As in
chondrichthyans generally, each spiral consists of a se-
ries of teeth that are joined together in such a way that
the largest teeth at the top are in use and new teeth can
rotate into place when the older ones are worn away.
This system means that there is a constant supply of
teeth available even when older ones break off. In edes-
tids uniquely, the older small teeth are retained in the
whorl. The tooth whorl fits between the two lower jaws

(Figure 7.1(¢)) and operates against similar sharp teeth
in the upper jaw. The rest of the eugenecdontid skeleton
is poorly known, except in Fadenia from the Lower
Carboniferous of Scotland (Figure 7.2(a) ). This shark
has a long dorsal fin and xenacanth dentition. It was a
hunting fish that moved through plant-choked swampy
ponds in search of prey.

The petalodontiforms, from the Carboniferous and
Permian, include Janassa from Germany and England,
and Belantsea from the Bear Gulch Limestone of
Montana, USA (see Box 7.1). Belantsea (Figure 7.1(f))
has an extraordinary bulbous body and a short head
{ Lund, 1989). There were [our powerful ridged teeth set
in each jaw segment and the tooth form varies along the
jaw. These teeth were arranged as a pavement probably
for crushing hard food such as molluscs or corals, and
this is indicated also by the armour plates around the
mouth, possible guards against abrasion while feeding.

¥———
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Fig. 7.1 Early sharks: (a—) symmoridans, (d,e) eugencodontiforms and (f) petalodontiform:

and claspers; (¢) Stethacanthus; (d) tooth whorl of Helicopriom;

7.1.3 Xenacanthiformes, ctenacanthiformes
and hybodontiformes

The xenacanths (Hampe, 2003), freshwater forms
known from the Devonian to the Triassic, resemble
modern sharks in their fin structure. Xenacanthus from
the Early Permian (Figure 7.2(b)) hasa long skull witha
long spine just behind, large paired fins, an elongate

. (] tooth whorl of Sarcaprion in plac

‘ ” ; aceatthet
.11_.,.|1n~‘| atooth pavement in the snout (rostrum); () Belantsea. [ Figure (a) after Schaeffer and \r\jilli.m\‘s 1 ”
modified from Zangerl, 1981;(d, ¢) after Moy-Thomas and Miles, 1971; (f) after Lund, 1989 ] h

lateral tooth pavement rostrum

(a) Demaea; (b) male Falcatus with spine
pof the lower jaw and acting
977, (b) after Lund, 1985;(¢)

dorsa_l fin extending along most of the back and a
tapering symmetrical narrow diphycercal tail. The
strange nacrow long form of Xenacanthus may have al-
lowed it to swim in and aut of closely-growin gllakc veg-
etation. Specimens of Xenacanthus occasionally shoir
claspers (Figure 7.2(b)), paired flexible limb-like ele-
mentslocated just behind the pelvic fins, which are used
during mating to hold the female secure while sperm

dorsal fin spine

)
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elongate snout

elongate dorsal fin long spine

clasper pectoral fin

Fig. 7.2 Derived Palacozoicand Mc;omic sharks: (a) eugeneodontiform, (b) xenacanth, (c) ctenacanth and (d) hybodont: (a) Fadenia
(b) Kenacanthus; (¢) Cremacanthus, (d) Hybodus. | Figure (a) after Dick.‘lqﬂ 1; (b—d) after Schaeffer and Williams, 1977.]

are transferred. The claspers contain a number of small
hard parts, so they are frequently preserved in fossil
sharks. y

The ctenacanths, an ill-defined group, include many
forms dating from the Devonian to the Triassic. They
showed a close approach in their fin spines to modern
sharks: there are two dorsal fin spines, the fin spines
have a pectinate ornament and they are deeply inserted
into the muscle mass of the body. Crenacanthus from
the Devonian { Figure 7.2(c)) is poorly known, probably
because of preservation problems.

The hybodonts may have arisen as early as the
Devonian and certainly by the Carboniferous, but
their main diversification apparently occurred in the
Triassic and these were the dominant sharks in the
Jurassic of Europe and North America. The hybodonts
survived into the Late Cretaceous side-by-side with the

modern sharks, the neoselachians (see pages 164-9).
Typical hybodonts, such as Hybodus (Figure 7.2(d)),
were probably sluggish swimmers, but capable of short
fast bursts of speed on occasion. The paired fins were
used for steering and stabilization. The tail is fully hete-
rocercal, with the backbone bending upwards. Hy-
bodonts have a number of tooth shapes, some high and
pointed and others low, which suggests that they fed on
a variety of prey types, ranging from fishes to bottom-
living crustaceans. They were essentially a marine
group, like all sharks, but some species became adapted
tolife in fresh waters.

Xenacanths, ctenacanths, hybodontiforms and
neoselachians share anumber of characters that suggest
they form a clade (see Box 7.2). There is usually an anal
fin and they share a tribasal pectaral fin (Figure 7.2(c)).
The fin is supported by three elements, the metaptery-
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giumat the back, as seen in other Palacozoic sharks, and
a mesopterygium and propterygium in front,

7.1.4 Subterbranchialia: Holocephali

The chondrichthyans so far described are known
largely from the Carboniferous and Permian periods,
but another clade that originated in the Devonian and
radiated in the Carboniferous, the subterbranchialians,
still survives today. The Subclass Subterbranchialia in-
cludes twa extinct groups from the Carboniferous, the
orders Iniopterygiformes and Chondrenchelyiformes,
as well as the extant Superorder Holocephali, the chi-
maeras or ratfishes (Stahl, 1999).

The iniopterygiforms Sibyrhynchus and Iniopteryx
from the Upper Carboniferous of midwestern USA
(Figure 7.3(a, b)) have large heads, very long pectoral
finsand rounded tail fins ( Zangerl and Case, 1973), The
pectoral fins are atfached to the pectoral girdle in a very
high position and they probably flapped up and down
like the wings of a bird, much asin a modern chimaera.
The front of the fin bears a series of hook-like denticles.
The chondrenchelyiform Chondrenchelys from the
Lower Carboniferous of Scotland { Figure 7.3(c)) has a
long , eel-like body with no tail fin and a small skull in
which the palatoquadrate is firmly fused to the brain-
case (see p. 54). The pelvic fin is small and males have
claspers.

Typical chimaeras of modern form appeared in the
Jurassic, although there are some tantalizing relatives
from the Carboniferous, An example is Hefodus Figure
7.3(d)), known from freshwater sediments of Europe,
which has the fins and jaws of a chimacroid, but has a
number of small teeth and a heterocercal tail. Later
chimaeras simplified their dentition to a small number
ol broad tooth plates, typically two pairs in the upper
jawand one pair in the lower jaw, used for crushing hard
food such as molluscs and crustaceans. This pattern
is approached in  Deltopiychins, also from the
Carboniferous (Figure 7.3(e)).

Later chimaeras had pointed tails, sometimes called
‘rat tails, unlike the more generalized shark-like
Helodus. An example is Ischyodus from the Middle
Jurassic of Europe {Figure 7.3(f)), which is essentially
the samein appearance as modern chimaeras. The skull

issmallandits elementsare heavily fused, thegillslie

neath the braincase and there are two pairs of tooth!

platesin the upper jaw and one pair in the lower. The
is long and whip-like, the pectoral fins are large and

tall spine in frant of the dorsal fin may have borne a poje:

son gland as in some modern forms.

7.2 POST-PALAEOZOIC CHONDRICHTHYAN |

RADIATION

Sharks and chimaeras diversified hugely in the S
Carboniferous, and their diversity declined during the |
Permian and Triassic. Some of the Carboniferous s

groups survived into the Mesozoic, notably the hy.
bodont sharks, some ctenacanths and the holocepha
lans, also evolved from Palacozoic ancestors. Modern
sharks, the neoselachians, diversified in the later Meso-
zoic and Cenozoic seas.

7.2.1 Neolselachii: the modern sharks

The neoselachians, including all modern sharks and

rays, arose in the late Palacozoic and radiated particu- 4

larly during the Jurassic and Cretaceous to the modern
diversity of 42 familics. Their early history is hard
ta track because the sole remains are nften teeth (carti
laginous skeletons do not preserve well) and teeth are
hard to classify (Cuny and Benton, 1999). The
neoselachians are characterized by numerous derived
characters (de Carvalho, 1996; Shirai, 1996), such as
the possession of calcified centra, Many other derived
characters relate to a more adaptable feeding system
and capabilities of faster swimming than in precursor
shark groups.

The jaws of neoselachians open more widely than in
earlier forms because of greater mobility about the
jaw joint and a highly kinetic palatoquadrate and
hyomandibular (see p. 54, Figure 3.11(c}). This allows
mast neoselachian sharks to have a wide gape, as the
palatoquadrate moves forwards relative to the brain-
case and the hyomandibular rotates as the lower jaw
opens (Wilga et al., 2000). The snout is usually longer
than the lower jaw and this means that the mouth opens
beneath the head rather than at the front. In larger

T
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B0X 7.2 CHONDRICHTHYAN RELATIONSHIPS

R

i ifi i branchs) or chimaeras (hotocephalans), and
vil drichthyans are readily classified as either sharks and rays (elasmo ‘ ‘
I;::ﬁg:;:‘m m: be assigned to one or other branch of ehondrichthyan evolution. There has beenha ‘gr:at d;‘;i of deb:rtie
cephalans are part of the elasmobranch clade, with symmon-
utthe placement of major taxa, whether for example the holocepha 2 pal m
adz:;ﬂ;n: iladuselacmcs as their outgroups, or whether there was a clear division between the clades Elasmoh_ranchn and
branchialia (Gaudin, 1991), the view accepted here (see cladogram). 1 4
Sub;;fe rlli;hudont's{ ctenacanths and xenacanths form successive outgroups to the Neose[jm?“lgg'ﬁ helgg[;l:et,;:: :l;z:ﬂ;;:a
chs i i i the work of Gaudin (1991) and Ca:
ion of elasmobranchs is uncertain and one possible solution, ha_seu on y 1) ar %
:rguguc: a), is shown here. The relationships of the extant neoselachians are debated, but the pattern indicated here is supported
eral analyses (de Carvalho, 1996; Shirai, 1996). !
m‘S:;O‘Im:uk:ir‘:nzthﬂ.ms of chondrichthyan phylogeny sa far do not support lhe_ morphological tree. leady and D|01.|t§:]1.lr
{2003) find that Galeomorphiiare paraphyletic to other sharks and that ba101dsara_nqiapanﬁi$qua_leaand Hypnosque:l_ea. -
are a basal group to all the sharks, quite separate, as was the traditional, pre-cladistic view. Winchill e.'_;!. {2004) confirm
molecular evidence against Hypnosqualea, but they find some evidence for monophyly of Galeomorphii.

K SQUALEA

: \ | J NEOSELACHII
H
G EUSELAGHI :

e

/

P

\ C ELASMOBRANCHII
S

A CHONDRICHTHYES

r Gaudin (1891), de Carvalhio (1996, Stural | 1996) and Coates
alcified cartilage, second orsingle dorsal f nsuuateq at
directed prommat facet and a posteriorly directed axial

nease characters (Coates and Sequeira, 20014, p. 253);

5355 C ELASMOBRANCHI, hypochordal (lower| lobe of caudal tin
n delta-shaped cartilage; F, dorsal spine concave forwards
ion, anal fin. ribasal pectoral fin (metapterygum,

sctinate ornament, deeply inserted fin spines; I,palatnqqadratu
th afl or all but first radials; § NEDSELACHW, enraurancmall

K SOUALEA, ectethmoid process present, orbital articulation

B SUBTERBRANCHIALIA
E SYMMORIIDA
M HYPNOSQUALEA

Cladagram showing postuiz'st relationships of cariagnaus fishes base
and Sequeira (2001a). Synzpamorphies: A CHONDﬁ!GHTHTEs, pri
pelvic level, a metapterygiu articulating with 5+ radials and w;lh»an
radial series, myxopterygial caspers, elongate hyoid rays and vario
B SUBTERBRANCHIALIA, pzrnc metapterygium that spans “\e enur? ".
large: D, hyomandibular crescentic; E SYMMORIIDA, posle_nm :Iursf.. ’m.
and with laige opening benmc. G EUSELACHN, bralnpase vf\ih e_lo NGy
mesopterygium, propterygr-mi. H, two dorsal fin spines. fin spines :-n
fused at the symphysis, caltFiad ribs, peivic metapterygium articukates

hyomandibular (zpihyal) anly, right and left coracoids fused : ; )
?r:sll:‘zutﬁs::uthﬂaéhel‘l absent, basitrabecuiar process present, notochordal constriction reduced, complete hasmal arches in precavdal tai

i ire yertebral column ged s preceding second
; tethmoid process absent, notochord constricted along entir2 ] col 4 rane
;e:rfaf:l'; fr?eaﬂat hgzmal processes as elongate as lower caudal skelelon, spiracle valve present, longitudinal precaudal keel present,

M HYPNOSQUALEA, anterior expansion of pectoral fin.
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le) 20 mm

1
20 mm

5,-: :3 .E;"I’ Luhlcrl?r?nchlnlta‘nstchmaur;u and relatives) from (a-¢) the Carbaniferous and (f) the Jurassic: (a}the iniopterygian
o ;\Mu nchus (b) the mmptcrygmp Iniopteryxin ventral view; (¢ ) the chondrenchelyiform Chondrenchelys; (d) the holoce h.-j]a.g
elodus (¢) upperand lower dentition of the holocephalan Delropt ; Bt
d C 73 (¢ r-Tha : = :
and Case, 1973; (¢, d) after Moy-Thowsas and Miles, 1971; (e) aiter Patterson, 1963; (1) atter Schaeffer and Williams, 1977.]
, 1977.]

sharks, this jaw apparatus, combined with large num-
bers of serrated teeth, is extremely effective at gouging
flesh from large prey. The serrated teeth of neoselachi-
ans contrast with the cladodont teeth of earlier groups
such as the hybodonts, which had three, five or more
majr{r points, and were good for capturing prey and
holding it, but not for gouging and butchering. The
neoselachian jaw system works well for those sharks
that feed on smaller prey: the jaws open rapidly and
wh"h- al}d they produce powerful suction to draw in
swimming crustaceans and small fishes.

Neoselachian senses are also enhanced. Neoselachi-
ans have larger brains than most other fishes, larger
even than amphibians and reptiles of the same body

20 mm

long dorsal fin spine

yehius, () the holocephalan Ischyodus. [Figures |a,b) after Zangerl

clasper

(b)

pectoral fin

iy

tooth plates

U]

weight, and the sense of smell is improved over
earlier sharks (at least to judge by the size of the nasal
capsules).

The swimming abilities of neoselachians are evi-
dently better than those of earlier sharks. The noto-
chord is enclosed in, and constricted by, calcified
cartilage vertebrae, whereas the primitive chon-
drichthyans had a simple notochordal sheath. This
strengthening of the backbone helps neoselachians
r-esm compressional forces during fast swimming. The
limb girdles are strengthened by fusion or firm connec-
tion in the midline, which allows more powerful muscle
activity. The basal elements (the radials) in the paired
fins are reduced and most of the fin is supported
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calcified vertebrae

ceratotrichia

50 mm :
(d) pectoral fin

highly mabile
jaws

radials

Fig. 7.4 Modern sharksand rays: (a) the jaws of the giant Tertiary g,-:lenmo’rph shark Carcharocles, reconstructed from isolated teeth and
probably too large; (b) restoration of the giant fossil Carcharocles and compararison of its size with the living great white shark
Carcharodon (in box); (c) the modern squalomorph shark Squalus; (d) the modern ray Raja. [Figure (a) based on Pough etal,, Zu0.2;

(b} courtesy of Mike Gottfried: (c) after Schaeffer and Williams, 1977; (d) after Young, 1981.]

by flexible collagenous rods called ceratotrichia or
actinotrichia (Figure 7.4(c)).

The modern neoselachians fall into five main clades
(de Carvalho, 1996; Shirai, 1996; see Box 7.2).
1 The galeomorphs, the largest group of some 250
species, are divided into the orders Heterodontiformes
(the bullhead sharks, 8 species), Orectolobiformes (the
carpet sharks, including the whale shark, 30 species),
Lamniformes (the mackerel sharks, including the great
white shark, 15 species) and Carchariniformes (the
requiem and hammerhead sharks, 200 species).
Galeomorphs mainly inhabit shallow tropical and
warm temperate seas and they feed on crustaceans and

molluscs, fishesand, on occasion, humans (see Box 7.3 .
The basking and whale sharks, up to 17 m long, are the
largest living sharks, but they feed on krill, small
floating crustaceans that they strain from the water. An
even larger fossil shark has been reported. Carcharocles.
a relative of the living great white shark, is known onls
from triangular teeth up to 168 mm long which are
found in sediments dating from the Palaeocene to
Pleistocene, but especially in the Miocene and Pliocene.
Early reconstructions of its jaws, based on these large
teeth (Figure 7.4(a)),gave ita 3-m gapeand a total bodv
length of 18-30m. A comparative study of its teeth
(Gottfried et al, 1996), however, has suggested that
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BOX7.3 CRETACEQOUS JAWS!

St

v :;v::; raf shar;‘anav.;ks onhumans and otherllarge animals are comman. In Cretaceous times, sharks attacked dinosaur:

e s ‘E:ur:gy :].1 c; i::fsa;\ad r:.?, a:; shc;rrn I: two recent studies of lamniform sharks. Shimada (1997) documents preg:tl;d
retoxyrhina from the Upper Cretaceous Niobrara Chalk of K: i g

plete 5-m-long Cretoxyrhina skeleton is closely associated wi o i

t . ith bones of the large teleost Xiphactinus (see Fi

;[::krs s::‘;lcs contain smaller teleost ﬁs._hes in Iheirrstomach areas. Vertebrae of mosasaurs (see p. 2:3?2;3:@;532% :?1:

cwhioha :;;?ne reven :.m Cm!omh:na teeth embedded in the bone. Xiphactinus and mosasaurs werg themselves active

e shaék mre c:g/r inawas ewf!enﬂythe_ top predator, or ‘superpredator’, in Niobrara Chalk seas, something like the great

ek ay. hev_aare three Imesln! evidence that Crefoxyrhina was attacking live prey: (1) some bitten bones shnve -

swaflo;:edg:’i‘;lti ét‘;ﬁns:‘;zeﬂi:?h?'?::} ;ﬁ?); ‘t2) v;l;ole large fishes in the stomach area were presumably attacked ::d

ved, ) ! 1ing type', with long slender cusps and gaps between teeth.

squ\;mmefoxyagje was p'r:::'hly an active predatar, Schwimmer ef al. {1997) argue that the Late Cretaceous lamniform

v s sqr:‘g;_r, 1;: ;:1 m u: :Jzzmubr:mlzsaurs, marine turtles and even dincsaurs (hadrosaurs

: - Squalicorax eml eeply in mosasaur, turtle i

il iy 4 ( i and dinosaur bones, and

o :miign ;1 ll;‘a::n;‘ 1;;5 Imp;;:: ﬂ;at the shqu was scavenging the carcass of a dead animal that was either fioating

T m&ks ki ::—ks ‘Ml"!:‘:::; xg;r::tabi scavenging is tpat other tetrapod bones from marine Uppes

o sl mare e i xad pattern of serrations on Squalicoraxteath, and some large ver-

Read more at http://www.elasmo-research, org/educati i

: X i ucation/evolution/cretoxyrhina.
hnnffwww.elasmo-msearch.org/aducaﬁonfevolunulvsq sl
hitp:/Awww.aceansofkansas.com/bite.himl,

ualicorax.htm, hitp://www.oceansofkansas.comsharks.hmi and

g .
hark aftack in the Late Cretaceous: (a) right metatarsal of a young hadrosaur showing an embedded Squalicorax

tooth; (b} a nb of the

masasaur Pigtécarpus showing scra
Iyl 9 scrateh marks produced by Squaficorax. (Phatographs by Jon Haney, courtesy of

Dawvid Schwimmer )

(.ju-rrhurudcs wasamere 10-20 m long, with females sig-
nificantly larger than males. The teeth are very like
thase of the living (but much smaller) Carcharodon.

N?n etheless, thiswasa terrifying giant marine predator
(Figure 7.4(b)),

2 The hexanchiforms, the frilled and cow sharks, are a
small group of mostly benthic, deep-water sharks that
are found worldwide. They eat crustaceans, bony fishes
and other sharks, and bear live Yyoung. Hexanchiforms
have a single dorsal fin and six or seven long gill

e

dlits. whereas other sharks have two dorsal finsand five
gill slits.

3 The squaliforms, three families containing over 70
species, include forms such as Squalus (Figure 7.4(c)),
the spiny dogfish. Squaliforms generally live in deep
cold waters and they retain spines in front of the dorsal
fins.

4 The squatiniforms are a small group containing one
family, known from the Late Jurassic to the present day.
These sharks, represented today by 13 species of
Squatina, the angel shark and monkfish, have changed
little since the Mesozoic. They have flattened bodies,
broad pectoral fins projecting at the side and a long,
slender tail. At times, the squatinomorphs have been
classified as rays (batoids), sharing with them features
of the skull, vertebrae, fins and musculature (Shirai,
1996).

5 The batoids include more than 500 species of
skates and rays. They are specialized mainly for life on
the sea-floor, and have flattened bodies with broad
flap-like pectoral fins at the sides and many have long
whip-like tails. The eyes have shifted to the top of the
head and the mouth and gill slits are underneath. The
batoids swim (Figure 7.4(d)) by. undulating the pec-
toral fins. The teeth are usually flattened, arrayed in
pavements and are adapted for crushing hard-shelled

molluscs.
.

7.2.2 Changesin huntingstyleand the
neoselachian radiation

{'he neoselachian sharks underwent a dramatic
radiation in the Jurassic and Cretaceous, when they
lived side-by-side with the hybodonts, which disap
neared at the end of the Cretaceous. Most of the earlier
shark groups had died out in the Carboniferous and
Permian, but the xenacanths and ctenacanths survived
well into the Triassic. There is no evidence that the
new shark groups were competitively replacing
their forebears: indeed, an observer in the Late Triassic
might have had some trouble finding any chon-
drichthyan fishes other than hybodonts. It is odd
also that the dramatic radiation of neoselachians
corresponded with the radiations of other marine
predators, the ichthyosaurs and plesiosaurs (see
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Chapter 8), some of which at least must have competed
for the same food.

Thiesand Reif (1985) suggested that the neoselachi-
an radiation was an opportunistic response to the
sudden appearance of abundant new sources of food in’
the radiation of the actinopterygian bony fishes, par-
ticularly the semionotids and other basal neopterygians
in the Late Triassicand the teleosts from the Early-Juras-
sic onwards. Here were new fish groups, present in vast
shoals throughout the world, fast-moving, thin-scaled -
fishes. The early neoselachians, perhaps originating
from Triassic ctenacanths, had capabilities of speed, -
manoeuyrability, a flexible jaw system and enhanced
sensory systems, all essential for hunting the fast-
moving bony fishes. >

The early neoselachians were all apparently near-
shore hunters that probably radiated in response to the
evolution of teleost fishes and squid. Many modern
sharks still specialize in this activity. A new feeding '
mode, fast offshore hunting, arose in the mid- -
Cretaceous, probably in response to increases in size
and speed of teleost fishes and squid, and a move by
them offshore. Marine reptiles, such as ichthyosaurs
and long-necked plesiosaurs, may have been fast
enaugh to compete with the new sharks, and indeed to
cat smaller species. The Late Cretaceous masasaurs (see
p- 243), however, may have been too slow to compete
with the sharks and may themselves have been eaten by
larger shark species.

7.3 THE EARLY BONY FISHES

The ray-finned bony fishes, Actinopterygii, arose af
least as early as the Silurian, and forms such as
Cheirolepistadiatedin the Devonian (see pp.66-7). The -
clade was traditionally subdivided into three, the chon-
drosteans, holosteans and teleosts, which form a rough
time sequence of origins and radiations. The terms
‘chondrostean’ and ‘holostean’, however, refer to para-
phyletic groupsthat include successive outgroups of the
teleosts, and they are used hereonly in that grade-group
sense. The bony fishes underwent three major phases of
radiation:

1 basal actinopterygian (‘chondrostean’) radiation,
Carboniferous—Triassic;
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branchiosiegal rays  dentary Sinan

Fig.7.5 Characters of Mimia, abasal actinopterygian from the
Late Devonian: (a) cross-section of a scale, showing ganoin,a
tissue that characterizes actinopterygians; (b) and (¢), bodyand
skullin lateral view. (Modified from Gardiner, 1984.)

2 basal neopterygian (‘holostean’)  radiation,
Triassic—Jurassic;

3 teleost radiation, Jurassic—present.

7.3.1 Thefirstactinopterygians

Basal actinopterygians are characterized by specialized
ganoid scales, which are thick bony elements composed
of spongy bone on the inside, covered with dentine,and
then ganoin on the outside, a layered shiny enameloid
material (Figure 7.5(a)). Actinopterygian (and sar-
copterygian) scales also have a characteristic rhomboid
shape and peg-and-socket articulations that lock them
together (Figure 3.19(b)). Scales of this type have been
found in the Upper Silurian of China and Europe and
the Lower Devonian of Canada and Australia.

The first complete specimens of actinopterygians
are known from the Devonian, fishes such as the

— ]

cheirolepidid Cheirolepis (Figure 3.19), a heavily buily

fish covered with tiny bony scales. Also from the Upper
Devonian, Mimia from Australia (Figure 7.5(b, c)) i
more derived than Cheirolepis in several features
(Gardiner, 1984; Gardiner and Schaeffer, 1989). Its

teeth are capped with acrodin, a dense variety of den- S
tine, and it has a distinctive postcleithrum, a dermal el '

ement in the shoulder girdle region. The skull of Mimig
(Figure 7.5(c)) shows a number of actinopterygian
characters. The lower jaw has a large dentary bone that
bears teeth and encloses a sensory canal. Teeth in the

upper jaw are present on the maxilla and premaxilla,as

well as on a midline braincase element in the palate, the
parasphenoid and on many other small bones in the
palate. The maxilla is Jocked into the cheek and it is 2
strong hatchet-shaped element.

The bones of the skull roof are highly variable in

actinopterygians. The nasal bone lies at the front and it
contacts the dermosphenotic above the orbit, which in

turn meets the supratemporal behind (Figure 7.5(c)).

In later actinopterygians, a dermopterotic element
appears behind the dermosphenotic, produced by fu-
sion of the supratemporal and intertemporal, and
supraorbitals appear between the nasal and the der-
mosphenotic. There is no postorbital and no squamos-
al, bones primitively present in sarcopterygians
(sec pages 68-73). Note also the large eye socket—
actinopterygians are visual predators that rely on good
eyesight.

Further back in the skull, an array of thin dermal
bones, the opercular series, covers the gill region. The
preopercular lies above the maxilla, and behind it are
the opercular and subopercular. Below the subopercu-
lar, and sweeping round beneath the dentary, is a series
of overlapping bony plates, the branchiostegal rays,
numbering typically 12-13 in basal actinopterygians.

7.3.2 Thebasalactinopterygian radiation

The basal actinopterygians form a series of outgroups
to the derived neopterygians, a group that includes
the majority of post-Palaeozoic actinopterygians. At
one time, virtually all the Carboniferous to Triassic
actinopterygians were called ‘palaeoniscids, a waste-
basket term.The most basal actinopterygians included
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Fig. 7.6 Basal actinopterygians from the Carboniferous (¢), Permuan, Triassic (4,b,d-g and extant :_h»—j J:(a) tI'.F ptycholepid
Prycholepis, (b) the rcdﬁc[.diid Redfieldius, () the amphicentrid Amphicentrusm; (d) the l,‘hl]]idilph'ul'lll.lrlﬂ Pholtdoplenrus; (¢) the
qa;.lrichthrird Saurichihys (f) the perleidiform Perleidus; (g) the perleidiform Cleithrolepis (h) the bichir Polypterus, (i) the sturgeon

Acipenser, () the paddlefish Polyodon. | Figure (a) after Schaeffer etal,, 1975; (b) after Schaeffer and ML‘U‘EI nald, 1978; [;:; i) after
Nicholson and Lydekker, 1889; (d) after Bargin, 1992; (e) after Rieppel. 1985; (f, g) after Lehman, 1966; (j) after Stahl, 1974.]

The stegotrachelids, such as Moythomasia from the
Upper Devonian of Europe and Australia (Gardiner,
1984), show some additional derived features of the
skull. The ptycholepids, such as Ptycholepis from the
Triassic and Lower Jurassic of North America and
Europe (Figure 7.6(a)), have a reduced dermosphenot-
ic element that no longer contacts the nasal and numer-

Cheirolepis and Mimia, and these were followed by
numerous non-neopterygians, traditionally lumped
together as ‘chondrosteans known especially from the
Carboniferous, Permian and Triassic. One basal group,
the guildayichthyids, known from two genera from the
Bear Gulch Limestone (see Box 7.1), were small deep-
bodied forms (Lund, 2000).
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BOX 7.4 JAWS AND FEEDING IN BONY FISHES

maxilla

) & basal actinopterygian (‘thondrostean), (b) a basal neg
aws closed (top) and open (bottom), (After Alexander, 1975, courtesy of Cambridge University Press.)
£ss.

Amiaillustrates an intermediate kind of jaw apparatus between that

[n_f th;a palaeonisciforms and the teleosts. The skull of Amia (illustra-
ion I(a)) shows how the jaws are relatively shorter than in the basal

actinopterygians (cf. Figure 3.19(d, )). The maxillais highly mobie .|
and_a new element, the supramaxilla, is attached to it. This m 'h :
mxl!la hinges at the front and can swing out some way to the o_bh ’
This is associated with changes to the main jaw joint betweem‘ ;
lower jaw and an internal unit composed of the h)!Dl'ﬂﬂﬂﬂjb'LE: :

;ymplecﬁc ( an_nther new element) and palatoquadrate, termed the
jqw suspensorium (illustration I(b)). When the jaws of a neoptery-
g:;sopen, :he cheek region of the skull expands sideways, which
asucking effect, efficient at drawing i icles ¢
i et rawing in small parficles of food

g he !anrsui non-teleost neopterygians: (a) skull of Amiashawing the
aJorm_elen'tents; (b) detailed view of the jaw joint elements in the early
:ﬁmeguun Watsonulus, reconstructed with the outer skull elements
loved. [Figure (a) after Patterson, 1973: (b) after Olsen, 1934, ]

maxilla

plerygian (‘holostean') or early teleost and (i c)aherring
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(b) A, adductor muscle

The heads of bony fishes of ‘chondrostean’, ‘holostean’ and teleost grades show three rather different sets of jaw opening
adaptations (illustration I1). Palaeonisciforms opened their jaws ina wide ‘grin’, suitable for grabbing large prey, whereas most
neopterygians protrude their jaws forwards and the open mouth is roughly circular (Schaeffer and Rosen, 1961). This protru-
sion is most marked in higher teleosts, where the sudden opening of the mouth produces a marked suction effect. The jaw-
closing action is equally important. When the tube-like teleost mouth is closed by pulling the lower jaw and maxilla back, the
food is retained, whereas simple closure by raising the lower jaw could biow some of the food out again.

Advanced teleosts, the Neoteleostei (see pp. 182-4), show a
further modification of the jaw apparatus (Alexander, 1967). The
maxilla loses its role as the main tooth-bearing element in the upper
jaw and the enlarged premaxilla takes over, whereas the maxilla acts
asa lever, pushing the premaxilia forwards as the jaws open (illus-
tration I1i(a)). Themaxillais attached tothe lower jawand to the sus-
pensorium. As the mouth opens, an anterior adductor muscle
{illustration 11(b)) pulls the top of the maxilla back and the lower jaw
is pushed forward. The maxilla also rotates slightly about its long
axis and a process on the top of the maxilla, which interlocks with
one on the premaxilla, causes the premaxilla to be protruded.

1l The jaw action and musculature of acanthomorph teleosts: (a) lateral
diagrammatic view of the major jaw elements with the mouth closed (left)
and open (right), showing the relative nts and rotations of the
bones: (b) jaw musculature of Epinephelus, showing the muscles and bones
indicated in (a). [Figure (a) after Alexander, 1975, y of Cambridg
University Press; (b) after Schaeffer and Rosen, 1961.]

the bowfins and the teleosts (Gardiner er al,
1996).

The gars, Lepisosteidae, consist of two genera that
live today in North and Central America and Cuba.
Lepisosteus( Figure 7.8(a)),a 1-2m predatory fish, lives
in warm-temperate fresh and brackish waters of North
America. It has long jaws and captures its prey by
lunging and grasping with its long needle-like teeth.
The genus Lepisosteus has been traced back to the
Cretaceous, and is a good example of a living fossil. an
apparently slowly evolving lineage that has gene rallv re-
mained at low diversity. Gars were formerly more wide-
ly distributed, occurring in the Cretaceous and Lower
Tertiary of North and South America, Europe, Africa
and India, but their distribution has since shrunk.

Further basal neopterygians arose in the Late
Permian and Triassicand radiated in the Jurassic in par-
ticular, but only one lineage has survived to the present.
The Semionotidae include about 25 genera of small, ac-
tively swimming fishes, such as Semionotus (Figure
7.8(b)), that have nearly symmetrical tails and large
dorsal and ventral fins. Thetooth-bearing elements, the
maxilla and dentary, project well forwards and they are
lined with small sharp teeth. Semionotids occur in great
diversity in some areas, such as the Newark Group
(Upper Triassic and Lower Jurassic) lakes of the eastern
seaboard of North America, where they appear to have
formed species flocks (see Box 7.5). The dapediids, pos-
sible relatives of the semionotids, were deep-bodied
fishes of the Triassic and Jurassic.
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Fig. 7.8 The diversity of basal neopterygians, dating from the Triassic (b). Jurassic (¢, d) and recent (a, e): (a) the gar Lepisostens; (b) the
semionotid Semienotus, (c) the macrosemiid Macrosemius (d) the
Goode and Bean, 1895; (b) after Schaeffer and Dunkle, 1950; (¢) afier Bartram, 1977; (d) after Woodward, 1916.]

The macrosemiids of the Triassic to Cretaceous were
small fishes (Figure 7.8(c)) often with alo ng high dorsal
fin. They have some unusual bones in the skull, a series
of seven rolled little bones beneath the orbit (the infra-
orbitals) and two tubular infraorbitals behind it. The
pycnodontiforms, also from the Triassic to Cretaceous,
are mostly deep-bodied forms with long dorsal and anal
finsand a symmietrical (homocercal) tail fin. Proscinetes
(Figure 7.8(d)) has an elongated snout and a pavement
of crushing tecth on the upper and lower jaws that were
used to crush molluscs or cchinoderms, as indicated by
their gut contents ( Kriwet, 2001 | B

The Halecomorphi, a group of basal neopterygians
that arose in the Triassic and survives today, is most
closely related to the teleosts, and together the two form
the Division Halecostomi (see Box 7.6). The haleco-
morphs are characterized by a specialized jaw joint
involving an additional ventral element, the symplec-
tic, as well as the quadrate (see Box 7.4, illustration
[(b)). The earliest halecomorphs, the parasemionotids
of the Triassic, were small fishes with large eyes and
neopterygian jaw patterns. The modern bowfin, Amia

pycnodont Proscinetes; (¢) the bowfin Amia, [Figures (a, ¢) after

jaws projected
well forwards

(Figure 7.8(e) and Box 7.4, illustration I(a)), lives in
fresh waters of North America, where it is an active
predator on a wide variety of organisms ranging in
size up to its own body length of 0.5-1 m. Amiids were
formerly diverse and have shown slow evolution
(Grande and Bemis, 1998).

7.4 RADIATION OF THE TELEOSTS

The teleosts are an extremely diverse group of Ashes,
with well over 23,000 living species that are classified in
40 orders (Nelson, 1994). This enormous diversity is
clearly impossible to survey in detail and only the main
groups can be mentioned. The teleosts are character-
ized by modifications to the tail that give it a
synunetrical (homocercal) appearance, but with the
vertebral column not running into the upper lobe, Spe-
cialized elements, the uroneurals, run alongside the last
caudal (ural) vertebraeand help support the upper lobe
of the tail. In addition, teleosts have a mobile pre-
maxilla, not seen in basal neopterygians, and some
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BOX7.5 SEMIONOTID SPECIES FLOCKS
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Read more at hittp://www.monmouth.com/~bearnet/blufhead. htm.
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with a different type of dorsal scale sequence. (Modified from McCune, 1996.)
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The Neopterygii are a vast and diverse group and there is still i i

much confusion over their relationships. M i
Pa‘rtersgn ar_]d Rasen, 1977; Lauder and Liem, 1983; Gardiner et a/, 1996; Johnson and Patterson, 199%,1- hl:?:;::rlt%
the main points (see cladogram). The basal neopterygians, formerly termed ‘holosteans’, form a series 6! uutgrmlpg to the

Teleostei. In previous versions, all subsequent taxa formed a series of outgr
shows that Clupeomorpha and Ostariophysi pair as the clade Otacephala.
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In an alternative view. Arratia (1997, 2001) argues that the clade Teleostei should be restricted to node J, as she has evi-
dence that the Pachycormidae, Aspidorhynchidae, Pycnodontiformes and Dapedidae form a clade that is a sister group to a
more restricted Teleostei. She also reverses the order of Elopomorpha and Osteoglossomorpha, but confirms the clade Oto-
cephala.

Molecular data on relatonships of the major neopteryglan groups was limited until a flurry of publicalions appeared in
2003. Gardiner etal (1996) noted that, among basal neopterygians, mitochondrial and nuclear DNA supparta pairing of Amia
and Lepisosteus as a resurrection of a clade ‘Holostei', separate from teleosts, a result confirmed by Inoue efal. (2003) on the
hasis of mitochondrial DNA sequencing. New molecular studies of higher teleosts have mainly used mitochondrial DNA. Inoue -
etal. (2003) confirmed the lower part of the cladogram, including the clade Otocephala. Ishiguro et al. (2003) also found the
Otocephala clade. as well as an Esociformes-Salmoniformes clade. Chen et al. (2003) and Miya et al. (2003) found the broad
pattern in the upper part of the morphological tree (see cladogram), except that Polymixiiformes and Paracanthopterygii are
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paired as a side clade.

modifications ta the jaw musculature. Living teleosts
fall into four main clades, Osteoglossomorpha, Elopo-
morpha, Otocephala and Euteleostei. In addition, a
series of extinct forms fall between the basal neoptery-
gians and these living teleost groups (see Box 7.6).

7.4.1 Basalteleosts

The most primitive teleosts, the pachycormids and
aspidorhynchids of the Jurassic and Cretaceous, have
long bodies. One of the most astonishing pachy-
cormids, Leedsichthys from the Middle Jurassic of Eng-
land and France (Figure 7.9(a)), was a monstrous
scaleless filter-feeder up to 10m in length (Martill,
1988). Leedsichthys had a huge branchial basket in the
throat region, consisting of the ossified gill arches cov-
ered with gill rakers each bearing hundreds of teeth
(Figure 7.9(b) ). As the fish swam with its mouth gaping,
water passed into the mouth and out through the gills,
and plankton and small fishes were filtered out. The
aspidorhynchids, such as Aspidorhynchus (Figure
7.9(c) ), were smaller and had long pointed snouts.

The phalidophorids of the Late Triassic and Early
Jurassic, such as Oreochima (Figure 7.9(d) ), were small
hunting fishes that show advances in the jaws: there
are two supramaxillae, there is an additional tooth-
bearing element, the dermethmoid, beside the tooth-
bearing premaxilla and the quadratojugal is fused to the

quadrate (Patterson and Rosen, 1977). The leptolepids
of the Jurassic and Cretaceous (Arratia, 1997), such as
Varasichthys (Figure 7.9(e)) were also small, often as
little as 50 mm long, and they may have fed on plankton.
These fishes have fully ossified vertebrae and the scales
are cycloid (circular, thin and flexible).

Another important extinct group, the ichthyodec-
tids of the Jurassic and Cretaceous(Figure 7.9(f, g)),
suchas Xiphactinus,were mostly large predaceous fishes
{Patterson and Rosen, 1977). They swallowed their prey
head-first, as is normal among predatory fishes. A spec-
imen of Xiphactinus, 4.2mlong,was found witha 1.6m
ichthyodectid in its stomach area, and smaller relatives
have been found with as many as ten recognizable fish
skeletons preserved inside.

7.4.2 Osteoglossomorpha: bony-tongued teleosts

The osteoglossomorphs, a relatively small group of
about 200 species that live in freshwaters mainly of the
southern hemisphere, arose possibly in the Late Jurassic
(Li and Wilson, 1996). Living forms include Osteoglos-
sum from South America (Figure 7.10(a)), which has
posteriorly placed elongate dorsal and anal fins, and the
elephant-snout fish Mormyrus from Africa (Figure
7.10(b}), which has electric organs in the tail region.
Osteoglossiforms are characterized by features of the
feeding system (Figure 7.10(c)) that have shifted the
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[ Figures (a,b) after Mart
! il e a, Martill,
A, 19975 (F) after Osborn, 1904: () modited from

7.4.3 Elopomorpha:eels and relatives

I'he elopomorphs (literally ‘eel forms') include about
800 species of eels, tarpons and bonefishes and ::e
group is known from the Early Cretaceous ( FI;H‘)’ etal.

l*)%!._ The tarpon, Megalops (Figure 7.10(d)), is t A
cally*fish-shaped’and it seems hard to see how J t -ca:l:e_
regarded as a close relative of the eel, Anguilla (Figure
7.10(e)). All elopomorphs are characterized by a i:pe-

i & 10-mm
(b) {c)

(&) (f)
Fig. 7.10 The osteoglossomorph (a—) and elopomorph (d—g) teleosts; all extant: (a) Osteoglossunt (b) the déphaﬁ:t fish Mormyriis;
(¢} internal jaw system of Hiodon, showing toothed tongue and palate elements (lateral jaw bones refoved ); (dT the tarpon Megalops;
{¢) the eel Anguilla; (£) the leptocephalus larva of an elopomorph; (g) the skull of the saccopharyngoid eel Eurypharynx. [Figures
(2,b,d—F) after Greenwood et al., 1966; (c) after Lauderand Liem, 1983; (g) after Gregory, 1933. y e Y.

cialized marine larval stage, the leptocephalus (Figure
7.10(f)) that is thin and leaf-shaped. The leptocephalus
larvae can passively migrate long distances before they
metamorphose. .

Eels have many skeletal modifications including
overall elongation of the body, loss of the caudal fin, loss
of the pelvic girdle, loss of ribs, fusion of elements in the
upper jaw and loss of scales. The deep-sea eels called
saccopharyngoids are even more modified, having lost
many skull bones. Indeed the skull (Figure 7.10(g)) is
really just a huge pair of jaws with a tiny cranium set in
front. These fishes float quietly on the deep dark ocean
floors and lever their huge mouths open to seize prey
animals many times their own size.

7.4.4 Otocephala: herringsand carp

The otocephalans are a new group (Johnson and
Patterson, 1996) that includes the Clupeomorpha and
Ostariophysi, previously seen as distinct and successive

2yt
tongue
@P .- - _parietal

basibranchial frontal

U
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lower jaw

premaxilla +
- déntal"f maxilla
articular y

(g)

outgroups to Euteledstei, but paired on the basis of
morphological and moleculaz evidence (see Box 7.6).

The clupeomorphs contain over 350 species of
extant herring-like fishes and over 150 fossil species
that date back to the Early Cretaceous (Lecointre and
Nelson, 1996). They are generally small silvery marine
fishes, some of which, like the herring (Figure 7.11(a))
and anchovy, occur in huge shoals and feed on plank-
ton. Clupeomorph charactersinclude a peculiar type of
abdominal scute, an unusual arrangement of the bones
at the basc of the tail in which the first hypural has a free
proximal end and the second hypural is fused to ural
vertebra 1 (Figure 7.11(b)), and a specialized air sac
system in most.

The clupeomorph air sac extends into the exoccipi-
tal and prootic bones in the braincase. Most bony fishes
havea sausage-shaped airsaccalled the swimbladder in
the body cavity thatis used toachieve neutral buoyancy.
Gas is pumped into the bladder, or removed via the
bloodstream in order to match the ‘weight’ of the fish to
the pressure that acts at whatever depth it finds itself. In
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claustrum
scaphium
intercalarium

(@) 50 mm

anterior swim

bladder

Fig. 7.11 The otocephalan teleosts, clupeomorphs (a—c) and
ostariophysan (d): (a) the herring Clupea; (b) the tail of a
clupeomorph, showing the hypural elements; (¢) the Cretaceous
clupeomorph Ornateguluns, (d) the Weber ian vssicles, which
transmit vibrations from the swimbladder to the innerearin
ostariophysan fishes (ossicles are shaded and named), | Figure (a)
after Greenwood et al., 1966; (b) bused on Lauder and Liem, 1983;
(c) after Forey, 1973; (d) after Fink and Fink, 1981.]

clupeomorphs, the swimbladder has a unique exten
sion into the braincase and is also concerned with
hearing.

Clupeomorphs assigned to the Ellimmichthyi-
formesarose in the Early Cretaceous and are not known

__—

past the early Oligocene. Ornategulum from the I3 ;
Cretaceous (Figure 7.11(c)), a possible early clupes
morph, was a small fish. Abundant herring-like figha
Knightia, have also been found in the Eocene Gi
River Formation (see Box 7.7), often preserved in |
masses, suggesting that they lived in vast shoals,
modern herring-like fishes. ;
The Ostariophysi contains carp, goldfish, mj
cathish and indeed most freshwater fishes (Fink
Fink, 1996). They are characterized by several feat
including a specialized hearing system com
modified cervical vertebrae, ribs and neural arches,
called the Weberian ossicles (Fi gure 7.11{d)). There a
five key bony elements that are connected by ligam
and provide a link between the anterior swimbladd
and the ear. The os suspensorium and the tripus rest
the taut surface of the swimbladder. When sow
waves reach the fish, the swimbladder vibrates and th
Weberian apparatus effectively amplifies the so

The two bones in contact pivot and the vibrationsT
a E,

via the intercalarium, scaphium and claustrum to
inner ear.

745 Euteleostei:salmon, pike and derived teleosts

The largest teleost group, the euteleosts, consists of
17,000 species in 375 families. These may be divided
into three main subgroupings, the salmaniforms, the
esociformsand the neoteleosts (Lauderand Liem, 1983;
Jehnson and Patterson, 1996).

The Salmoniformes, the smelts, salman and trout,
possibly includes the early form, the tiny Gaudryella
from the mid-Cretaceous (Figure 7.12(a)). True salmon
appeared only later. The Esociformes is a small group
containing pike and mudminnows that date from the
Late Cretaceous to the present, Pike appear primitive
because their dorsal fin is set far back 2nd appears
symmetrical with the anal fin, as in saurichthyids and
BArs.

The vast majority of euteleosts, some 15,000 species
of advanced teleusts, fall in the clade Neoteleostei, The
Neoteleostei are characterized by a specialized muscle
in the upper throat region that controls the pharyngeal
toothplates in the roof of the pharynx, an important
adaptation for manipulating prey. The basal living
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BOX 7.7 THE GREEN RIVER FISHES OF WYOMING

’ ey 1
t spectacular fish fossils, with over
i and Colorado preserves some of the mos!
Wﬂ‘ﬁéﬂs range inage from late Palaeocene to late:ocelne (EFJl::g 31; :( :go&l::gg_f Jthee
. i laid down in three large ! ,
d buff-coloured limestones that were laid R
i Uinta are interpreted as playa lakes, ep

i i Grande, 2001). Lake Gosiute and Lake st s
Lakg Ulpta an::::fyﬁhﬁkaeri(d setting, whereas Fossil Lake seems to have been a more stal;l::giy) of fres any
b.nmes mr? - been killed by annual anoxic events, as in the Oid Red Sandstone tglces'f (se; igntf.'; c.-atﬁshs ey
= s Grande, 2001) consist mainly of teleosts, such as the small her.rmq nightia, g iliustratiun). i

e raunas.( i 'the bowfin Amia, the paddiefish Crossapholisand a stmgra@r Hgfno?a is | oo
rriaston Lep-'sositfb! bony fishes fro;n the three main Green River lakes, Their dlstnbuuqn ge:;ar;u{rmrem'y e
s 2?;9;::& gar Lepisosteusis very common at some localities (25—50%_ ofall Spteﬁ'::‘;r;aélilies. L
e g:;x;::m is common or extremely common (5-50% or more of a!*ljsp;:‘ljn;&ss)hamd ik
oy Lake Gosiute; hiodontids,
i ke (e.g. suckers and catfishes from ; oAy oy
?Lgs;::l:;'::g;::::ate{d 3ith rich fossil remains of plants, insects, molluscs, turtles, crocodilesa

e

The Green River Formation of
million specimens collected so fa
specimens are found in finely layere

Green River fossils at

Read more nd see colour photographs of the specacicy 1, http:/Awww fossilnews.com/2000/gmrv/grrv.htmi and

Imp;’fwww.ucmp.herkeley.eduﬂMiw!mdgraenriver,htm
hrtpuwaw_aqd.nps.guwgrd/parksffobul.

iobati Amiz. and teleosts (c-h): (c) the
; ing: (a) the ray Heliobatis; (b) the bowfin : v
R Knghts e calosomid Ao () el Aseghs, ) e ecopsid A

Typical fishes of the Eocene Green River
hiodontid Eohiodor, (d) the clupeomarp
(h) the asineopsid Asineops. (Based on Grande, 2001.)
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7.6 FURTHER READING

Fully illustrated accounts of fossil fishes are given by
Long (1995) and Maisey (1996). The diversity of living
fishes is covered by Nelson (1994), and Kocher and
Stepien (1997) present papers on the molecular system-
atics of fishes. Detailed reviews of the sharks and their
relatives from the Palaeozoic and post-Palaeozoic are
given by Zangerl (1981) and Cappetta (1987) respec-
tively, and of holocephalans by Stahl (1999). The latest
overviews of the phylogeny of many chondrichthyan
and osteichthyan groups are given in Stiassny et al.
(1996),and Arratiaand Schultze (1999) isa good collec-
tion of papers on Mesozoic fishes.

Broad introductions to Chondrichthyes and
Actinopferygii may be found at http://www.ucmp.

herke|ey.edufvertebrutesibasalﬁshfchondm ;
and http:a’f‘www.ucmp.befkeley.edu!vertebratcsf
pterygii/actinofrhtml and detailed cladogr,
hnp:waw.geo:ities,cumfkajejcnsunlch
chthyes.html and http:mnlweb.orytme?
Actinopterygii&contgroup=Gnathostomata, 1
more about the three-dimensional anatomy of .?"}{
cartilaginous and bony fishes at http://digimorph g
]istbygroup,phtml?grp:ﬁsh&sorFSpe-ciesNune
the fish fanatic, ‘welcome to the world of

http:/fwww.fishbase.org/home.htm and eve th
you ever wanted to know about sharks'
http://www.elasmo.com/. Read about an excavation
new  Leedsichthys specimens in 2002 -
hllp:ffwww.nerc.ac.uk/publications/planete_anhj
autumn02.shtml. Uil
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KEY QUESTIONS IN THIS CHAPTER —‘

1 How did the dinosaurs live?

2 Why did the dinosaurs become so diverse?

3 What are the relationships of theropod dinosaurs to
each other and to birds?

4 Did dinosaurs have feathers?

5 What was the largest dinosaur?

6 Why were the omithopod dinosaurs so successful?

T Were the dinosaurs warm-blooded or nat?

8 How did dinosaurs grow up?

9 Howdid the pterosaurs fly and walk?

10 What do we know about the ancestry of modern
turtles, crocodilians and lizards?

11 Did snakes evolve from swimming or burrowing
ancestors?
12 How were plesiosaurs and ichthyosaurs adapted to
underwater life?
13 Why did the dinosaurs, pterosaurs, plesiosaurs and
ichthyosaurs die out 65Myrago?

INTRODUCTION

The most famous fossil vertebrates, the dinosaurs (liter-
ally ‘terrible lizards’) arose in the Late Triassic, about
230Myr ago (see pp. 153-7), and dominated terrestrial
faunas for the next 165 Myruntil their extinction at the
end of the Cretaceous (63 Myr agu). The carliest di-
nosaurs were moderate-sized bipedal carnivores, but
large quadrupedal herbivores had come on the scene by
the end of the Triassic. During the Jurassic and Creta-
ceous, the dinosauss diversified into a great panoply of
carpivares large and small, massive herbivores, small
fast-moving specialized plant-caters and forms ar-
moured with great bone plates, horns, carapaces and
clubs.

The pterosaurs, refatives of the dinosaurs, filled the
skies, and the birds, descendants of the carnivorous di-
nosaurs, also arose, Other land animals included the
more familiar turtles, crocodilians, lizards, snakes and
mammals. The seas were populated by ichthyosaurs
and plesiosaurs and, in the Late Cretaceous, by
Mosasaurs, great marine reptiles that preyed on fishes,
©on squid and on each other. The diversity of these rep-
tilesand their biology will be considered in this chapter.

_——:,

8.1 BIOLOGY OF PLATEOSAURUS

.

The oldest-known dinosaurs are dated as Carnjan
Triassic, 230-220 Myrago) and they include forms,
as Eoraptor and Herrerasaurus from Argentina{ 8
154) and Coelophysis from North America, Oneo
most abundant Late Triassic dinosaurs was _Pla;
feosaurus. The first specimens were found in southt
western Germany in 1837, and since then dozens
skeletons have been collected from over 50 localities
Germany, Switzerland and France, mostly dated
mid-Norian (c. 215Myr ago). The best locality
Trossingen, south of Stuttgart, where 35 skeletons 3
fragments of 70 more were excavated from the Lo
stein Formation (Yates, 2003a). The skeletons are
youngand old animals, and many have been broken
by scavengers and by water movement, :
How did the mass grave of Plateosaurus skeletons
Trossingen arise? There have been three suggestions,
1 A herd of Plateosaurus perished while migrating
acrossanarid desert in search of plant food. Against this
romantic image is that there is no evidence for desert
conditions; the enclosing sediments represent water-
laid mudstones,
2 The animals died at different times and in different
places, and they were washed into a mass concentration
ina major river system. This is common| ¥ the case with
dinosaur accumulations, but seemingly nat here.
3 Theanimals died where they are now preserved, per-
haps by miring in unconsolidated mud (Sander, 1992;
Hungerbiihler, 1998). Evidence is that the skeletons are
generally complete and unbroken, and many of them
sit in a belly-down position with their feet trapped
beneath.

Plateosaurus(Figure8.1) isabout 7 mlong and could
haveadopted citherabipedal ora quadrupedal posture.
The body proportions are typical of early dinosaurs: a
longtail,long hindlimbs about twice as longasthearms
and a long neck, but the skull is small and the limbs are
heavilybuilt because of its large size. Plateosanrusshows
advanced dinosaurian characters of the limbs and ver-
tebrae: upright posture, slender pelvic bones and dis-
tinctive vertebrae in the neck, trunk and the lower back.

What did the plateosaurs eat? They have generally
been regarded as herbivores because of their size, their
great abundance and their weak leaf-shaped teeth

«h

Fig. 8.1 Theplant-eatingdinosaur edge
Plateosaurus from the Upper Triz:islc of
Germany: (a) skeletonin lateral \.r:ew;
(b, ) skull in Jateral a.nddm_‘.h'\l V'IE'M-'S'. ;

(d) tooth; (e) hand in anterior view, with
Jateral view of heavy thumb claw; () foot
in anterior view, with lateral view of heavy

claw on digit 1. | Figures (a—) courtesy of

Adam Yates; (d-[) after Galton, 1985.]

. Sergit
(Figure 8.1(b, d)). This was disputed at ope time ’:h
: se some skeletons were found in association wi
pes that suggested a diet of meat. These

dagger-like teeth : b
a:a’:ivore teeth have been idcnuﬁed'lHungerbuhlLrT
{l;%) however, as those of rauisuchians, phytosaurs

el 3a-
and theropod dinosaurs that were scavenging :m.1..l
«es and had shed their teeth when biting
‘ o Mg
on bones, a cammon enough phenomenon l%ﬂl b_
harks and crocodilianstoday. The teeth of th-usm;l m:_
; ¢ 1 > Lo il
have serrated edges, but these are more like the Ilut 1;1
ants than the
herbivorous lizards that cut up tough plants than

o e Carnivores. e jaw joint n
true ca T The j
steak kf\\‘l‘ teeth of t

s : (Fig (b)),
Plateosaurus is set low (Figure 8.1(b)) 51) sod oalier

i i 1

in herbivorous synapsids ﬁs'ee p- "
sz:um (see p. 206) which gives a su5ta‘mzd ;:d
evenly spread bite along the tooth row, useful in dealing
with tough plant stems.

Plategsaurus swallowed its
could not chew itas modern mammals

plant food whole and
dobecause side-

serrated tooth

heavy thumb claw <3
() (f) 10 mm

’ .
ible ided indi-
ways jaw movements were not possible. [t avoided i

he use of a gastric mill. Justas chickens today

gestionbyt s

; : KA
 grit that lodges in the gizzar !
i) gut above the stomach) and grinds the

pansion of the e

food up, the plateosaurs swallowed p:bbl]_th ok
<hown by finds of gizzard stones, or gastroliths, d *
’ cage of plateosaur skeletons. A her

ust have rattled, grunted and
h plant diet was reduced

the upper rib
feeding plateosaurs mu
burped furiously as their roug
10 a digestible state!

8.2 THE JURASSIC AND CRETACEOUS
WORLD

i 5 inent
During the Triassic and Jurassic, the supercontin

i i inuous
Pangaea was at its MOSt EXtENSIVE, with gnxmumd
i o
Jand stretching from North m\u to < m;:ie[ o
South AmericatoAfrica, Antarctica, Australia
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(F’igufe 8.2). Jurassic climates were moister than in the
']Trlassu: (see p. 137) and warm conditions prevailed
ngh_t to Li}e polar regions (Hallam, 1985). Ferns ed
conifers of subtropical varieties have been f-uund : éuf‘1
north as 60° palaeolatitude, and rich floras are k i
from Greenland and Antarctica, 1
a"hCrctaceous climates were probably similarly warm
ough there have been suggestions, yet to be :
firmed, that ice-caps existed at both pol i
of the Cretaceous. The floras show similar patterns t
the Jurassic. Polar regions had warm—temperateniliu
:::1“5 ar:;i ;he boundary between the subtropical and
md.Pe':;h oras was 15° closer to the poles than it is
ay. thus most of the USA, Europe as far north as
De.nmark and most of South America and Afri
en;o.yed tropical climates, Dinosaurs and other folc'a;
reptiles are known from all climatic zones, from ;I
equator to the poles. ‘ i
A major change took place in the world’s floras du
ing tl?e Cretaceous. Triassic and Jurassic land .
contained low ferns, horsetails and cycads, anc!sctz:!::s
Zzed (fiub mosses, seed ferns and conifers. In the Early
retaceous, the first flowering plants (angiosperms)
;pparw. and _they radiated rapidly during the Late
-retaceous until they reached modern levels of domi.
nance (Crane et al, 1995). The earliest angiosperms

es during part

included magnolia, beech, fig, wi
s » + fig, willow,
familiar flowering shrubs andgtre:s_ b ko

9 continental margins | e ol

® Cretacscus fings g ‘ Ezé '1%—
) L

& Jurazsic findgs
:::lt. r;! .Map of the Jurassic — Cretaceous world, showing the
ution of land and sea at the time (ancient coastlines shown

1.\;? _I ischiom -—7‘
. i

fal

wschium

Fig.8.3 Dinosaurian pelvic

8.3 THE DIVERSITY OF
<l SAURISCHIAN

Dinosaurs have traditionally been divided ; :
groups, the Saurischia and the Ornithischj ! ‘,'
basis of their radically different pelvic re, ionﬂ1 nicd
the hindlimbs play a large part in charfct -‘»Ill
n.osauria and clades within Dinosauria.The::m'n %
dinosaurs, carnivorous theropods and herb;
sauropodomorphs such as Plateosaurus and its dvo e
dants, will be reviewed here. The ornithi i
considered later (see pp. 205-19).

schians a

8.3.1 Dinosaurhipsand hindlimbs

Saurischian and ornithischian din

been identificd by the so-éalled'lmrdorz;:sng'at:;dh
resp?cm:ely. The more primitive structure is seen Eu
;sal.u:xsch:ans in which the pubis points forwards and the
ischium .back (Figure 8.3(a)), as in all basal archosa
of the Triassic (e.g. Figures 6.2, 6.3,6.4,6.8 and 6.9
?m:thjschians, on the other hand, the ;ﬂ;bi& run.s l;] 3
in parallel with the ischium and there is an additi ﬁ
prepubic process in front ( Figure 8.3(b)), :

it

iy =

o r—

peenubac
process

s
\"TfLH_"hm

fitmila

\
pubsis

girdles: (a) the typical saurischian

vic gird i
pelvicgirdle, in lateral view, in Tymmrusaums{hlthctvpimi

et

mu.: hr.nry lines, and shallow seas cross-hatched) and localities of
major dinosaur finds in the Jurassic and Cretaceous, [M: ba::
on the Late Jurassic (150 Myr ago), from several sou;c:salp

ornithischian pelvic i i
girdle, in lateral view, in Thescelos
. " ¥ : 3 s 5
ﬁ:]]lanlcr?ar view of the hindlimbs of Tyrannosaumsms:::me
2 yupl]'rg_hr posture. [Figures (a, c) after Osborn, 1916; (b) after
mer, 1956, courtesy of the University of Chicago Press. |
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Manydinosaurian charactersofthehindlimbsare re-
Jated to the acquisition of upright posture (see p. 143).
Theacetabulum s fully open and the pubisand ischium
arelong slender elements, The legs are brought in close
1o the vertical midline of the body (Figure 8.3(c)) bya
shiftof thearticulatory surface fromthetopofthe femur
o a distinct ball on its inside. The reorientation of the
limbs from a partial sideways sprawl has also changed
the angle of the knee and ankle joints to simple hinges.
The fibula is reduced, often to a thin splint, and the
tibia has a 90° twist so that its proximal head is broadest
from backto frontanditsdistal end fromside to side.

The ankle and foot of dinosaurs are also distinctive.
The ankle is dominated by a wide astragalus with a dis-
tinctive vertical process that wraps round the front of
the tibia (Figure 8.3(c)), and the calcaneum is a small
block-like element. In the foot, the dinosaur stands up
on its toes (the digitigrade stance) rather than on the
flat of its whole foot (the plantigrade stance), as most
basal archosaurs (and humans) do. The outer toes, 1
and 5, are much reduced and the dinosaur really uses
only the middle three toes, 2,3 and 4.

8.3.2 Thebasal theropods

The theropods include all the flesh-eating dinosaurs
and they ranged in size from small turkey-like forms
to the 6-tonne giants of the Cretaceous. The her-
rerasaurids from the Camian of South America (see
p. 154) are often regarded as the first theropods, al-
though others regard them as generalized basal
saurischians or basal dinosaurs, There have been
dozens of studies of theropod phylogeny (e.g. Gauthier,
1986; Holtz, 1994; Sereno, 1999), all of which agree on
the broad outlines, but differ in details. | use the most
thorough recent analyses: Rauhut (2003) for the outline
of major theropod groups, and Clark et al. (2002) and
Maryanska et al. (2002) for maniraptorans and basal
birds (see Box 8.3).

The first unequivocal theropods, the coelophysoids,
consist of some five or six Late Triassic and Early Juras-
sic genera. Coelophysisfrom the Upper Triassic of North
America (Figure 8.4(a)) was a lightweight dinosaur
with a long slender tail and a long narrow-snouted
skull. It has five sacral vertebrae, a major change from

Herrerasaurus, which has only the primitive two. It
shows the coelophysoid character of an ischium that is
two-thirds or less of the length of the pubis.

A collection of more than 100 individuals of Coelo-
physis found together at Ghost Ranch, New Mexico in-
cludes animals ranging in body length from 0.8 to 3.1m
(Colbert, 1989). Males and females could be identified
on the basis of variations in body proportions, and one
adult specimen gives evidence for cannibalism: it has a
smaller specimen inside its rib cage. The Ghost Ranch
site could represent the mass burial of a whole herd of
Coelophysis that had been overwhelmed by some cata-
strophe, such as a flash flood. The skeletons are mainly
complete and well preserved, but some are disarticu-
lated, so the bodies were disturbed by water currents
before they were buried.

The ceratosaurs were close relatives of the coelo-
physoids. Many ceratosaurs have crests and horns, per-
haps developed most in the males, and these could have
had a function in sexual display. Dilephosaurus (Welles,
1984) has two flat-sided crests over the skull roof
(Figure 8.4(b)), whereas Ceratosaurus has a pair of
‘horns’ on the nasal bones (Figure 8.4(c)). These two
genera come from the Jurassic of North America and
they reached lengths of 5-7 m. Ceratosaur snout shapes
vary from long and slender in Dilophosaurusto shorter
and higher in Ceratosaurus. One unusual ceratosaur
group were the abelisaurids, known primarily from the
mid- to upper Cretaceous of South America, many of
which had extremely short skulls..In some forms, such
as Carnotaurys (Figure 8.4(d)), the frontal and parietal
bones were hugely expanded into two triangularh orns’
over the eyes.

The remaining theropuds, the tetanurans, are char-
acterized by a number of features. They have a large
opening in the maxilla, termed the maxillary fenestra
{Figure 8.5),and the tooth row does not extend behind
the antorbital fenestra, The dorsal vertebrae are pleuro-
coelous, in other words, they have cavities on the sides,
and there isa marked keel on the underside of the centra
of the anterior dorsal vertebrae.

The basal tetanurans were all large predators and
they fall in a clade called the Carnosauria {Rauhut,
2003), characterized by the shape of the maxilla,
opisthocoelous cervical centra (the posterior face of

the vertebral centrum bulges backwards) and a very
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five sacral vertebrae

250 mm
(a)

weak joint between

'horns*
maxilla and premaxilla \ o

Fig. 8.4 Basal ' i
theropods: (a) a coelophysoid and (b~d) ceratosaurs, of Triassic (
(d) Carnotateryes skull, [ Figure (a) afte

(b! Dilophosaurus, (c) Ceratosaurus skull;
Oliver Rauhut.]

stout t?zrsl metacarpal. Carnosaurs include the mega-
lusau{xds. essentially Megalosaurus from the Mid-
Jurassic of Europe. Megalosatirus was the first dinosaur
to be named, in 1824. Its relative, Affﬁgnosaumsfron; the
L‘Jpper_lurassic of Europe (Figure 8.5(a)), was half the
size of Allosaurus from the Upper Jurassic of Nnrltt
America (Figure 8.5(b)), which was 11-12m lon
[M;»]dsen. 1976). The skull is short and narrow from Sldt?
toside. The orbit is high and smaller than lhcanf:;rlulu?
fenestra, there are heavy crests over the orbits and the
mar!dihular fenestra is much reduced. ‘

: Further carnosaurs are best known from Africa The
sp‘m()saurids, first reported from Egyptin 1915, arc-rep-»
;csented all over North Africa by their characteristic
: él:.lad~twlh- I\_Jew finds, of Baryonyx from England
5 arig and Milner, 1997) and Suchomimus from Niger

reno et al, 1998), show the characteristics of the

Vi

'L.,l 1.
— / {7
3 e

ke v

(e) beimaiad
100 mm

N,

N /
\ T
.~

{

), Jurassic (b, ¢) and Cretaceous (d) ages |

. 4} Coelophysi:
T Colbery, 1989; () after Welles, 1984; (c, g

d) courtesy of

clade —they have long spineson their backs,a huge claw
on the hand, and an elongate, crucmiile-!ikf skull
(Ilflgure 8.5(c)). Were these regular predators on other
dmnseur&, ordid they perhaps snap up fishout of ponds
u?d rivers? The carcharodontosaurids, such as the giant
Carcharodontosaurus from Morocco, had a skull Igﬁrn
long (Figure 8.5(d)) and was one of the largest : ré-
d'.\_lory dinosaurs (Sereno et al, | 996). The m‘\:-' Llisfmh
eries of dinosaurs in Africa and in !\Iatlng.lsca‘r are
shedding light on continental movements through th

Cretaceous (see Box 8.1). g

8.3.3 Coelurosauria

The rema'm.ing theropods form the major clade
Coelurosauria (Rauhut, 2003) as they share a large

compressed snout
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Fig. 8.5 Carnusaur skulls from the Jurassie (a, ¥) and Cretaceous
(c,d): (a) Magnasaurus, (b} Allosaurus; (c) Suchomimus,

(d) Carcharodontosayris. Unknown areas are shaded. (Courtesy
of Oliver Rauhut.)

number of derived characters with each other and with
the hirds ( see Box 8.5 1. most notably an enlarged maxil-
lary fenestra and no serrations on the premaxillary
teeth. The basal coelurosaurs are the coelurids, such as
Compsognathus from the Upper Jurassic of Germany,
one of the smallest dinosaurs at 0.7-1.4 mlong, Its close
relative from China, Sinosauropteryx, apparently has
feathers: did feathers appear long before the origin of
birds (see Box 8.2)?

The tyrannosaurids, such as Tyrannosaurus, ar-
guablythe largest terrestrial carnivore ofall imeat 14m
long, radiated in North Americaand central Asia during
the Late Cretaceous (Holtz, 1994; Brochu, 2003a).

_
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Tyrannosaurus has a large head (Figure 8.6(a)) with an
extra joint in the lower jaw between the dentary and the
elementsat the back. This allowed Tyrannosaurusto in-
creaseits gape for biting large prey. Itis debated whether
tyrannosaurids were active hunters or scavengers. But
they could certainly bite! Bones from the pelvis of a
Triceratops show puncture marks up to 37 mm deep
made by Tyrannosaurus teeth, and these indicate a bite
force of up to 13,400 newtons, as powerful as the
strongest bite of any living carnivore (Erickson ef al.,
1996). Tyrannosaur stomach contents show that they
digested bones with acid, as modern crocodiles do, and
a 1-m-long tyrannosaur coprolite full of Triceratops
bones (Chin et al., 1998) and another with bones and
putative muscle tissue of perhapsa pachycephalosaurid
{Chin ef al, 2003) offer further intimate evidence of
their feeding activities. 3
Tyrannosaurids had tiny forelimbs equipped with
either two or three fingers (Figure 8.6(b)), but these
would seem to have been quite useless as they could not
even reach the mouth. They may have been used to help
Tyrannosaurus get up from a lying position, by provid-
inga push while the head was thrown back and the legs
straightened. These dinosaurs have a specialized ankle
structure, the arctometatarsus (Figure 8.6(c)), in
which the three central metatarsals (numbers 2-4) are
firmly pressed against each other. Instead of being
round in cross-section, the metatarsals are triangular,
and metatarsal 3 is ‘squeezed’ at its upper end in such a
way that it barely reaches the astragalus above, or is ex-
cluded entirely from contact with it. The arctometatar-
sus may have had a dynamic function during running,
where the three metatarsals bunched tightly at maxi-
mum loading and then sprang slightly apart as the foot
was raised. This gave these dinosaurs a stronger
metatarsus than in other theropods in which the three
bones were not tightly bunched, but not so rigid as in
birds, in which the three elements have fused into one
(Snively and Russell, 2003).
But could T, rexrun fast or not? t may have been able
{o sprint in the Hollywood films, but in life it prob-
ably could not have achieved more than a fast walk.
Hutchinson and Garcia (2002) show that running
speed depends on the mass of the extensor muscles in
the hindleg. Scaling up a chicken to the 6-tonne mass of
T rex means it would have to devote 99% of its body
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Africa by i id thi
ne:f; : :gc:ge ::r:s;ar':rjn t; z: :e ndgth: e(;retasceous: how did this affect the dinosaurs? Following fragmentation of the supercontj. ‘
. inked to South America and other southern hemisph :
Cretaceous (see Figure 8.2) Madagascar brok i e =
: € away from the main African land mass by 120 Myr a i
:rc:w:c;g: v:a 00 “l:ﬂyr ago. Amajor mar!nqtra nsgression about 95 Myr ago then flooded most of Nor::: M?ioca:nds :hiﬂ;;\merm >
g Y ?1 extended from Algeria southwards across the Sahara, separating the north i i el ;

e gy g -western portion of Africa from the

to Giganotosaurus from Argentina and Acrocanthosaurys from North America s :

rocks of that age are poorly exposed. New discaveri
: ‘ g es from Madagascar (Sampson et al, 1 ndi
Efrit:?gti fl:losaurs :;?rz rdadagasca I l_ndia and South America retained close resembla noe;ta ﬁ:’aﬁﬁﬁ:m:ermm .
somewhat different as Africa had become essentially an island by this time. The dinosaurs ;mm the Upper {3
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BOX 8.1 AFRICAN DINOSAURS AND CONTINENTAL MOVEMENTS

Late Cretaceous dinosaurs are rare in Africa, because much of the continent was under the sea at this time and terrestrial

Cretaceous of Madagascar include the abelisauroid th ;
Majungatholus and Masiakasaurus, both of which had a:;:'::l:: 0F
tives in South America (see Figure 8.4(d)). Sauropods include the * | 8
nlan'(osauruy Rgpemxums {Curry Rogers and Forster, 2001). The ’
abelisauroid dinosaurs, together with members of other groups
(e.g., mammals and crocodiles), suggest close faunal links be-
Meen South America and India-Madagascar, parhaps indicatinga
_msuersal !'oule via Antarctica (Sampson et af,, 1997, 2001). This
idea remains 1o be tested by future discoveries, particularly from

the Upper Cretaceous of Africa. 5

Read more about Scott Sampson and his work on Madagascar
at hnpjww.vertpaien.ara/educazionfSpeaker.’)ﬂ fieYear. htmi
and at http;n’hwww.urnnh.u‘[ah,euufmuseunvde:artrnent&;
paleuntplogy/paieoslaﬂ'_sconsampson-currempmj.hlmi aswell
asareview of the new discoveries at :
http:/fwww timeforkids.com/
TFK/magazines/story/0,6277,97951,00.html.

The Madagascan abelisaurid theropod Majun,

gatholus, reconstructed sk
(a) and restored head (b) in lateral view. (Courtesy of Scott Sampson .':mml
artist Bill Parsons.)
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jointin
lower jaw

three long
fingers

rids and (d, ¢) ornithomimids, all from the Cretaceous: (a) skeleton of

Fig. 8.6 Coelurosaurian theropods: (a~c) tyr
Tyrannosaurus, (b) hand of Tarbosaurus; (<) footof Albertosaurus, (d) skeleton of Struthiomimus, (e) skull of Dromiceiomirmus, | Figure

(a} after Newman, 1970; (b, ) after Norman, 1986a; (d, ¢} after Russell, 1972.]

Struthiomimus could have run fast and speeds of 35—
60kmh™" have been estimated. The skull is completely
toothless in later forms (Figure 8.6(e)) and the or-
nithomimid diet may have included small prey animals
such as lizards or mammal$, or even plants. Well pre-
served specimens (Norell er al., 2001) show that the
toothless jaws were covered by a keratinous beak that
bore vertical ridges inside the jaws, similar to those in
ducks, used perhaps in the same way for straining small
animals, or even plant material, from pond water.

mass to leg muscles, which is clearly impossible. With its
leg muscle volume, T. rexcould have achieved a fast walk
at 11ms™" (40kmh™! or 25 m.p.h.), but not the wilder
speeds of 72kmh™' that have been suggested.

The ornithomimids of the Late Jurassic to Late
Cretaceous (Russell, 1972) were highly specialized
theropods with a slender ostrich-like body and long
arms and legs (Figure 8.6(d)). The hands have three
powerful fingers that may have been used for grasping
prey items. The lightly built body indicates that
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8.3.4 Maniraptora

The most derived theropods, the Maniraptora (see Box
8.5), include the alvarezsaurids, therizinosaurids,
troodontids, dromaeosaurids and birds. The contents
of this clade are, however, somewhat controversial:
Gauthier (1986) identified the dromacosaurids and
troodontids as close relatives of birds and forming the
clade Maniraptora. Alvarezsaurids were until recently,
however, classed as birds, whereas therizinosaurids

wereoften hard to place. Oviraptorosaurs, still regarded
asdinosaurian maniraptorans by many (e.g.Clark etal.,
2002), have been assigned to birds by Maryariska et al.
(2002) and they will be treated in Chapter 9.

Fi ani

‘,::,,87 7 Basal manicaptorans, all from the Cretaceaus: (a, b thealy,

- ilc) Ihcthermn‘osaurid Alxasaurus (d.e) the trandontids Sasir
igures (a,b) modified from Perle etal. (1993),

R
usselland Dong, 1993; (d) after Russell, 1969; (¢) after Stern berg, 1932. |

Jrcz_sau_nd Manonykus, reconstructed skeleton and arm in lateral
; _ ornithoides (d) and Troodon (¢}, skull in lateral view and foot
used with permission from Nature® 1993, M ;

The alvarezsaurids are a small group of five gen, :
known from the Upper Cretaceous of Mong::h:v :
Argentina and the USA (Sereno, 2001; Chiappe etal}
2002) The best known alvarezsaurid 15 Monanyh‘s
from Mongolia (Perle ef al., 1993}, which has a small
bird-like head, a short body and long tail, a smal| pelvi
\}(ilh pubis and ischium that are not fused, a splim-li;f 3
fibula and a reduced forearm (Figurz 8.7(a)). The long
slender hindlimb, with a femur shorter than the iy
shows that Mononykus was a fast runner. The most ::T
traordinary feature about Mononykus is the tiny arm

(Figure8.7(b)) with a short humerus, ulna and radius,a
massive fused wrist consisting mainly of metacarpal |
and a short powerful digit 1, as well as reduced digits k

%
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acmillan Magazines Ltd; (¢) modified from
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7and 3. The functionof thisextraordinarylittlearm isa
mystery. Perhaps it was used for scraping and tearing
plant food, or for opening termite mounds, but the
arms seem to be ridiculously short for such an activity:
Mononykus would have toppled over if it bent down 1o
use its arms on the ground, and they certainly could not
have reached the mouth.

The therizinosaurids, such as Alxasaurus (Figure
8.7(c)) from Mongolia and China, were the most
bizarre theropods of all. Their affinities were for a long
time problematic, having been identified as turtles,
theropods, or something between saurischians and or-
nithischians. They were large animals, 4-5m long, with
a massive pelvis and short tail. The forelimbs are long
and the hands and claws extremely elongated. The neck
is powerful, but the skull is small and equipped with ap-
parently rather feeble peg-like teeth and a toothless
beak at the front. Russell and Dong (1993) suggested
that the therizinosaurids were foliage-eaters, rather like
certain mammals, the chalicotheres and giant ground
sloths (see pp. 317, 348). Therizinosaurus sat balanced
tripodally by its massive pelvis and short tail and raked
in tree branches with its long slender claws, which it
passed to its toothless beak.

The troodontids from the Upper Cretaceous of
North America and Mongolia, such as Saurornithoides,
had long slender skulls (Figure 8.7(d)) with the orbits
facing partly forwards so that they may have had
binocular vision (Russell, 1969). The braincase is
bulbous and relatively large, which has led to the
interpretation of the troodontids as the most intelligent
(or least stupid?) dinosaurs. The foot (Figure 8.7(e))
has three functional toes, of which number 3 is
the longest, a bird-like structure designed for fast
FURRING.

The dromacosaurids, a family of six or seven genera
from the Cretaceous of North America, Mongolia and
China, have also been identified elsewhere on the basis
of isolated teeth. The best known dromacosaurid is
Deinonychus from the Lower Cretaceous of North
America (Ostrom, 1969), a small animal about 3m
long, | m tall and weighing 60-75kg (Figure 8.8). The
skull is incompletely known. The curved sharp teeth
have serrated edges, as in all other theropods, which
were presumably as effective in cutting flesh as a steak
knife.

Deinonychas held its backbone roughly horizontal
when it was moving. At one time, bipedal dinosaurs
were reconstructed in kangaroo mode, with the back-
bone sloping or closeto vertical. There are three lines of
evidence that Deinonychusand others adopted the pos-
ture shown here: (1) itallows the body weight to balance
correctly with the centre of gravityover the hips; (2) the
joints between the cervical vertebrae show that the neck
curved up inaswan-like S-shape;and (3) the dorsal ver-
tebrae bear scars on the front and back of the neural
spinesthatare like those which in flightless birds such as
the ostrich prevent flexing of the back, The tail acted
as a stiff rod, probably in balancing. It is invested on all
sides by stiff bony rods formed above from the prezy-
gapophyses, normally a pair of short processes in
frant of the neural spine thal interlock with the
postzygapophyses of the vertebra in front, and below
by the chevrens, separate bony elements that normally
run backand down a short distance and provide attach-
ment sites for the tail muscles. In Deinonychus, the
prezygapophyses and chevrons have unusually long
anterior rods, probably formed from ossified tendons
that intertwine above and below the vertebrae. These
rods did not entirely immobilize the tail because they
remain separate and could slide across each other to
same extent.

« The arms are strong and the hands armed with deep
claws on the three long fingers. Indeed, the hand is
nearly half the length of thearm, abird-like feature. The
wrist of Deinonychisis unusually mobileand the hands
could be turned in towards each other. The hand was
clearly used for grasping prey and the claws for tearing
at flesh.

The hindlimbs have long bird-like propartions: a
short femur, long tibia and fibula, long metatarsals,
three functional toes and a small backwardly-pointing
first toe. The astragulus has a high process that wraps
around the tibia and the calcancum is a small block of
bone firmly attached to it. The key feature of the foot is
the elongate toe 2, which is armed with a vast sickle-
shaped claw up to 120 mm long that could be bent right
back and then swung down, but the whole toe could
bend only a short way below horizontal. This foot claw
would have got in the way during walking, so it must
have been held in the upright position most of the time.
Ostrom’s(1969) functional interpretation was based on
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BOX 8.2 DINOSAURS WITH FEATHERS

professor Chen Pei-ji of the Nanjing institute of Geology and Palaeontology created a sensation at a conference in Oclober
1996 when he announced that he had found a dinosaur with feathers. He showed pictures of a small theropod, preserved com- -
plete, with tufts of hair-like structures all along its back and tail. The dinosaur was named Sinosauropteryxand it was shown to
be a close relative of Compsognathus, a coelurid, by Ghen et al. (1998). If these truly were feathers of some kind, then all
coelurosaurs (see Box 8.5) must have had feathers too, and that includes Tyranmosaurus rex'

The discovery was controversial. Was not the specimen just a bird, somewhere in the cladogram above Archaeopleryx?
Surely the so-called feathers were not feathers at all, just shreds of skin or scales? The specimens came from the Yixian For-
mation, now dated as Early Cretaceous (125120 Myr ago), near Beipiao, Liaoning Province, China. The sites around Beipiao
had already produced spectacular specimens of early birds (see Box 9.3) and many other tossil groups, all showing soft-tissue
preservation. After 1996, new discoveries of dinosaurs with feathers from these sites came thick and fast: two maniraptorans,
Protarchaeopteryx and Caudipteryx (Ji et al., 1998), the therizinosauroid Beipiaosaurus (Xu et af, 199%a), the dro-
maeosaurids Sinornithosaurus (Xu et al., 1999b) and Microraptor (Xu et al., 2003). Schweitzer (2001) also reports fibrous
feather-like structures in the alvarezsaurid Shuvuwiafrom Mongolia. If the fossils are correcily inferpreted, there is no question
then that all coelurosaurs, from the Mid-Jurassic onwards, were feathered (Padian ef al,, 2001a). But what kinds of feathers,
and does this mean they could all fly?

Itis unlikely that the dinosaurs with feathers could fly. The kind of feather most peaple visualize is a flight feather from the
wing, a quill (illustration (a)), with a central hollow shaft, the rachis, and a vane on either side. In fiying birds the vanes are
typically asymmetrical. Each vane is composed of lateral barbs that stick out at right angles to the rachis, and the barbs bear
fine thread-like lateral branches, the barbules, which interlock. There are in fact five main kinds of feathers ina modern bird:

« bristles, composed justfrom the rachis

« down feathers, which consist of tufts of thin hair-like structures radiating from a basal attachment
« filoplumes, a long rachis with a tuft of fine barbs at the top

« semiplumes, which have fine barbs like a down feather, but also a rachis

Fig.8.8 .The EarInye‘tm:A_:ous dromacosaurid Deinonychus: (a) skeleton in running pose; (b) lateral view of the skall: (¢) posterior edge
of amaxillary tooth, showing the serration; (d) reconstructed neck, showing the curvature; (¢} a dorsal vertebra in lateral and posterior

5 gl © « contour feathers, which are the ‘typical’ feathers with a rachis and stiff barbs on either side
views; (F) outline of a series of caudal vertebrae, with one vertebraand its elongate prezygapophyseal rods (above) and chevron rods =
3

These five feather types (illustration (a)) form a sequence that matches a developmental theory for the origin of feathers (Prum
and Brush, 2002): reptilian scale — bristie — down feather — simple contour feather or down feather with barbs, but no bar-

(below). shaded black; (g) left foot in anterior view; (h) left foot in lateral view, showing the swing of the scythe claw. ( After Ostrom,

1969.)

his insight that Deinonychus was an active biped like a
modern flightless bird that could balance readily on a
single foot. The toe claw is ideal for disembowelling
prey. Deinonychus (literally ‘terrible claw’) ran up to its
victim with the claw held up to keep it from scraping on
the ground, raised one foot, balanced and slashed with a
backwards kick at its flanks, causing a deep gash up 1o
I'm long. The most likely prey for Deinonychus secms
to be Tenontosaurus, a fairly abundant relative of
_Hypsffophodon (see pp. 206-7), that reached 6-7m
in length. Deinanychus may have hunted in packs like
certain wild dogs today, which would have enabled it to
harry and weaken much larger prey animals before
killing them with fatal slashes to the belly region.

The tiny dromacosaurid Microraptor from the
Lower Cretaceous of China (Xu et al., 2003) is so well
preserved that it shows feathers. There are rows of
‘Hlight feathers’ (see Box 8.2) behind the arm bones, but
also attached along the hindlimb. Microraptorcould not
fly — the'wings'are not large enough to supportits body
weight, but Xu ef al. (2003) argue that it might have
glided with all four limbs outstretched.

8.3.5 Sauropodomorpha

The Sauropodomorpha, the second major saurischian
clade, arose in the Late Triassic and the early forms of

bules — contour feather with barbs and barbules — contour feather in which barbules interlock and produce a closed vane —
flight feather with asymmetrical vanes.

Sinosauropteryx, the most basal of the feathered dinosaurs known so far, has tufts of simple filaments (illustration (b)).
Along the back, the fibres are 8~13 mm long and there are about ten fibires per millimetre. Towards the end of the tail, the fibres
may be up to 40mm lang. The therizinossauroid Bejpiaosaurus has similar filaments, 50-70mm long, associated with the
bones of the forearm and leg. These are not the same as any modern feathers —they do nat branch from the base as down
feathers do, nor are they bristles. On the other hand, they occur on the skin surface. they consist ot tilaments and preliminary
geochemical studies suggest they are made from the protein beta keralin, as are the feathers of modern birds (Schweitzer,
2001), whereas mammalian hair and finger nails are made from alpha keratin.

More derived maniraptorans show some advances. Protarchaeopteryxhas two kinds of feathers {1} contour feathers on
the tail that are up to 160 mm long and have a rachis and two asymmetrical vanes made from numerous lateral barbs. and (2)
fluffy feathers over the body and upper legs that comprise filaments about 30mm long that are gathered at the base.
Caudipteryx (illustrations (¢, d)) has both of these feather types, as well as some 1 4 contour feathers attached along the sec-
ond hand digit.

These new discoveries tram China confirm that Dirds are mamiraptoran theropods (see Chapter 3) and that feathers evolved
in the earliest coelurosaurs, if not earlier (jllustration (e)). The first feathers, in coelurids and therizinosaurids, were short fila-

ments, perhaps located along the middle of the back and tail, or perhiaps more widely over the body. They presumably had a
continued
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function in insulation, and possibly also in display if they were brightly coloured. Contour feathers appeared first along the
sides of the tail, and then behind the arm, in the maniraptorans. Their function in such non-flying dinosaurs is mysterious, un-
Jess they also formed part of a display structure. Only in the first bird, Archaeopteryx, did contour feathers take over a major

role in flight.

RS ST NP

Aead more about the discoveries and see colour images of the fossils at hitp://www.peabody.yale.edu/exhibits/cfd/
CFDintro.html and http:/Awww.nhm.ac.uk/museum/tempexhib/dinobirds/, and of imaginative life restorations at
http://www.austmus.gov.au/chinese_dinosaurs/feathered_dinosaurs/photo_gallery.htm. LK
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the Late Triassic and Early Jurassic were termed  thumb claw and no claws on fingers 4 and 5 (Figure

prosauropods. There has been some debate about 8.9(a)) and a short blade on the ilium. More derived
whether the prosauropods form a distinct clade, but  ‘prosauropods’ include Plateosaurus (see pp. 188-9)as . -
iiost evidence suggests that they do not and are out-  well as animals such as Rigjasaurus from Argentina

groups of the Sauropoda (see Box 8.5). and Melanorosaurus from South Africa, which were

Thecodontosaurus, a basal sauropodomorph from  obligatory quadrupeds up to 10mlong. -
the Upper Triassic of England (Figure 8.9), a lightly The sauropads appeared first in the Upper Triassic .

built herbivore 2.5 m long (Benton et al,, 2000a; Yates,
2003b), shows all the basic hallmarks of the clade: a
small skull (c. 5% of body length), a downwards
curve to the tip of the dentary (Figure 8.9(b)), lanceo-
late teeth with serrated crowns (Figure 8.1(d)), a
long neck with ten or more cervical vertebrae, a huge

of South Africa (Yates and Kjlclﬁng,20b3) and radiated
in the Early Jurassic with forms such as Vulcarodon
from Zimbabwe. The basal sauropods had four fused *
sacral vertebrae, a straight femur and seemingly no dis<
tal tarsals, These features mark the beginning of modifi-
cations to the sauropod postcranial skeleton caused by
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& evolution of feathers: (a) the five main feather typesin | \"‘i
m_ndern birds; (b) filamentous feathers from the hack of | |‘_|‘(’: W
;nowmg m»;-wr&'fc}' 5 c of Caudipterys, | i\ ‘I::
presence of filamentous feathers, as well as contour NS

feathers on the arm and tai; (d) contour feathers from the tail of &/&\;

Maniraptora Cavdipteryx; (e) simplified phylogenetic tree showing the
successive appearance of simple filamentous feathers and of
contour feathers. [Figures (a, e} from various sources, (b—d)
c:rurlesy of Zhou Zhonghe. ® Patricia J. Wynne, reproduced
with kind permission. )

Fig. 8.9 Thebasal podomorph Thecod, us, from the Late Triassic: skeleton in lateral view; (b—d) skull in ventral, dorsal and
lateral views. | Figure (a) modified from Benton et al. (2000a); (b—d) courtesy of Adam Yates.]

(e) Coelurosauria
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their massive weight.’ The euhelopodids from the
Middle Jurassic of China, such as Shunosaurus (Figure
B.10(a)), are generally regarded as basal sauropods
(Upchurch, 1998), although they have been assigned a
position close to titanosaurids by Wilson (2002). The
skull of Shunosaurus is less open than that of other
macronarians and the jaws were designed for slicing
tough vegetation. The omeisaurids, such as Mamen-
chisaurusfrom the Upper Jurassic of China, with an im-
miensely long neck, appear to be close relatives of the
cuhelopodids.

The remaining sauropods, the neosauropods, in-
clude Cetiosaurus (Figure 8.10(b)) from the Middle
Jurassic of England, although its precise relationships
are unclear, In Cetiosaurus, the external mandibular
fenestra in the lower jaw has been lost and the lower
temporal fenestra lies completely beneath the orbit. The
neck has become elongate by lengthening of the cervical
vertebrae and increasing their number to 12 or more.
There are five or six sacral vertebrae and the limbs are
rather pillar-like, as in elephants, an adaptation for
weight-supporting. The fingers and toes are much
shortened and phalanges lost (Upchurch, 1998). The
cetiosaurids are close to the ancestry of the classic giant
sauropods of the Late Jurassic, which split into two
major lineages, the diplodocids and the macronarians
(Upchurch, 1998; Wilson, 2002; se¢ Box 8.5).

The diplodocids, such as Diplodocus (Figure
8.10(c)} from the Upper Jurassic of North America,
have a steeply sloping quadrate and a long broad snout
with a small number of cylindrical pencil-like teeth at
the front. The jutting teeth may have been used in a pin-
cer-like fashion to crop vegetation. Neosauropod char-
acters in the skull are: the nostrils and nasal bones have
moved well back and the skull roof is shortened, the
lower temporal fenestra lies largely beneath the orbit,
the teeth point forwards and they are restricted to the
anterior part of the jaws. There has long been a debate
about the function of the long neck of Diplodocus (see
Box 8.3). The limbs of Diplodocus seem relatively slen-
der, but the hands and feet (Figure 8.10(e, f)) are short-
ened weight-supporting structures. The wrist contains
only two carpals and the ankle only the astragalus, all
uther elements having been lost or are present only as
cartilaginous masses. The first finger and the first two
toes bear long claws that may have been used in digging,

but the other digits bear only small hoof-like nubbing o
bone. .

Through their evolution, the sauropodomorphs j
creased the pneumaticity of their vertebral co)
{Wedel, 2003). In early forms, the presacral columg |
was extensively pneumatized. The sacrum was alsg &
pneumatized in neosauropods, and the proximal verte &
braeofthe tail also became pneumatized independently
indiplodocids and titanosaurians. The pneumatization
isshown byacomplexof cavitiesin thesides of sauropod '
vertebrae, supported by a latticewark of narrow bope
struts(Figure8.10(d) ). Asin modern birds,air sacsexist
edinvariouspartsofthe bodyand they were presumably ©
connected to thelungs. Air sacshave two functions; '~
1 to reduce weight, by replacing bane and other body
tissues with cavities; =
2 toenhance respiratory efficiency; birds, and presurm? &
ably dinosaurs, breathe in a single direction, with the aj .
entering the lungs, passing to the air sacs and then o
hence avoiding the ‘dead space’ of uncirculated air in
mammals, which breathe in a tidal way (‘in-out’). - =
Weight reduction was clearly important in sauropods,
and this and the efficient respiration system may have
permitted them to function at large size and with long
necks.

The Macronaria include the camarasaurids, bra-
chiosaurids and titanosaurids. The camarasaurids and
brachiosaurids share a skull pattern (Figure 8.10(g, h))
in which there is an arched internarial bar formed by
very narrow premaxillae between the enlarged nastrils
and a clearly defined snout. Brachiosaurus from the |
Upper Jurassic of North America and Tanzania is one of |
the largest dinosaurs known from a reasonably com- '
plete skeleton (Figure 8.10(i)). It is 23 m long, its head
reaches 12m above the ground and its weight has been
estimated as 80 tonnes. Brachiosaurus is a dinosaurian
giratle, designed to reach high into trees, and the body
shape difters from other sauropods in having longer
forelimbs than hind and a shorter tail. The neck is
greatly elongated and the cervical vertebrae are cav-
ernous in order to save weight. There are massively
elongated neural spines on the dorsal vertebrae, which
indicate that Brachiosaurus had powerful muscles and
ligaments to lift its crane-like neck up and down.

The titanosaurids are best represented in the Upper
Cretaceous of South America, but occurred elsewhere
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) after Lapparentand Lavocat, 1955; (j,k) after Bonaparte, 1 978.)

Cetiosanrus: () skull of the di

cammarasaur id Camarisdi 4 )
(k) armour plate and armour pattern of the titanosaurid Saltasaurus.

Martin, 1976; (c,d) after Hatcher 1901; (e, f) after Coombs, 1975; (g
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be held at a level below the shoulders (see Figure 8.10

plants from ponds and rivers.

BOX 8.3 THE NECKS OF SAURDPDDS

Sauropods all had long necks and in some, such as Diplodocus, the neck at fm was as long as the body and 1ail together. Didof
these sauropods operate like replilian giraites, reaching high with their necks into the tops of trees? Indeed, could Diplodocys'
perhaps have reared up and balanced on a tripod formed from its hind legs and tail to reach up 10 m or more? 1
This view has been disputed by Crowther and Martin (1976) who showed that the neck of Getiosaurus, for example, had o
{b). Close study of the necks of the diplodocids Dipladocus
Apatosaurus has confirmed this conservative viewpoint. Stevens and Parrish (1999) measured the angles of movement be-
tween cervical vertebrae all along the necks of those two dinosaurs and entered the figures into their DinoMorph softwarg "~ |
Summing all the horizontal and vertical measures showed that both dinosaurs had a narrow envelope of neck movement. The |
envelope can be thought of as a huge cone, expanding from the root of the neck: at mast Diplodocus and Apatosaurus mu:u‘-s’
swing their heads 4 m to either side. Djplodocus could raise its head ta shoulder level, about 4m above the ground, but Ap'_”'?f
atosaurushad amore flexible neck and could raise its head to 6 m. Oddly, both dinosaurs could bend their necks down to alevel |
some 1.5m below ground level, But they were not burrowers! The downward neck bend may have been wsed for snatching - g

0.

&

T

Stevens and Parrish (1999) have shown that neither of {8
these sauropods could have swungits neck above the harl- . |
zontal —the arrangement of zygapophyses would have pre=iaf 28
vented it—but they might have been able fo rear up on their | %

hind legs to extend their reach. Other sauropods such as
Brachiosaurus (see Figure 8.10(1)) did have more vertically
placed necks and could have fed higher in frees. ;

Explore the DinoMorph software at http:/Awww.cs.uoregon,
edu/~kent/dinaMorph htmil and view an animated
Apatosaurus at hitp:/iwww.nationalgeagraphic.com/
dinoramarsauro.htmi.

The feeding envelapss of A us{top) and O
(bottom) as shown in the DinoMorph software, (Co urtesy of Kent
Stevens )

throughout the Cretaceous (Wilson & Upchurch,
2003). The skull (Figure 8.10(i)) was superticially like
that of Diplodocus and the body was covered with an
armour of roughly hexagonal bony plates (Figure
8.10(k)). New analyses (Curry Rogers and Forster,
20015 Wilson, 2002) suggest that Nemegtosaurus
and Quaesitosaurus from the Upper Crefaceous of
Mongolia, formerly classed as refatives of Diplodocus,
are titanosaurids, although Upchurch (1999) makes a
strong case that they are diplodocids.

Brachiosaurus was huge, but other sauropods might

have been larger, although most are incomplete. The
ttanosaurid - Argestinosatris might have weighed
S0-t00tonnes inlite, close to the theoretical maximum
size thatany land animal could achieve without render-
ing itsell” unable to walk. As body size increases, the
cross-sectional area of the legs increases in proportion:
small animals have slender legs, whereas la rge animals
have legs like tree trunks. At body weights of more than
100150 tonnes, the cross-sectional areas of the legs
would becomeso large that all four limbs would meet as
asolid mass under the body.
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s.4 THE DIVERSITY OF ORNITHISCHIAN
DINOSAURS

The Ornithischia are the second rfmjnr di.n.os.jlur.mq
cdadeand theyare relatively easy to diagnose. They h;‘m.
apubis that points backwards (Figure 8.3(b)) as we la:~
over 30 other derived characters of the skull and skele-
sereno, 1986, 1999).
wn'IE::r:rniIhischims arose during the Cam-ian (Late
Triassic, 230-220 Myr ago), or earlier, b'ul _fusstls are ex-
rremely rare until the Jurassic. The orn tthlsd?lans were
all herbivorous and they divide into two main groups,
the Cerapoda (the bipedal ornithopods, bone-headed

‘cheek shell*

fused ischium
and pubis
7

A

palpebral

| S|
10 rewmy
(U]

predentary

: 5 il e
Fig.8.11 Earlyornithischians: (a) F s, maxilla frag;

pachycephalosaurs and horned ceratopsians). and
the Thvreophora {the armoured ankylosaurs and
stegosaurs) (see Box 8.5).

8.4.1 Pisanosaurus—thefirstpossibleornithischian

Pisanosaurus from the Carnian of Argentina is known
from only its jaws, neck and a few limb elements
{Bonaparte, 1976). The cheek teeth (Figure 8.1 1(a))
have low triangular crowns with a well-devt‘inpem‘! nar-
row neck beneath and they are set over to the ineftde of
the jaws, leaving a broad shelf on the outsidle. This sug-

Ipebral reduced
= Loruine antorhital
fenestra

premaxilla

crawn with blunt
serrdtions

deep root

and partial lower jaw in lateral view: (b—d) the fabrosaurid

skullin lateral view. maxillary tooth

x

Lesothosaurus, skeleton, skull and tooth; (eg) the het
row. | Figure (a) after Bonaparte, 1976; (b—d

«
rid Heerod s, skel

) after Galton, 1978; (e) after Santa Luca, 1980; (f,g) after Charig and Crompton, 197 4.)
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gests that Pisanosaurus had cheeks, pouches of skin that
lay on either side of the tooth rows, that could retain
unchewed plant material while other food was being
processed. Cheeks are typical of ornithischians and
ather reptiles in which the skin of the face is firmly at-
tached 1o the jaw margins just below the tooth rows. If
Pisanosaurusisan ornithischian, it is followed by a long
gap in their fossil record: the next ornithischians appear
only some 20 Myr later.

8.4.2 Fabrosauridae

Small ornithischians, often called fabrosaurids, have
been reported from the Lower Jurassic of several parts
of the world (Galton, 1978; Knoll, 2002), but only
Lesothosaurus from southern Africa is reasonably com-
plete. It is a lightly built aninal 0.9m long, with long
hindlimbs and short arms (Figure 8.11(c)). It has the
typical ornithischian pelvis, an ilium with a narrow an -
terior process and fusion of theischiaand pubesat their
tips. The skull (Figure 8.11(b)) shows even more or-
nithischian characters. The tip of the premaxilla is
toothless and roughened and it is matched by an en-
tirely new bone in the lower jaw, the unpaired preden-
tary. The orbitalso contains a new bone, the palpebral.
The teeth (Figure 8.11(d)) are more typically ornithis-
chian than those of Pisanosaurus because they have a
bulbousbase to the crown and rounded denticles on the
edges. The wear facets lie symmetrically on either side of
the pointed tip of the crown, which suggests an up and
down jaw action with no possibility of back and for-
wardsor side-to-side chewing.

8.4.3 Basal ornithopods

The ornithopods were the largest and most successful
arnithischian group, comprising more than 100 species
and achieving great abundance in Cretaceous faunas.
There are four main groups, the heterodontosaurids,
hypsilophodontids, ‘iguanodontids' and hadrosaurids,

The heterodontosauridslived at the same time asthe
fabrogaurs, Heterodontosaurus, from southern Africa
(Charig and Crompton, 1974; Santa Luca, 1980),
just over 1 m long, is similar to Lesothosatirus in many

ways. The bodily proportions (Figure 8.11(e)) diffes’
only in the slightly longer arms and the shorter bode
The skull (Figure 8.11(F)) shows the most unusyal fea_l
tures. Heterodontosaurus (literally “different tooth ren.
tile') has ditferentiated teeth, two incisors, a Canine g i1
about 12 cheek teeth. The caninesarelongand the loweg
one fits into a deep notch in the upper jaw. One spe
men has no tusks and it has been suggested that their
presence may be a secondary sexual character of ma
If so, the canine tusks may have been used for def
and for sexual display, as in modern herbivorg
mammals with tusks, such as certain pigs and the m
deer, :
Heterodontosaurusshows several features that group
it with later ornithopods: the tooth-bearing edge of d
premaxilla is a step down from the maxilla, the pre
maxilla extends back to contact the prefrontal and
lacrimal, the jaw joint is set well below the level of th
tooth rows to increase the duration and force of the bite
(convergent with other herbivorous dinosaurs and |
synapsids (sce pp. 121, 189), the cheek teeth wear
against the opposite teeth of the lower jaw forming a
straight line at the crest of the teeth (Figure 8.11(g)),
and the outer surfaces of the lower teeth fit inside th
upper teeth and wear them from the inside. Unlike
Lesath us, Hete us was capable of a
small amount of sideways chewing by rotation of the -
lower jaw about its Jong axis (see Box 8.4).

The hypsilophodontids, typified by Hypsilophodon
from the Lower Cretaceous of England (Galton, 1974),
but known from the Late Jurassic to the Late Creta-
ceous, ranged in length from 3 to 5m or so. The bodily
proportions (Figure 8.12(a)) and the skull (Figure
8.12(b, c)) are similar to those of Heterodontosaurus, ex-
cept that the skull lacks tusks and is narrower in the
midline. Theventralview (Figure 8.12(c)) shows the ex-
tent of the checks, represented by the broad area of the
maxilla lying outside the tooth rows, !

An early view of Hypsilophodon was that it lived in
trees, grasping the branches with its feet, but the foot
(Figure 8.12(d)) was incapable of grasping, being a
typical elongate running foot with hoof-like ‘claws’

Further, the end of the 1ail is sheathed in ossified ten- |
dons that stiffened it and caused it to act as a stabilizer
during running, as in Deinonychus (Figure 8.8(a)). The
limb proportions of Hypsilaphedon are similar to those
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illustration (a)).

BOX 8.4 CHEEKS AND CHEWING IN DRNITHOPODS

Dmithopod dinosaurs were unique among reptiles in that they could chew their food. Chewing, in which the back teeth move
sideways and back and forwards, is narmally thought to be a special feature_n! mamma‘ls. We chew our food before swallow-
ing in order to aid digestion: reptiles and birds just guip their food down. Omithopods hit on two solutions to the problem, and
poth of these are different from the mammalian technique (see pp. 292-6). : o
Heterodontosaurus had a rptating lower jaw. The articular—quadrate joint at the back and a sp_eml bait arl\d socke? joint at
the front between the dentary and predentary, allowed rotation as the jaws o peneq and closed. This mode of jaw rotation pro-
yided one solutionto the problem of creating an efficient shearing scissor-like cutting movement between the cheek teeth {see

Alllater arnithopods adopted the other option, of rotating the maxilla, in order to achieve lateral she.a_ring, and this adapta-
tion is said to lié at the root of the great success of the omithopods in the Cmtacet_:us (Nnrrn_an and Weishampel, 1985). _The
hypsilophodontids, ‘iguancdontids' and hadrosaurids have essentially fixed lower |,awsma't simply moved up and down with-
out distortion during chewing, while the side of the skull (maxilla, lacrimal, jugal, quadratojugal, qumrate! aswall_as attached
palatal elements (ectopterygoid, palatine, pterygoid) flap inand out. This specialized pleurokinetic hinge (tk}ushalmn (b)) pro-
duces the same lateral shearing effect (illustration (c)) as did the rotating mandible of the heterodontosaurids. .

Most ornithopads had single rows of teeth on the crests of their jaws. As inall reptiles, teemwe{er_eahoed mnunuuqsly as
they became worn out and replacement teeth lined up below the currently l'unclipning teeth _unthe inside of the jaws. T!'IIS p_at-
tern was taken to an extreme in hadrosaurids, which had a dental battery in which five or six rows of tegm below the jaw line
could also be in use (see Figure 8.14(a—c)). Ceratopsians could probably also slice their plan!fqod eﬂgr.twely !Jezween power-
ful shearing jaws. but the other herbivorous dinosaurs lacked chewing adaptations. Perhaps this ability explains the vast suc-
cess of arnithopods in the Cretaceous after the heyday of the sauropods had passed. i

line of pleurokinetic

]

twards as they close, hence producing a kind ot ‘chewing’,

Drnithopog jaw mechanics: the lower jaws of

us (a) slide .
whereas later ornithopods have a pleurokingtic hinge, which allows the cheek portion of the skull and the maxiliary teeth, shown stippled in
{b), to move outwards as the jaws close (€). (Modifiad from Norman and Weishampel, 1385.)

of a fast-moving gazelle, especially the very long shin
and foot.

Galton (1974) made a detailed restoration of the
muscles of the hindlimbs of Hypsilophodon (Figure
8.12(e}), based on muscle scars and processes on the
bones and comparison with dissections of modern
birds and alligators (see Box 6.2). The muscle mames
record the bones to which they attach at each end. They

fall into four groups that define their functions in
walking. .

1 Protractors, muscles that pull the femur forwards
and up: iliofemoris, puboischiofemoralis internus
(upper part). ‘
2 Retractors, muscles that pull the femur back: pubms.‘
chiofemoralis internus (lower part), caudifemoralis
longus and brevis, adductor femoralis.
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prepubic process

T //fruurth

o / trochanter |k

muscle functions: pull leg
forwards

and up extend lower leg

backwa rds flex lower leg

Fig. 8.12 Thearnithopod H; Iypsilophodor: (a) skeleton in running poses (b

(&) restoration of the muscles of the pe

3_ {‘:x!mwrs, muscles that extend the lower leg: ilio-
tibialis, femorotibialis,

4 !-iexors. m_uscies that pull the lower leg back: iliofibu-
laris, flexor tibialis internus,

) 1 a at > 3

:\urlnga single step all of these muscles came into play.
As the I‘v;g swung forwards, the protractors pulled the
femur forwards and upwards and the
tended the lower leg. The foot touched

exlensors ex
the gr
the power stroke in which the body mnvc: :nri:l::: :1:
afchrcvud by the retractors and Hexors, which pulled th
rcr|I1|;rr and lower leg hack respectively, :
‘ The ‘iguanndnmid».' are a ]‘iellfi.lph'\']t‘lllt' group
}?p‘:lresen@g stages of the acquisition of advanced
adrosaurian characters (Sereno, 1986). Iguanodon
from t}he Lower Cretaceous of Europe (Norman 1980
1986b) has a horse-like skull (Figure 8.13(a)) .ln th;
skeleton (Figure 8. 13(b)), the prepubic pr‘.)ces's is ex-

panded, the postpubic process is very short and there is
a %'nmplex lattice of ossified tendons over the neural
spinesofall vertebrae of the trunk and tail. The most re-
markable modifications are seen in the hand (Figure
8.13(c)), in which the carpals and metagarpal lg:lre
fused to form a single block in the wrist, digit | is re-
d_ua{ud to a thumb spike, digits 24 form 2 I;unch and
d |gn~'_2 and 3 have small hooves. This hand was clear]
used in walking (hooves) and in defence or dis Ia::
(thumb spike). euanodon could walk on all Fuursp or
equally well on its hindlegs alone with the tail and ;h
h"lcklmnc extended horizontally, Another ‘iguanodonf
tid, Quranosaurusfiom the Lower Cretaceous of North
Affrica, has spines on its back, perhaps supporting a sail
for thermoregulation. The snout (Figure 8.13(d)) i
elongate and rather flattened. ' 3

; v skull in lateral and ventral vie i
S5 4 1 > ; : : ¢
Ivis and hindlimb, coded according to their functions. (After Galton I‘JN(;“ ikt
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expanded prepubic process

fused carpals and
metacarpal [

S
50 mm

Fig. 8.13 Ornithopod anatomy: (a) skull of guanodon; (b) skeleton of [guanodonin running pose; (¢) hand of [grunodon inanterior
view: (d) skull of Ourancsaurus. | Figures (a, b) after Norman, 1986b; (c) after Norman, 1980; (d) after Norman, 1984.]

§.4.4 Hadrosauridae: the duckbills

The most diverse, and most successful, ornithopod
clade were the hadrosaurs or ‘duck-billed’ dinosaurs of
the Late Cretaceous. They are especially well-known
from North America (Ostrom, 1961), Central Asia and
China, where hundreds of specimens hdve been found.
Frequently, three or four distinct hadrosaurian species
are found side by side in the same geological formation
and it seems evident that large mixed groups roamed
over the lush lowlands rather as closely related antelope
do today in Africa.

Ihe hadrosaurs are famous for their expanded
duck-like bills ( Figure8.14(a, b)) in which hoth the pre-
maxillae and maxillae are flattened and spread out to
the sides. The nostrilsarelongand low and the orbitand
Jower temporal fenestra are pushed back. The teeth of
hadrosaurs consist of long rows of grinding cheek teeth
set well back from the front of the mouth and arranged
in closely-packed batteries within the jaws (Figure
8.14(c)). There may be as many as five or six rows, each
containing 45 or 60 teeth thatare formed inthe gum tis-
sue at the bottom and move up progressively to the jaw
margin where they come into wear.

Hadrosaur jaws were used in powerful chewing ac-
tions. Wear surfaces on the teeth can be seen in a cross-
section through a hadrosaur skull (Figure 8.14(d)) as
sloping downwards and outwards. As the lower jaw
closes, the cheek region of the skull moves outwards on
the pleurokinetichinge (see Box8.4) and the plant food
is ground with & strong sideways shearing movement.
In addition, the jaws move back and forwards a firtle,
giving a further grinding action, Only the top rows of
teeth are in use at any time, but they must have worn
down quite rapidly because there are so many back-up
1eeth below ready for use.

This advanced and evidently powerful plant-
grinding jaw system {Weishampel, 1984) may be one
reason for the success of the hadrosaurs. But what
did they eat? Some hadrosaur specimens have been
‘mummified} preserved with their skin and some inter-
nal partsintact. These include stomach contents suchas
conifer needles and twigs, as well as remains of other
land plants, which suggests that the hadrosaurs were

terrestrial browsers that stripped trees of their foliage by
stretching up on their hindlegs.

Hadrosaurs were once said to have spent most of
their time swimming in lakes, a view perhaps derived
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(e) after Galton, 1970a,]

from their duck bills. They could doubtless have swum,
but the skeleton (Figure 8.14(e)) is particularly adapted
(Galton, 1970a) for efficient running with the body held
horizontally as in other bipedal dinosaurs. The hands
bear small hooves on the fingers, so they could also be
used in slower locomotion.

Hadrosaurs all have essentially the same skeletons
and skulls (Figure 8.14), but some have an impressive
array of headgear. The premaxillae and nasal bones ex-
tend upand backwardsto form in some a high flat-sided
“helmet; either low or high, square or semicircular, and
in others a long ‘tube’, spike, or forwards-directed rod
(Figure 8.15(a)). The nasal cavities extend from the
nostrilsinto the crests and it was once assumed that they
acted as‘snorkels’ especially in Parasaurolophus. This is
impossible, however, as there is no openingat the top of
the crest. There are four separate air passages within the
crest (Figure 8.15(b)), two running up from the nostrils
and two running back down to the throat region. Air
breathed in or out through the nose had to travel round
this complex passage system.

Hadrosaur anatomy: (a, b) skull of Edmontosaurusin lateral and dorsal views; (c) lower jaw of Kritosaurusseen at an angle to
show the dental batteries; (d) cross-section through the snout of a hadrosaur to show patterns of tooth replacement; (e) skeleton of ;
Anatosaurusin running pose. [Figures (a, b) after Norman, 1984, co urtesy of the Zoological Society of London; (¢, d) after Ostrom, 1961; -

maxilla
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What wasthe function of hadrosaur crests? Probably
they were used as visual species and sexual signalling de-
vices (Hopson, 1975; Weishampel, 1997}, just as mod-
ern birds use colourful and often elaborate patterns of
feathers to recognize potential mates and to signal their
position in dominance hierarchies. Males and females
of the same species had rather different crests (Figure
8.15(c)) and the crest was undeveloped in juveniles.
Further, Weishampel (1997) has shown that the
hadrosaurs augmented their visual display with an au-
ditory one too. The shapes of the air passages within the
crests are like musical wind instruments. A powerful
snort would create a low resonating nate and the shape
of the air passages in males and females, and in juve-
niles, would give a different note. Species differences
would have been even more marked. We can imagine
the Late Cretaceous plains of Canada and Mongolia re-
verberating to deep growls and blaring squawks as the
hadrosaurs went about their business.

Fig. 8.15 Hadrosaur skulls and crests: (a) several lines of hadrosaurian evolul

ook
¥

tion from a crestless form (A, Kritosaurus) to crested genera
F, Lambeosaurnus, G, Corythosauris); (b} internal structure

us; E, Par

thec

Lank:

( B, Brachylophosaurus, C, $ yphus; D, Ed

Lonh

of the crestofap
{ Modified from Hopson, 1975.)

8.4.5 Pachycephalosauria: the bone-heads

The pachycephalasaurs, a small clade of mainly Late

Cretaceous herbivores from North America and central
Asia (Maryariska and Osmdlska, 1974), are char-

ible female Parasd ] b I P
{arrow) and two cross-sections through the crest; (¢) sexual dimorp

lex passages within the premaxillac and nasals, the passage of air )
hism in Lambeosasrus, with a probable female (left) and male (right).

acterized by their unusually thick skull roofs ( F'igure
8.16(a)). The parietal and frontal bones are fused intoa
great dome in some forms with the bone up to 0.22m
thick in a skull that is 0.62 m long, This great thickened
mass of bone is ringed by the normal skull roof ele-
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postarbital
and frontal

(a)

Fip. 8.16 The pachycephalosaurs: (a) skull of Prenocephale: (b) skeleton of Stegocerasin butting position; (c) pelvis of Homalocephalein
dorsal view. [Figures (a.c} after Maryadiska and Osmolska, 1974; (b) modified from Galton, 1970b.]

ments as well as two supplementary supraorbital
elements. Several of the skull bones are further
ornamented by lines of bony knobs.
The pachycephalosaurs may have used their thick-
ened heads in butting contests when seeking mates
(Galton, 1970b), as is seen today among wild sheep
and goats. The pachycephalosaur, a biped, adopted a
horizontal-buckbone posture during the charge
{Figure 8.16(b)) so that the force of the impact ran
straight round the skull margins and down the neck to
the shoulders and hindlimbs. This system of force dissi-
pation was paralleled in the dinocephalian synapsids
(see p. 126). Confirming evidence for this theory is that
the presumed males have thicker skulls than females.
Pachycephalosaurs are also characterized by an un-
usually broad pelvis (Figure 8.16(c)) with gently curved
iliac blades that contact the ribs of up to eight sacral ver-
tebrae. This firm attachment of the pelvis may relate 1o
the need 1o dissipate the forces of head-butting. Pachy-
cephalosaurs appear to be allied to the horned ceratop-
sians, forming with them a clade Marginocephalia (see
Box 8.5), on the basis of several synapomorphies, in-
cluding the combination of the squamosal and parietal
bones in the skull roof to form a narrow shelf that ex-
tends over the back of the skull (Sereno, 1986).

six sacral
lc} vertebrae

ilium

8.4.6 Ceratopsia: the horn-faced dinosaurs

The Ceratopsia (literally ‘horned faces’) comprise a.
relatively large group of about 25 genera known mainly
from the Upper Cretaceous of North America (Ostrom,
1966). All are characterized by a triangular skull when
viewed from above (Figure 8.17(c)), an additional
beak-like rostral hone in the midline at the tip of the
snout,a high snout and broad parietals at the back.
Some early ceratopsians, such as Psittacosaurus from
the Lower Cretaceous of eastern Asia (Figure 8.17(a)),
were bipeds that had body forms very similar to or-
nithopods, but the skull is clearly ceratopsian. Protocer-
atops from the mid-Cretaceous of Mongolia and China
was a quadruped with the beginnings of a nose horn, a
thickenedbump in front of the orbit ( Figure 8.17(h)). It
also shows the second major ceratopsian characteristic,
a bony frill formed from the parietals and squamosals
(Figure 8.17(c)). The frill probably served as the origin
of part of the jaw adductor muscles, the posterior
adductor mandibularis muscle, which would have
produced a strong biting force.
The later neoceratopsians have a skeleton with
adaptations for galloping (long limbs, digitigrade
posture) (Figure 8.17(d)). Vertebrae of the neck and
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BOX 8.5 RELATIONSHIPS OF THE DINOSAURS

The Dinosauria (see cladogram) consist of two main clades (Gauthier, 1 986

the main outlines are widely agreed, with the coelophysoids and ceratosaurs near

Benton, 1990a; Sereno, 1999), the Saurischia and Ornithischia. The Saurischia fall into

v

two main claces, the Therapada and Sauropadomarpha. Within Thgronoda. .
the base, then various larger flesh-gating groups (e.g. megalosaurids. allosaurids

. spinosaurids), then tyrannosaurids and maniraptorans (troodontids, dro-

maeosaurids, birds). Much of the detail is controversial.

for the outling of major theropod groups, and Clark ef al. (2002) and

od relationships: Rauhut (2003)

Maryariska etal. (2002) for maniraptorans and basalbirds. Sereno (1999) reg

Wa use here the most thorough recent analyses of therop

. whereasthey are indicated as basal saurischi-
Sereno, 1999) recognized a broad-based ceratosaur clade, whereas Rauhut (2003)

Holtz (1994) identified a major theropod clade, termed the Arctometatarsalia, that

ards herrerasaurids as basal theropods

ans here (Langer ef al,, 1999). Earlier authors (e.g. Gauthier, 1986 Holtz, 1994;

finds that coelophysoids and ceratosaurs are successive outgroups.

included ty:

pted here (Rauhut, 2003). Among Maniraptora (Gauthier, 1986), major changes have

rannosaurids, ornithomimids and troodontids. This is not acce

-fledged birds, and the move of oviraptorosaurs into Aves

but we retain them simply as an outgroup on the main stem to birds.

Prosauropoda, possibly a clade, or more probably a sequence of outgroups to Sauropoda | Yates,

, formerly regarded as fully

2 down the tree of the alvarezsaurids (Chiappe et af,, 2002)

(Maryariska ef al., 2002). Sereno (2001) pairs alvarezsaurids with ornithomimids,

been the mov

-
=

The Sauropodomorpha includes the Triassic and Jurassi
2003b). Within Sauropoda (Upchurch, 1998; Curry Rogers and Forster,

outgroups to six major families of giant sauropods, mainly

2002), the Early and Middle Jurassic vulcanodontids and eunelopod.ds are

- 2001; Wilson,

Late Jurassic to Cretaceous in age.

imitive member, Pisangsaurus, and two main clades, the Cerapoda and the armoured Thyreophora,

The Ornithischia (Sereno, 1986, 1999) have a possible pr .
jointly the Gerasauria. The Early Jurassic fabrosaurid Lesothosaurus is an outgroup

nithopods of the Jurassic and Gretaceous, leading to the ha

to the Genasauria. The Cerapoda include a series of unarmoured bipedal or-

. whichtogether make

f the Stegosauria and the Ankylosauria, with Scelidosaurus and Scutellosaurus, Early Jurassic

drosaurs, as well as the horned ceratopsians and bone-headed pachycephalosaurs

up the Marginocephalia. The Thyreophora consists essentially 0

forms, as basal representatives.
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rostral

posteri
adductor
mandibularis

depressor
mandibulae

(b}

posterior ndductor 3
mandibularis

parietal vt

(c)

Fi o g
Iﬂl. 8.17 The ceratopsians: (a) skeleton of Psittacosaurus; (b,
major muscles restored; (d) skeleton of Centrosaurus. |Figure

trunk !m\-u high neural spines for the attachment of
powerful muscles to hold the head up and there are
hul:u.lf_cs of ossified tendons aver the hips. The rea'i
variation is scen in the skulls: some forms such as
Cemtrosaurus (Figure 8.17(d)) have a simple horﬁ
formed by fused nasal bones, whereas others have this
and a pair of ‘horns’on the jugals. The frill may be short
or Ilang and indeed Torosaurushad a skull 2.6 m long in

which the frill is longer than the rest of the skull ?he

Largesl skullknown from any land animal. The frilIs.nnd

orrfs may have been used in defence and as visual
species-signalling structures as well as in threat dis-

) skull nl'vﬁofuwmrupsin lateral and dorsal views, with the cheek and
oy (a) after Zittel, 1932; (b, ¢) modified from ¢ Istrom, 1966; (d)

after Brown,

pla s - <
|.I¢I}’S4-P\f1dh ceratopsians may have engaged in head
Wres s . o .‘

restling with the horns interlocked, just as deer do
today.

8.4.7 Stegosauria: the plated dinosaurs

T'he thyreophorans, the truly armoured ornithischians
are characterized by a transversely broad posturbim!‘
process of the jugal and by parallel rows of keeled scutes
on the back surface of the body. The clade Thyreophora
(see Box 8.5) includes some basal forms from the Fa rly
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Fig.8.18 Abasal thyreophoran (a,b)
and a stegosaur (¢): (a,b) skeleton of
Scutellosanrusand an armour platein
lateral and dorsal views; (c) Stegosaurus.
[Figures (a,b) after Colbery, 19815 (¢}
after Zirtel, 1932.|

Jurassic, such as Scelidosaurus from England (and re-
ported also from North Americaand China) and Scutel-
losaurus from Arizona, USA (Colbert, 1981), and the
more familiar larger groups Stegosauria and Anky-
losauria that radiated in the Middle Jurassic. Scutel-
losaurus (Figure 8.18(a)) is a modest-sized biped,
with a skeleton similar to that of Lesothosaurus (Figure
8.11(c)), but it has numerous rows of keeled scutes
(Figure 8.18(b)) over the back and in regular rows on
the flanks.

Typical stegosaurs, such as Stegosaurus from the
Upper Jurassic of North America (Figure 8.18(c)), have
low, almost tubular skulls. The hindlimbs are much
longer than the forelimbs, evidence of a bipedal ances-
try, and the massive arched backbone supports large

triangular bone plates that sit in a double row. The
arrangement of the plates has been debated: was therea
single row or two? This was hard to determine as the
bony plates developed independently within the skin®
and did not meet the bones of the skeleton at all, but
were presumably held firm by massive ligaments. A
well-preserved specimen, with the plates in position,
confirms the double, alternating row (Carpenter, 1998).

What were these plates used for? The plate surface is
covered by branching grooves that probably housed
blood vessels in life and they must have been covered by
skin. Postulated functions for the plates include: (1)
armour, (2) sexual display structures, (3) deterrent
display structures and (4) thermoregulatory devices.
Farlow et al. (1976) noted that the arrangement of the

B —




g

218 ﬂfﬂAgfofD‘ "

Were the Dinosaurs Warm-Blooded or Not? 219

The ankylosaur skull (Figure 8.19(d, e)) is a heavy
pox-likestructure with massive overgrowths of the nor-
*_ ;pal bones of the skull roof by a mosaic of new bone
tes generated within the skin over the head. These

~ cover the upper temporal fenestra in all genera and the
- Joweronein most.Onlyasmall orbit and nostril remain
__gndeven they are heavily overgrown.

5.5 WERE THE DINOSAURS WARM-
BLOODED OR NOT?

A heated debate has raged since 1970 concerning di-
- nosaurian physiology. Ever since dinosaur palacobiolo-
- gists realized that many dinosaurs were active animals
. (e,g. Ostrom, 1969; Galton, 1970a, b), the question has
continued to resurface. Bakker (1972,1986) in particu-
Jar argued that all dinosaurs were fully warm-blooded,
just like living birds and mammals, and that this ex-

temporal fenestrae
covered over

(d)

lFl\||. B.19 Theankylosaurs: (a) Polacanthus, (b
ateral and dorsal views. [Figure (a) after Blows,

S!a{es ﬁlm‘l engineering design models for heat-
n.slpatwn structures. As with the sails of the pely-
;usdatjrs (seep. 121), Stegosauruscould have modified ii».
ﬁ:; )a:‘edmimrat%lrc b){ adjusting the blood flow to thu-:
ani.mal l:.sl orientation to the wind. An overheated
. could cool down rapidly by pumping high
volumes of blood over the plates and standing b f;
side on to the prevailing wind. i

B.A4.8 Ankylosauria: ar

covered di s

::l;:e I?'IC stego?urs, the ankylosaurs (Coombs 1978)
in the Mid-Jurassic, but they are not well known

rIJ;x;:lmerphafus bady restoration; () Ankylosawrust
7;(b) after Car penter, 1982; (¢-¢) after Coombs, | 978.]

ail club; (d, e) Euoplocephalus skull in

L_nm[ the Early Cretaceous. Polacanthus, a nodosaurid
from sn_uthcrn England (Blows, 1987}, is a typical ur[
form m.lh a mixture of spiny plales. along 51 J ﬂ::ltz
.!n‘d a lused mass of smaller plates over d:e hi
(Figure 8.19(a)). The ankylosaurids such as Euo }Ps
cephalus and Ankylosaurus ( Figure 8.]9(b—e)]th .
broad armoured skulls and a body armour of pl e
rather than spines covering the neck, trunk gﬂfffs
Ankylosaurids also have massive bony l:w.)ssc::-I 7
ends of their tails, formed by the fusionof the last . g:
verteb.rae and the incorporation of bony plale:af:lo
the skin (Figure 8.19(c)). A blow from this club ulu.l
readily disable Tyrannosaurus or any oth e
porary predator. i s
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plains their success. His claim was that the dinosaurs
were endotherms, animals that control their body tem-
perature internally, rather than ectotherms, which rely
only on external sources of heat. Additional lines of
evidence have been brought to bear, and the debate
continues.

8.5.1 Theevidence

Palaeoclimatology and distribution

Finds of dinosaurs within the Cretaceous polar re-
gions (Figure 8.20) have been thought to indicate en-
dothermy, because a typical reptile could not survive in
cold polar conditions. Polar dinosaurs were found first
in Alaska in the 1960s, and further collecting has re-
vealed a restricted fauna dominated by hadrosaurs,
with rarer ceratopsians and isolated remains of a
troodontid and a tyrannosaurid (Clemens and Nelms,
1993). Several localities in the Lower Cretaceous of
Victoria, south Australia, a region that was located well
within the Antarctic Circle at the time, have yielded di-
nosaur finds (Rich et al., 1988): hypsilophodontids, an
allosaurid, crocodilians, pterosaurs, turtles, amphi-
bians and fishes. There is geological evidence for winter
freezingin South Australia, and that would be expected
_ even in the absence of a permanent ice-cap, polar re-
gions receive very little sunlight in winter.

Fig. B.20 Distribution of dinosaurs in polar regions during the
Cretaceous, mapped on a Late Cretaceous palaeogeographical
reconstruction. A hypsilophodontid, typical of discoveries from
the polar regions of Australia, is shown at the top. (Based on
several sources.)

Did the Alaskan and South Australian dinosaurs live
in the ice and snow? Seebacher (2003) has shown that
ectothermic dinosaurs of all body sizes could have
maintained body temperatures of 30°C or above, up to
Jatitude 55-55°%, even in the winter. North and south of
that latitude, winter body temperatures of ectothermic
dinosaurs would fall below 30°C. The dinosaurs of
Alaska and Australia probably migrated away to avoid
the months of darkness and absence of plant food, so
polar dinosaurs do not prove endothermy.

Predator—prey ratios

Herbivores (whether endothermic or ectothermic) can
support about 5% of their biomass of endothermic
predators, and for ectothermic (reptile) carnivores
this predator—prey ratio is apparently nearer 30-50%.
Bakker (1972) showed that predator—prey ratios for
fossil populations dropped from 50 to 60% in the Early
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Permian to 10% in the Late Permian, and to 2-3% in
Late Triassic, Jurassic and Cretaceous dinosaur faunas,
He interpreted this as strong evidence for dinosaur en-

dothermy. There are many practical problems in calcu-
lating such ratios, and the ratios for large ectothermic
predators closely approach those for endothermic
predators. The ratios seem 1o vary with the size of the
animals involved rather than simply with their ther-
moregulatory state.

Erect gaitand high speeds

Dinosaurs had an erect stance and advanced gait com-
pared with most of their predecessors (see Box 6.2).
Among living animals, only endotherms (birds, mam-
mals) have erect gait, and Bakker (1972) suggested that
this, and the supposed ability of dinosaurs to achieve
fast speeds, indicated endothermy. There is, however,
no demonstrated causal link between endothermy and
erect gait and the data on dinosaur running speeds are
also equivocal. Estimates of speeds, based on fossilized
trackways and limb dimensions, range from 6 to
60kmh™ (1.5-7ms™"; Alexander, 1976: Thulborn,
1990). But only small bipedal dinosaurs could achieve
the higher speeds of 35-60kmh™, and 40kmh™"' may
be a more likely maximum. Larger dinosaurs were
probably restricted to walking or slow trotting gaits and
speedsof 10-20kmh'.

Haemodynamics

Thelong-necked sauropods must have had problemsin
Fumping blood up their necks to supply the brain and
face. Ithasbeen suggested that these dinosaurs probably
had to have a powerful four-chambered heart, a feature
seen only in living birds and mammals, and that di-
nosaurs were thus endothermic. This correlation is un-
certain, however, not least because crocodilians have a
four-chambered heart.

Bone histology

Early work on the bone histology of dinosaurs showed
that they had highly vascular bone, apparently very like
that of mammals, but quite unlike the bone of lizards
and other living reptiles. Many specimens of dinosaur

preted by Bakker (1972) as evidence for mammal
endothermy in dinosaurs. True Haversian bone,

Fig. 8.21 Dinosaurboneat high magnification: (a) Haversian
bone tissue, showing secondary remodelling; (b) fibrolamellar
bone; (c) lamellar-zonal bone, showing growth rings running
vertically. ( Courtesy of Robin Reid. )
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ever, can occur in modern ectothermic reptiles, as well
a5 in endotherms (Reid, 1997), and many small mam
mals and birds have no Haversian systems, despite hav-
ing the highest metabolic rates found in endotherms.

A second histological argument for dinosaurian en
dothermy is based on the presence of fibrolamellar
pone in many dinosaurs (Figure 8.21(b)). Thisisa type
of primary compact bone that grows quickly, without
formation of growth rings, and it is now found in large
fast-growing mammals (e.g. cattle) and some birds
(e.g. ostriches), Fibrolamellar bone implies only fast
growth rates and not necessarily endothermy, so the di-
nosaurs that have it grew fast to reach sexual maturity
(see Box 8.6).

Modern reptiles have lamellar-zonal bone, which
grows slowly and often intermittently, producing
growth rings, or lines of arrested growth, when food
supplies are limited or climates are unfavourable.
Lines of arrested growth are known to be annual in, for
example, crocodilians. Lamellar-zonal bone (Figure
8.21(c)) has been reported in many dinosaur groups
(Reid, 1997), so a mixed thermoregulatory regime is
suggested with a combination of fast and episodic
growth rates,

High growth rates

Madern reptiles typically grow slowly, whereas en-
dotherms can grow fast —an ostrich or a whale reaches
adult size in five to ten years. Studies of dinosaurian
bone show that dinosaurs were fast growers (Padian
et al, 2001b), reaching adult size in only a few years
{see Box 8.6). Even the large sauropods grew at rates
more equivalent to whales than to crocodilians
(Erickson et al, 2001), reaching adult size in 10-15
years, rather than 100, Such fast growth in dinosaurs has
been assumed to imply endothermy, but inertial
homeothermy (see below) cannot be ruled out (See-
bacher, 2003 ).

Feathers
When Bakker (1972, 1986) suggested that some di-
nosaurs might have had feathers, he was ridiculed.

New finds from China, however, have shown that
coelurosaurs had simple filament-like feathers and

muaniraptorans had true contour feathers (see Box 8.2).
These theropods presumably evolved their first simple
feathers for insulation and this implies a measure of
endothermy,

Core and peripheral temperatures

Barrick and Showers (1994) tested for differences be-
tween core and peripheral body temperatures in Tyran-
nosaurus, a seemingly impossible task without a time
machine, a large thermometer and a certain amount of
foolhardiness! They measured oxygen isotopes in core
banes (ribs and dorsal vertebrae) and peripheral bones
{limbs and tail) to assess temperatures, on the assump-
tion that the ratio of *0/'*0 in the apatite would
have been fixed at the time of bone formation.
They found evidence that body temperatures were 4°C
higher in the core elements than the peripheral and
they argued that this proved constancy of body temper-
ature, and hence endothermy: Critics have noted that
the data could have been over-interpreted (Reid, 1997),.
and the implied constancy of body temperature could
in fact be achieved by inertial homeothermy (see
below). The idea has been extended by a comparison of
the oxygen isotope ratios in the enamel of crocodilian
and theropod teeth from four Late Cretaceous
focalities, ranging from equatorial to temperate zones
{Fricke and Rogers, 2000} the crocodilians showed
changes in the ratio of '*0/**0 that match modern
ectotherms, whereas the theropod figures were those of
endotherms.

Noses

Birds and mammals have complex scrolls of thin borie
within the nasal cavity, termed turbinates. These are
covered with mucous membranes in life and their
function is to conserve water by extracting it from
respiratory air before it is exhaled. Modern ectotherms
lack turbinates and so too did dinosaurs {Ruben, 1995),
evidence perhaps against endothermy.

8.5.2 Endothermyand gigantothermy

Bakker (1972, 1986) was wrong to claim that all
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BOX 8.6 BABY DINOSAURS

Dinosaurs laid eggs (Carpenter etal,, 1994; Horner, 2000), and most lai i i

: ! s . A X id them in nest-like structures that were dug in
or eaﬂ!w hlh_:syahon (a)) and then cavered over for incubation, as in present-day crocodilians. In many cases, the e%’gst::e!::m i
and ellipsoid in shape and they were laid in concentric circles, upright and with the narrow end dovmw&rdsi On hatching t::
young left through the top of the eggs, leaving the lower halves intact within the sediment. Some finds indicate nmodind- an

pened after the babies hatched?
Among modern reptiles and birds, many are precocial, meaning they get up and run immediately. Others, are

after hatching. This view was criticized by Geist and Jones (1996) who reported precocial features in Maiasaura; the pelvic

bones and limb bones are complete an ifi ies
il plete and well ossified, suggesting that the babies were ready to jump upand run off as soonas
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Dinosaur nests, eggs and juveniles: (d) nest mound ’

_ _ ; of the hadrosaur Maiasaura from Upper Cretaceous sediments of j

||: Jareral_wew and plan view, and section showing the eggs in black; (b) reconstruction of an embryo of the theropod mﬁnﬁ?ﬂ“nmmm

cn'; ;EEI ;c;ranuu ;mj puv_emle Psittac " recs ucted; (d) seq € of skulls of Psittacosaurus from hatchling to adult, showing

= 28 in proportions with gravwith, overlain on a growth curve. [Figures (a) after Horner and Makela, 1979, cow"iﬂmﬁim Macmillan
gazines Lid; {b) based on a reconstruction by Matt Smith; (c) based on a restoration by John Sibbick in Norman, 1986b; (d) after Coombs,

adult Oviraptor; perhaps a bird in any case (see p. 275), seated on a nest of unhatched eggs (Norell etal, 1995). But what hap- - 4
1 3

allricial, meaning that the young stay in the nest and ha ;
_ ve to be cared for. A strong case was made for altriciality in di 8
E_);cavatmns of Late Cretaceous nests of the hadrosaur Maiasaura (Homer and Makela, 1 979) revealed shele:t:ns ::r:c;saurs”ﬁ
niles, each about 1m long, araund a nest mound that contained egg fragments. Perhaps they stayed together forsomjﬁur?:e'

PTSEre, T AT WY

1982, and graph based on data from Erickson etal, 2001, @ 2001 Nature Publishing Group, reproduced with kind permission. ]
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Horner (2000) made a case for site fidelity, based on ten nests at different stratigraphic levels at the same site in Montana.
sander et al. (1998) report some 90,000 egg clutches at a single large site in the Upper Cretaceous of northern Spain, accu-
mulated over a time span of some 10,000 years, again suggesting that the dinosaurs returned repeatedly to lay their eggs in the
samearea.

Some of the unhatched eggs from these sites have been dissected to reveal the tiny bones of embryonic dinosaurs (Horner
and Weishampel, 1988). The troodontid embryo just before hatching (illustration (b)) would have been about 0.2 m long, and
adults reached lengths of 2.5m.

Juvenile dinosaurs have big heads, short necks and big feet, and the proportions change in a fairly regular way. One of the
smallest baby dinosaurs, ayoung Psittacosaurus (Coombs, 1982), is about 0.24 m long, compared with an adult length of 2m
(illustration (c)). A sequence of juvenile to adult skulls (illustration (d)) shows how the propartions changed and the espe-
cially characteristic ceratopsian features —the beak, high snout, small orbit, large lower temporal fenestra —progressively
developed.

Akey question concerns growth rates. If large dinosaurs grew at the rates of many modern reptiles, they might have taken
100years o more to reach sexual maturity. it seems that dinosaurs grew faster, based on counts of growth rings and compar-
isons of juvenile and adult specimens (Erickson ef al., 2001). Small theropods took only two to four years to reach maturity,
| medium-sized dinosaurs such as Maiasaura and Psittacosaurus, took five to ten years (illustration (d)), and sauropods such

as Apatosaurus took 15 years. So, a 25-tonne Apatosaurus added Some 14.5kq per day to its body mass, comparable to the
fast growth rates of modern whales (21kg per day). The growth curves are sigmaid (S-shaped), withan sxponential (accel-
erating) early phase, and then a slowing down.

Read more about dinosaur eags and embryos at http://www.nationalgeographic.com/features/96/dinoeggs/, and about
Jack Horner and his research at hitp://museum. montana.edu/ and http//www.prehistoricplanet.com/features/articles/
jack_horner.htm,

dinosaurs were full-blown endotherms, but equally
it is wrong to say that they were all ectotherms like
modern lizards and crocodilians. There are two major
groups of dinosaurs for which different physiologies
may have applied: small and large forms.

Many small dinosaurs may indeed have been en-
dotherms. Some, such as Hypsilophodon, are known to
have had fibrolamellar bone, which has generally been
interpreted as an indicator of sustained high growth
rates (see Box 8.6). The feathered coelurosaurs must - : - . : .
also have had some degree of endothermy, whether a07% vt . a0 g 103 Tt
they maintained their body temperatures at the same o i
high levels as birds today or, more probably, at a lower
level.

Large dinosaurs were probably
homeotherms, or gigantotherms, animals that have
constant body temperature by virtue of being large
{Ruben, 1995; Reid, 1997). Experiments on large living
reptiles have shown that rates of internal temperature
changearevery slow during normal subtropical dailyair
temperature fluctuations. In living reptiles over 30 kg
body weight, the rate of heatloss (thermal conductance)

#*:

thermal conductance (cc O,igh®C)

mammals

Fig. 8.22 The effect of body size on thermal biology of varanid
lizards (O), other reptiles (W) and mammals (@); as body size
increases, thermal conductance values converge. [ After McNab
and Auffenberg, 1976.1

inertial

becomes equivalent to that of mammals (Figure 8.22).
By extrapolation, the body temperatures of medium- to
large-sized dinosaurs living in similar climatic condi-
tions would have remained constant to within 1 or 2°C
inertially without internal heat production.
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8.6 PTEROSAURIA

The pterosaurs (literally‘ winged reptiles’), known from
Justover 100species, existed for the same span of time as
the dinosaurs, They were important small fish-eaters
in the Jurassic, and adopted a variety of ecological roles
inthe Cretaceous when some truly gigantic forms arose.

8.6.1 Pterosauranatomyand ecology

The first pterosaurs from the Late Triassic, such as Eudi-
morphodon from northern Italy (Wild, 1978), show all
the unique characters of the group ( Figure 8.23(a) ): the
short body, the reduced and fused hip bones, the five
long toes (including a divergent toe 5), the long neck,
the large head with pointed jaws and the arm, The hand
(Figure 8.23(b)) has three short grasping fingers with
deep claws and an elongate fourth finger that supports
the wing membrane. In front of the wrist is a new ele-
ment, the pteroid, a small pointed bone that supported
a small anterior flight membrane, which joined on to
the short robust humerus ( Figure 8.23(a)). The pelvis
(Figure 8.23(c)) is a solid small structure with short
blunt pubes and ischia. An additional element, the pre-
pubis, is attached in front and it may have had a func-

ulnalradius hrerus

—
50 mm

elangate fourth
finger

Fig.8.23 Ik first prerosaur, the Late
Triassic Endimorphodon; (a) skeletonin -
flying pose: (b) hand region of the right
wing; (¢) pelvis in lateral view. (After
Wild, 1978.)

tion in supporting the guts. The tail is stiffened with os- -
sified tendons, as in some dinosaurs, and it may have

been used asa rudder during flight.

The pterosaurs diversified in the Jurassic and Creta-
ceous (Wellnhofer, 1978, 1991; Buffetaut and Mazin,
2004). Basal lines are often grouped in the paraphyletic
‘Rhamphorhynchoidea) but most diverse was the clade
Pterodactyloidea, which arose in the Late Jurassic and
radiated during the Cretaceous.

Much of the diversity of pterosaurs may be appreci-
ated by an examination of a selection of skulls (Figure
8.24). First,skull lengths vary considerably from 90 mm
in Euditnorphadon, little larger than a seagull,to 1.79 m
in Pteranodon. These skulls also show some broad evo-
lutionary changes: forward shift of the jaw joint to lie
below the orbit, elongation of the skull and fusion of the
nostril and antorbital fenestra with reduction of the
nasal bone.

Pterosaur skulls suggest a range of feeding styles.
The long spaced teeth of Rhamphorhynchus, Ptero-
dactylus and Ornithocheirus (Figure 8.24(b, c, f} ) were
probably used for piercingand holding fish, whereas the

shorter teeth of Dimorphodon (Figure §.24(a)) may
have been used for insect-eating. Crenochasma and
Prerodaustro (Figure 8.24(d, e)) have huge numbers of
slender teeth in each jaw, i.e. 400-500 flexible teeth in
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Fig.8.24 Diversity of pterosaurs, shown by their skulls: (a) Dimorphodors, (b) Rhamphorkyncfus (c) Pterodactylus (d) Clenochasma;,
(e) Prerodaustre; {fl ) Ornithocheirus, (g) Dsungaripterus; (h) Preranodon. (After Wellnhofer, 1978)

Prerodaustro, which were probably used to filter micro-
scopic plankton from the water. The teeth would have
acted asa fine filter mesh in trapping thousands Dfsm:all
organisms that could be licked off and swallf)wed, The
jaws of Dsungaripterus and Pteranodon (Figure 8.24
( g, h)) are deep and hatchet-shaped and bear very few,
or no, teeth. These forms also probably fished by beak
trawling and swallowed their catch so rapidly that no
teeth were needed.

Pteranodon, one of the best-known and largest
pterosaurs from the Late Cretaceous of North AmcricAa
(Bennett, 2001}, has a wingspan of 5-8 m. The skull is
longer than the trunk (Figure 8.25(a)) and its length is
doubled by the pointed crest at the back that may hfl\‘e
i'unctitmcd like a weathercock to keep the head facrr{g
farwards during flight. However, the crest is sexually di-
morphic,so the aerodynamic fu nctian' might !uwe been
lessimportant than display. Each mass:lve cervical ?'crtc-
bra (Figure 8.25(b)) has a pneumatic fo.ramen in ic
side that led into open spaces inside, a wclght-reducrr.lg
feature. The dorsal vertebrae are nearly all involved in

one or two heavily fused girder-like structures, the no-
trium and the synsacrum (Figure 8.25(c, d)), }vhich
stabilize and support the shoulder girdleand pelvis. The
shoulder girdle is attached to the side of the notarium
above and to a large bony sternum (Figure 8.25(¢))
below, which holds the ribcage firm. The sternum bears
a slight keel for the attachment of flight muscles. Ths
massive stabilization of the shoulder girdle and pelvisis
typical of pterodactyloids and it was probably related to
flight stresses. )
Pteranodon was not the largest pterosaur. That hon-
our goes to Quetzalcoatlus from the upper Cretaceous
of Texas (where else?), which is represented by parts
of a single wing, giving an estimated wingspan of
12m (Figure 8.25(F)). Quetzalcoatlus was the largest
known flying animal, three times the size of the larg&:st
bird, and more like a small aeroplane in size than any fa-
miliar living animal. Quetzalcoatlusand its relatives, t_hf:
azhdarchids, are known from fragmentary remains
from the uppermost Cretaceous of many parts of the
world.
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Exceptional preservation of skin and hair in pterosaurs: {a) block
reconstruction of a section of pterosaur wing membrane from the
Lower Cretaceous of Brazil, (b) the Late Jurassic Sordes, showing
wing membranes and a membrane between the hindlegs; (c} detail of
the wing-strengthening fibres of Sordes. [Figure (a) modified from
Martill and Unwin, 1989; (b, ©) courtesy of David Unwin. ]

femur (Figure 8.26(a)) in well-preserved specimens
(Wellnhofer, 1987: Unwin and Bakhurina, 1994).

The pterosaur power stroke was directed down and
back and the recovery stroke up and forward, so that the
wing tip, viewed from the side, described a figure-
of-eight shape. At slow flight speeds, the downstroke
was powered by the massive pectoralis muscle and the
upstroke by the supracoracoideus muscle (Figure
8.26(b, c)), which ran from the sternum, over a pulley
arrangement at the shoulder joint, to the dorsal face of
the humerus. When it contracted, the supracoracoideus
muscle, although placed below the wing, actually pulled
it up, justas in birds ( Padian, 1984).

Pterosaurs flew relatively slowly because of their
large wings, but efficiently, and they were highly ma-
noeuvrable. Their wing designs were comparable to
those of modern marine soarers such as frigate birds
and albatrosses, and aerial predators such as gulls and
falcons (Hazlehurst and Rayner, 1992). Pterosaurs
probably took off from trees or cliffs, or jumped into the
air after a short run to pick up speed. Even in the larger
pterosaurs, the take-off speed was low, possibly 4m ™!
in Pteranodon. Landing was awkward for the larger
pterosaurs, just as it is for large birds, and the reinforced
pelvis and sacrum would have had to withstand large
impacts. Pterosaur senses and brains seem to have been
adapted for flying—pterosaurs have the large eyes
and bulbous heads of birds. Indeed, reconstructed
pterosaur brains suggest (Witmer &t al, 2003) that
pterosaurs had good vision and balance areas in the
brain, although overall their brains were relatively
smaller than those of birds.

If there is relatively little controversy over the flying
abilities of pterosaurs, there certainly is a debate over
how well they could walk. Padian (1984) and Padian
and Rayner (1993) argue that they could walk well on
fully erect hindlimbs. Padian reconstructs the pelvic
girdle of various pterosaursas firmly fused beneath, and
the limb motions just like those of a small bipedal di-
nosaur. The wings are held tucked horizontally beside
the body during running. This view has been fairly con-
clusively disproved on the basis of three independent
lines of evidence.

1 New, three-dimensionally-preserved pterosaur
specimens show that the pelvis is wide open at the
bottom and that the hindlimbs point sideways in an
awkward sprawling posture (Wellnhofer, 1988a). The
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legs could not be pulled into an upright posture, and
hence bipedality would be impossibdle.

2 Calculations of balance show that bipedality would
have been hard for the sinaller pterosaurs and impossi-
ble for the larger Cretaceous forms (Henderson and
Unwin, 2004).

3 Fossil tracks show that pterosaurs walked
quadrupedally, with the feet wide apart (hindlimbs in
the John Wayne posture) and the hands far out on either
side (Unwin, 1999).

During walking, the pterosaur used all four limbs, its
legsin the middle and its hands a short distance in front
and to the side, with the wing tips sticking up on either
side of the head. The rolling, awkward locomotion
of the Early Cretaceous prerosaur Anhanguera may
be viewed at http://palaco.glybris.ac.uk/dinosaur/
animation.html.

8.7 TESTUDINES: THE TURTLES

The turtles and tortoises, Testudines or Chelonia, arose
in the Late Triassic and later achieved a diversity of 25
families, of which.13 families and 295 species are extant
(Mlynarski, 1976). It seems that early on they hiton a
successful desigi, the ‘shell’, and stayed with it. Turtle
diets are broadera nging. including herbivores and in-
sectivores on fand, and herbivares and carnivores in the
water, with diets from jellyfish to fishes.

8.7.1 Turtleanatomy

The shell of turtles is composed of two portions, a
domed carapace on top and a flat plastron below,
which are attached 1o each other at the sides, leaving
broad openings at the front for the head and arms, and
at the back for the legs and tail. The carapace is com-
posed of bony plates that form within the skin and these
are covered by broad horny scutes in regular patterns
(Figure 8,27(a,f)). The plastron is a smaller unit (Figure
8.27(g)) that protects the belly arga. The main plates of
the carapace are attached to the vertebrae and ribs,
whereas the plastron is formed from expanded ele-
ments of the shoulder girdle and equivalents of the gas-
tralia of other reptiles (see p. 110).

The shoulder girdle of madern turtles (Figure
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8.27(a, b)) is triradiate with two scapular heads, one
facing upwards and one inwards, and a long narrow
coracoid running back. The pelvis is smaller, but also
three-pointed (Figure 8.27(a, c)), with a narrow iliac
blade running up and back, and a narrow pubis and
ischium running forwards and backwards respectively.
Thelimbsare shortand held in a sprawling posture,and
the handsand feet arelarge in swimming forms.

The neck of turtles is long and flexible (Figure
8.27(a)), and the head is relatively small, but strongly
constructed.

8.7.2 Thefirstturtles

The origin of turtles was seen as rather mysterious until
recently, but several studies have indicated that the
pareiasaurs and procolophonids of the Permo-Triassic
are close relatives (see pp. 113-4).

The first turtles, Proganochelys and Proterochersis,
show the key features that are common to all modern
forms (Gaffney and Meeker, 1983). The skull (Figure
8.27(d, e)) is anapsid (no temporal fenestrae) and
massively built, being firm and immovable.
Proganochelys could no doubt have survived a head-
crushing stomp from Plateosaurus. In side view (Figure
8.27(d)), the skull shows two further turtle characters:
toothless jaws, evidence of a horny beak and a deep
curved embayment on the quadrate that supports a
large ear drum. The palate (Figure 8:.27(e)) is primitive
for turtles because it retains teeth on the vomer and
pterygoid,and is linked only loosely to the braincase. In
later forms, the teeth are lost and the palate fuses firmly
to the base of the braincase.

The carapace of Proganochelys (Figure 8.27([)) is
broad, and it consists of several large midline plates, a
number of lateral plates and smaller marginal plates
that form sharp projections round the margins. The
plastron of Proterochersis (Figure 8.27(g)) is similar to
that of modern turtles in being much smaller than the
carapace and in leaving spaces for the neck and legs to
emerge.

Somewhat more derived are the Australochelidae,
from the Lower Jurassic of Africa (Gaffney, 1994) and
the Upper Triassic of South America (Rougier et al,
1995). Australochelids, such as Australochelys (Figure
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8.27(h)) show fusion of the braincase and palate, and
partial enclosure of the middle ear region, but they still
retain some palatal teeth and the tail in the South
American form at least is still long.

8.7.3 Pleurodiresand cryptodires

The remaining turtles from the Jurassic to the present
day form a clade, the Casichelydia (see Box 8.8),
composed of two major groups, Pleurodira and
Cryptodira (Gaffney and Meylan, 1988). These turtles
show modifications to the skull, such as the loss of
the lacrimal bone and the tear duct that normally
runs through it. There is a single vomer in the
palate. The middle ear region is completely enclosed by
ventral extensions of the pterygoid and opisthotic to
form a bony tube.

Most  casichelydian  turtles, unlike the
proganochelyids and australochelids, can retract their
heads under the carapace when they are threatened by
danger, and the way in which they achieve this distin-
guishes the two groups today. The pleurodires pull the
head in by making a sideways bend in the neck (Figure
8.28(a)), whereas the cryptodires make a vertical bend
(Figure 8.28(b)). This distinction works for living tur
tles, but basal members of both groups cannot retract

_theirnecks. Moreappropriate synapomorphies of Pleu-
rodira and Cryptodira (Gaffney and Meylan, 1988) are
found in modifications to the lateral regions of the
palate that are designed to reorient the direction of pull
of the main jaw muscle mass, the adductors, so that the
height for retraction is reduced. In pleurodires, the ad-
ductor muscle mass passes over a rounded boss, or
trochlea, formed by the ptervgoid (Figure 8.28(¢)},
whereas in cryptodires, the trochlear process is formed
further back by the otic capsule, the part of the
braincase involved with hearing and balance (Figure
8.28(d)).

Proterochersis from the Upper Triassic of Germany
(Figure 8.27(g)) is classified as the first pleurodire be-
cause its pelvis is fused to the carapace and plastron
(Gaffney and Meylan, 1948). Living pleurodires, the
snake necks and matamatas, are freshwater in habitat
and are limited to the southern continents. Fossil forms
are known from all continents and include terrestrial
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and possibly marine forms. The largest non-marine
turtle, a 2.2-m-long pleurodire from the Pliocene
of Venezuela, has been named, not surprisingly,
Stupendemys.

The cryptodires date back to the Early Jurassic, but
they radiated only after the Late Jurassic. They fall into
six main clades, each characterized by features of the
skull and shell (Mlynarski, 1976; Gaffney and Meylan,
1988). Kayentachelys from the Lower Jurassic of
Arizona, USA, is the oldest cryptodire. [t shows the otic
capsule trochlea characteristic of the clade, but still pos-
sesses pterygoid teeth, which are lost in later forms. The
baenids (Figure 8.28(e)) from the Upper Jurassic to
Eocene of North America and Europe have a narrow
snout region, The meiolanids (Figure 8.28(f)), an odd
group mainly from the Pleistocene of Australia, have
broad skulls up to 500mm wide and armoured with
horns.

The living cryptodires, the chelonioids (marine tur-
tles), trionychoids (soft-shells) and testudinoids (tor-
toises), are distinguished from their extinct relatives by
characters of the vertebrae and ribs. They also share a
general skull outline (Figure 8.28(g-1)) in which the

I

BOX 8.8 RELATIONSHIPS OF MES0ZOIC REPTILES

The terrestrial reptiles of the Triassic, Jurassic and Cretaceous periods (Chapters 6 and 8) were mainly diapsics, with a few
anapsids, essentially the turtles, and their cladistic relationships (see cladogram) are clear in broad outline.

Theturties and tortoises, Testudines, form a well-characterized clade thatis partofthe larger clade Anapsida (see Box5.1).
Within Testudines, the Late Triassic and Early Jurassic forms, Proganochelyidae and Australochelidae, are outgroups to the
Casichelydia, consisting of Pleurodira and Cryptodira, all subsequent turtles (Gaffney and Meylan, 1988; Gaffney, 1994)

parietals and supraoccipitals extend backwardsasa ver,
tical plate with a deep curved conch cut into the skull
table on each side. The chelonioids have their forelimpg
modified aslong paddlcs that they beat like wings to'fly* -
through the water, Some, such as the lﬁ-athcrhack,md‘ =
shelllengths of 2 m and weights of 500 kg, and Archelap -
from the Upper Cretaceous of North America (Figure

8.28(j)) isd mlong. B

8.8 CROCODYLIA

Today,crocodilians compriseasmall group of 23 species o
of crocodiles, alligators and gavials that live in fresh and
salt waters of the tropics (Ross and Garnett, 1989). This ‘
limited modern diversity conceals the breadth of their
former radiations and their range of adaptations. Croc- & =
odilians arose within a larger clade Cracodylomorpha
220 Myr ago and their first representatives were smal]
bipedal insectivores (see p, 145). Since the Triassic, most
crocodilians have been semi-aquatic and some Jurassic
forms were highly adapted to marinelife. Inthe Tertiary,
other groups became fully terrestrial and, in South
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probably independently lost the lower tem paral tenestra (Rieppel, 1998). The main lepidosauromorph clade, the Lepidosauria,
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Scanlon, 2002). The relationships of snakes {Serpentes) are unclear, .. whether a sister group of Amphisbaenia or
Anguimorpha (see Box 8.10).

The main archosauromorph clade of the Mesozoic and Cenozoic, the archosaurs, splitin the Triassic inta a line that led to
crocodiles, and another, the Qrnithadira, that led to pterosaurs, dinesaurs and birds (see Box 6.1). Ihe Crocodylemorpha in-
cludes some basal forms, the Saltoposuchidae and Sphenosuchidae, from the Late Triassic and Early Jurassic, and the
Crocodylia, which arose in the Early Jurassic. The Crocodylia (Benton and Clark, 1988; Clark and Norell. 1992) are divided
intoa number of Jurassic and Cretaceous families that are outgroups tothe Eusuchia, the thade containing modern crocodiles,
alligators and gavials, and which arose in the Early to Mid-Cretaceous.
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Fig. 8.28 Turde classification and diversity: mode of neck folding in (a) a typical pleurodire in dorsal view and (b a cryptodire in lateral
view; course of main jaw adductor muscle mass in Emydura,a pleurodire (c) and Chelydra,a crvprodire (d); (ei) the dilversily of turtle
skulls, allin dorsal view: (e) Eubaena, a baenid: (£) Meiolania,a meiolanid; (g) Toxochelys, a chelonioid; (h) Adocus, a trionychoid;

(i) Mauremys.a restudinoid: (j) the giant Cretaceous marine turtle Archelonin dorsal view. | Figures (a, b) after Mlmarski.‘l‘)i(}:

(c-i) after Gaffney and Meylan, 1988; (j) after Zittel, 1932.]

America, disputed the top carnivore niches with birds
and mammals. This extraordinary history is based
around a conservative body design.

8.8.1 Crocodilian characteristics

Crocodilians have long snouts with the nostrils at the
tip (Figure 8.29(a, b)) so that they can breathe with only
the nostril bump showing above water. There is a sec-
ondary palate formed from ingrowths of the maxillae
and palatines and, in derived forms, the pterygoids also
(Figure 8.29(c)), which separates the air stream from

the mouth cavity and allows the crocodilian to breathe
with its mouth open underwater while feeding
(Tordansky, 1973). Crocodilians typically seize antelope

* and other mammals by a leg and drag them underwater

until they drown, and then tear off chunks of flesh by
sinking their sharp teeth well into the flanks and twist-
ing with the whole body. In this way they are able to
achieve much greater force for tearing at the meat than
by simply twisting their heads from side to side (Taylor,
1987).

On land, crocodilians appear to be capable of four
modes of locomotion:
1 belly run, in which the body is pushed along like a

nostril

(d dorsal armour plate

Fig.8.29 Crocodilian anatomy: (a—c) skull of the modern
African crocodile Crocodylusin (a) lateral, (b) dorsal and

(c) ventral views; (d) mechanical analogy between the box-like
girder structure of the crocodilian backbone and dorsal scutes
and a box-girder bridge. | Figures (a—) based on fordansky, 1973;
(d) after Frey, 1984.]

"

toboggan by the hindlimbs only, for escape down river
banks;

2 sprawling, in slow locomotion, with the knees and
elbows sticking out sideways; -

3 high walk, in which the limbs are tucked well under
the body, for faster movement;

4 galloping, the most unexpected mode, in which the
forelimbs and hindlimbs act in pairs.

Theskeleton of crocodilians does not seem to be well
adapted for this last mode, galloping. Nevertheless,
crocodilian backbones are braced in a manner analo-
gous to a box-girder bridge (Frey, 1984). There is a
double row of dorsal bony scutes in the skin that adhere
closely to the backbone, and the vertebral column is
braced by longitudinal muscle systemsthatattach to the
dorsal armour over the back and tail (Figure 8.29(d)).
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The first crocodilomorphs such as Saltoposuchus from
the Late Triassic (see p. 145) were lightly built and prob-
ably bipedal. The sphenosuchid Sphenosuchus from the
Early Jurassic (see pp. 145-6) was more crocodilian in
appearance. The first true crocodilians, protosuchids
such as Protosuchus (Colbert and Mook, 1951) and
Orthosuchus,appeared in the Early Jurassic. These small
1-m long animals were quadrupadal (Figure 8.30(a)),
but the hindlimbs are longer than the forelimbs, betray-
ing their bipedal ancestry.

The protosuchids display a variety of crocodilian
synapomorphies. The skull is ornamented with irregu-
lar pits in the bone surface (Figure 8.30(b)), as in mod-
ern crocodilians, and the posterior part of the skull roof
is square in outline because of the great overhang of the
squamosals on either side. The squamosal bears a spe-
cialized ridge to which a fleshy ‘ear lid" attached in life,a
device to keep out the water during diving. There are ad-
ditional palpebral bones in the eye socket, an indepen-
dent evolution of bonesalso seen in some ornithischian
dinosaurs (see p. 205). The whole posterior region of
the skull is pneumatic, with complex air passages whose
function is not clear. Protosuchus shows crocodilian
characters in the skeleton as well: an elongate ‘waisted’
coracoid (Figure 8.30(c)),a perforated acetabulum and
reduced pubis (Figure 8.30(d)), elongate wrist elements
and extensive armour covering. Protosuchus probably
fed mainly on small terrestrial animals.

8.8.3 Jurassic-Cretaceouscrocodilians

In the classification of the 130 or so genera of fossil croc-
odilians, most of those of the Jurassic and Cretaceous
were classically placed in a group called the "Meso-
suchia, mainly aquatic forms that lack the specia-
lizations of the living groups, the Eusuchia. The
‘Mesosuchia’is, however, a paraphyletic group contain-
ing a great diversity of forms (Buffetaut, 1982), and it is
more correctly united with the Fusuchia in a clade
Mesoeucrocodylia (Benton and Clark, 1988; see also
Box 8.8).

The basal mesoeucrocodylians are the Thalatto
suchia, a group of thoroughly marine-adapted croco-
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Fig. 8.30 Mesozoiccrocodilians: (a—d) the Earl ¥ Jurassic protosuchids Protosuchus (a,
armour plates, (b) skull in dorsal view, (¢) shoulder girdle, (d) pelvic girdle; (e,
and skull in darsal views: (g the Late Cretaceous notosuchid Argentinosuchus;

characteristic flattened { ip

dilians that are best known from the Jurassic. The ste-
neosaurids of the Early and Middle Jurassic had long
narrow snouts, and they hunted fishes in shallow seas
and estuaries around Europe in particular, The metri-
mih,vnchids. such as Geosaurus from the Upper Jurassic
of Europe (Figure 8.30(e, f) ), were heavily modified for
a wholly aquatic existence and for swimming by power-
ful undulations of the body. The caudal vertebrae bend
down to support a tail fin, the limbs are paddle-like and
the body armour is lost, which would improve the

hodant | tooth. | Figures (a,¢,d) after Colbert and Mook, 1951; (b) after Nash, 1975: (e

ad) and Orthosuchus (h), (a) skeleton and

f) the Late Jurassic metriorhynchid Gevsanrus, skeleton

th) the Tertiary sebecid Sebecus, skull in lateral view and a
-h) after Steel, 1973,

hydrodynamic efficiency of the body. It islikely that the
metriorhynchids had difficulty in walking on land.
These crocodilians may have hunted cephalopods and
fishes by sudden accelerations through the water,

The remaining crocodilians, the Metasuchia, show
modifications in the palate, braincase and skull roof.
The metasuchians include highly terrestrial forms. In !
South America and Africa, several lineages became tiny
and almost mammal-like in habits. For example, the
notosuchid Argentinosuchus (Figure 8.30( g)), less than

1 m long, has differentiated teeth. The pointed teeth at
the front may have been used in seizing prey and the
flatter ‘cheek teeth' for cutting up the flesh. One noto-
suchid from the Lower Cretaceous of China, Chimaera-
suchus, may even have been a herbivore. The Sebecidae,
known from the Palacocene to Miocene (60-10 Myr
ago) of South America have large skulls (Figure
8.30(h)) with a high snout, no antorbital fenestra and
unusual flattened teeth. The sebecids were successful
carnivares that probably preyed on mammals, but they
were eventually replaced by mammalian carnivores in
the later Tertiary.

More derived crocodilians, the neosuchians, include
some long-snouted aquatic forms, such as the gonio-
pholidids, abundant in freshwater and marine deposits
from the Middle Jurassic to the end of the Cretaceous,
the dyrosaurids from the Early Cretaceous to late
Eocene (including some giant forms, see Box 8.9) and
the Eusuchia. Bernissartiaand Hylacochampsafrom the
Lower Cretaceous of Europe (Clark and Norell, 1992)
aresimilarto Eusuchiain many ways, sharing with them
an inset postorbital bar, a biconvex first caudal vertebra
(that is, both articular faces are ball-like) and osteo-
derms (bony scutes) arranged in more than two longi-
tudinal rows along the body.

8.8.4 Eusuchia: medern crocodilians

The Eusuchia (literally “true croctxiiliﬁns'l appeared in
the Late Cretaceous and most of the early representa-
tives are very like modern forms. The group is distin-
guished from basal crocodilians by a full secondary
palate formed from the maxillae, palatines and
ptervgoids (Figure 8.29(c)), and some other skull
features.

Madern crocodilians are divided into three families,
consisting of the crocodiles, alligators and gavials
{ Brochu, 2003b). The first two families are known from
the Late Cretaceous and all through the Tertiary, when
they were much more widespread than they are now,
with dozens of species reported from Europe and North
America as far north as Sweden and Canada, as well as
all tropical regions and southern continents. Gavials,
more fully aquatic forms with long narrow fish-eating
snouts, date back to the Eocene. Several other euschian
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familiesare known only from fossils, some with massive
broad ducks’bill-shaped skullsand others with serrated
dinosaur-like teeth. The present array of crocodilians is
amuch reduced representation of their former glory.

8.9 LEPIDOSAURIA

Lepidosaurs today include 4470 species of lizards and
2920 species of snakes, as well as the tuatara, Sphenodon
from New Zealand, an isolated member of the clade.
This grouping is confirmed by molecular evidence
(Hedges and Poling, 1999; Zardoya and Meyer, 2001¢;
Rest et al, 2003). The first known lepidosaurs are
sphenodontians, distant ancestors of the living tuatara,
and the Lepidosauria radiated dramatically in the Mid-
Jurassie, coincident with the oldest known lizards, and
again in the Early Cretaceous, with the origin of snakes.
Lepidosaurs form part of a larger clade Lepidosauro-
morpha, which traces its origin back to the Permian
(see p. 113).

8.9.1 Sphenodontia: reptilian ‘living fossils’

Sphenodon, the living tuatara (Figure 8.31(a—c)), is an
unusual lizard-like animal known today only from
some offshore islands in New Zealand. Tt reaches a
length of 600 mm and it has nocturnal habits, feeding
mainly on invertebrates. Sphenodon was originally
classified as a lizard, but it is now regarded as the
sister group of lizards and snakes (e.g. Benton, 1985;
Evans, 1988). Sphenodon is said to be a'living fossil” be-
cause it lacks the special features of lizards and snakes
(for example, the lower temporal bar is complete and
theskullisimmobile) and because itis the single surviv-
ing member of a group known only much earlier in
time,

The earliest sphenodontians are known Irom the
Triassic when as many as eight or nine genera lived in
Britain. These animals vary in body length from 150 to
350 mm and the skullsand teeth of different forms vary,
suggesting a diet ranging from insectivory to herbivory.
Planocephalosaurus (Fraser and Walkden, 1984) is
about 150mm long (Figure 8.31(d)), smaller than
Sphenodon, and it has a blunt-snouted skull. The long
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BOX 8.9 GIANT CROCODILE FROM AFRICA

Many crocodilians today are (amer terrifying creatures, but the dyrosaurid Sarcosuchus, trom the Lower Cretaceous of Nige
:eassc Iari;iuuf:'s:ar:;a;::gntoiog‘istsfﬁrstb faund remains of Sarcosuchusin the Ténéré Desert of Niger in the 1960s, and the u'III
0n only a few bones and a partial skull. In 2000, Paul Sereno and hi ins of f
: v . i 8 s team |

cms{sh, including slkulls and partial skeletons of juveniles, as well as the complete skull of an adult B R S e

i : w ns;:::i::'e:: nslgc;u: that Sa{rggsucﬁushad askull 1.6m long, which corresponds to a maximum body length of 12m
onnes (Serena et af., 2001). No complete specimens of Sarcosuch

i r us are kni

lenq:hn is sst:mated byextmpulannq froma plot of skull length versus body length in living crocodilians. S

! : l1skui table of Sarcosuchus is broad, the snout narrow in the middle, but broader at the front. The terminal nares are

shgrﬁsh t.; g;maandxﬂlahu ;ﬂ:rot;ngs lh: ;mer shorter lower jaw and the teeth are numerous, but rather short. The broad snout,
size of Sarcosuchus suggest that it was not solely a fish-eater. Its remai : '

: 5 A ains come from an

river system located a long way from the sea, so perhaps it preyed on the abundant dinasaurs that lived alongside. -

Read more about Sarcosuchus al htip:/fwww.national i www.
‘ geagraphic.com/superc : i
20011027)fob1.asp and see (and hear) the beastathnpjfww.supercroc.cow?e sdosh 4 s
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Skull and skeleton of Sarcosuchus. (Courtesy of Carol Abraczinskas and Paul Sereno.)
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Fig. 8.31 Thesphenodontians: {(a—c) skull of the living Sphenodonin fateral, dorsal and venteal views: |} skeleton of the Late Triassic

sphenodontid Planocephalosaurus (¢) left foot and lower leg of the Jurassic sphenadontid Homoeosanrus (1) skeleton ¢

f the Late Jurassic

pleurosaur Pleurosaurus, with most of the tail omitted. | Figures {a—c) after Zitted, 19372; (d) after Fraser and Walkden, 1984, (¢} based on

Cocode-Michel, 1963; () after Carroll, 1987.]

slender limbs and body outline are very lizard-like, and
indeed the Triassic sphenodontians show all the charac-
ters of the Lepidosauria, such as the thyroid fenestra, a
broad opening in the pelvis between the pubis and
ischium, a fused astragalus and calcaneum in the
ankle and a metatarsal 5 hooked in two planes (Figure
8.31(e)).

Later sphenodontians include bizarre forms from
the Late Jurassic and Early Cretaceous of North
America and the Late Cretaceous of South America,
with broad grinding teeth,and some aquatic forms. The
pleurosaurs, such as Pleurosaurus from the Upper
Jurassic of Germany (Figure 8.31(f)), were slender
snake-like lepidosaurs, from 0.5 to 1.5m long, with re-

duced limbs that cannot have been much use on land.
The tail was longer than the body and it was probably
used as a propulsive organ, with the short limbs
restricted to steering. Pleurosaurs share with other
sphenodontians a specialized pattern of taath implan-
tation in which the teeth are fused to the jaw bone, the
acrodont condition (Figure 8.31(a)).

8.9.2 Squamata:thelizards
Early lizard fossils might be expected in rocks of Triassic

age, in view of the date of origin of the sphenodontians.
Indeed,a number of poorly preserved skeletons of small
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Fig. 8.32 Lizard jaw mechanics: (a, b) skull of Varanus, showing
the skull flexed up (a) and (b) down; (¢} lizrd skull with the jaws
opentand the sireptostylic quadrate swung back so that the
p?cryguidcms jaw muscles have thelr maximum effect; (d, e}

fiag atic lizard skulls showing the advantages of kinesis in
holdinga food particle (left) that would otherwise be forced put
by the bite in a non-maobile skull { right). [Figures (a,b) after
Alexander, 1975, courtesy of the Cam bridge University Press;
(¢)afier Smith, 1980, copyright © 1980 Macmillan Magazines
Lidi(d, el after Frazzetta, 1986, |

diapsid reptiles have been described as the first lizards
(e.g. Estes, 1983), but these have all turned out to lack
clearcut characters of the Squamata (Benton, 1985;
Evu ns, 1988). Lizardsand snakes form a clade, the Order
Squamata (see Box 8.8), that is characterized by a num-
ber of synapomorphies, includinga high degree of skull
kinesis, or mobility.

The cranial kinesis of lizards consists of up to three
separate hinging systems ( Figure 8.32(a,b)):

I between the frontal and parietal in the skull roof dn
amatchingjoint in the palate, the mesokiﬂelh;joirmr-I -
2 between the braincase and the skull (pa;-ies;;]
supratemporal, quadrate and pterygoid), th,
metakinetic joints; I :

3 between the quadrate ( supratemporal + squamosal +
paroccipital process) at the top, and the quadrate and
pterygoid at the bottom, the streptostylicjoints.

When the jaws open (Figure 8.32(a)), the snout tips
upand the quadrate is nearly horizontal. When the jaws
close (Figure 8.32(b)), the snout tips down and the
quadrate becomes more vertical, This kinetic system
h.'ls important adaptive advantages (Smith, 1980;
Frazzetta, 1986). The pterygoideus muscle, which runs

from the pterygoid to the outside of the lower jaw

(Figure 8.32(c)), is able to'deliver a strong closing force
to the kinetic lizard skull because of the rotations. Both

of the jaws of a lizard effectively close on a food itemat

th:-:samc time, exerting equal perpendicular forces on it
(Fl.gures._’;z‘(d] )-With akinetic (immobile) jaws thereis
a risk of losing a food item because the forces are not

perpendicular and there is a force directed out of the -

mouth (Figure 8.32(e)).

The Squamata is divided into six clades, one of
which is tlte snakes (Serpentes) and the other five of
which (Iguania, Gekkota, Amphisbaenia, Scincomor-
;Tha. Anguimorpha) are generally called lizards. The
lizard group, formerly termed Lacertilia (or Sauria), is
clearly paraphyletic, as it excludes the snikes. The rela-
tionships among the six squamate clades are not certain
(see Box 8.81, although cladistic evidence supports the
view that Iguania are a sister group of the other five,
which are collectively termed Scleroglossa, as they all
share a keratinized tongue and other features (Fstes
et al, 1988; Caldwell, 1999). Within Scleroglossa,
Giekkota may be a sister group of r\l“;\hl\])-lt.‘ni;. An-
guimorpha and Scincomorpha form a crown clade,
Autarchoglossa. Molecular evidence (Harris, 2003)
gif.'cs some support to the morphological trees, but the
scincomorphs are split into three subclades distributed
around the tree. There is currently a heated debate
about the placement of Serpentes: are the snakes the sis-
ter group of Amphisbaenia or members of Anguimor-
pha(see Box8.10)?

The history of squamates (Evans, 2003) is patchy at
first. Three of the six clades are recorded first in the

W BOX 8.10 THE ORIGIN OF SNAKES

Since 1997, twenty or mare papers have appeared that purport to tackle the question of snake origins. The issue is still unre-
solved: are the snakes closely related to amphisbaenians, or are they part of the anguimorph clade, close to the mosasaurs and
aigialosaurs (mosasauraids)? If the former, their origin is from land-dwelling burrowers, if the latter, snakes were primitively -
marine.

Snakes are known to belong to Squamata and to have originated from among lizards. It is evident that the ancestors of
snakes had legs and that those limbs were lost either in a burrowing lizard that required legs less. and less, or in a marine farm
that lost its limbs as it came to rely more and more on serpentine locomotion. There are indeed several groups of limbless |
lizards today that are burrowers (and are not snakes), and the marine aigialosaurs and dolichosaurs had reduced limbs. ;

The debate began with a redescription by Caldwell and Lee (1997) of the squamate Pachyrhachisfrom the mid-Cretaceous
of Istael. Pachyrhachisis about 1.5m long and has 146 presacral vertebrae. The forelimb is absent, but there is a small pelvis
and much reduced hindlimb, Caldwell and Lee (1997) determined thal Pachyrhachis was asnake, basal to 1he living forms, and
that snakes were anguimorphs close to the mosasauroids. Caldwell (1999) repeated this finding in a more detailed phyloge-
netic analysis of Squamata. Mosasauroids and snakes share reduced ossification of the pelvis and hindlimbs, reduced metaki-
nesis and mesokinesis, enlarged pterygoid teeth and a hinge halfway along the lower jaw that allows somz lateral movement.
Lee and Scanlon (2002) and Lee et al. (2004) reaffirm this view in detailed cladistic analyses of snakes and squamates
respectively. -

The opposition began almost immediately, with close questioning of the alleged mosasauroid-snake link. Tchernov el al
(2000) described a new Cretaceous snake with limbs, Haasiophis, but they found that the limbed snakes fell in the cladogram _
some way from the base, nested within Macrostomata, the main clade of living snakes. Haasiophis (see illustration) is about
1m long and has 155 presacral vertebrae and broad ribs, superficially like a boa. The forelimb is absent, but there is a small
pelvis and much reduced hindlimb, consisting of a femur, tibia, fibula, astragalus, calcaneum and remains of four rudimen-
tary toes. The skull is small and highly kinetic, with double rows of recurved teeth. It shows snake characters of a mobile
premaxillary-maxillary contacl, marginal teeth fused into sockets, an elongate body composed of more than 140 presacral
vertebrae and shoulder girdle and forelimb absent.

Rieppel and Zaher (2000a, b) further questioned the reality of many of the supposed homologies between snakes and
mosasauroids, most nolably in the brafcase and in the lower jaw. They highlighted e lradilional view Ihal snakes are
closely related to amphisbaenian lizards, with which they share loss, reduction and consolidation of skull sones, enclosure of
the braincase, dorsal displacement of the jaw adductor muscles, loss or reductian of limbs and girdles and uniformity along

the vertebral column. Zaher and Rieppel (2002) and Rieppel et al. (2003) redescribed Pachyrhachis and Haasiophis respec-
tivety and reaffirmed their earlier findings. '

What next? There are two disputed issues. (1) Are the limbed snakes basal to all other known snakes in the phylogeny, or
do they nest higher, among the Macrostomata? (2) What are the closest relatives of snakes —mosasauroids or amphisbaeni-
ans? Much of the difterence in results depends on how characters are defined and used in the cladistic analysis: if intra-
mandibular joint characters are emphasized, a refationship between snakes and mosasauroids is emphasized, and if skull
element reduction and loss is highlighted, snakes move closer to amphisbaenians. The cladistic result then drives the biologi-
cal model for understanding the origin of snakes: did they become long and thin and lose their limbs as an adaptation lo con-
stant burrowing in the soil, or toimprove their serpentine swimming efficiency in the sea? Note that tentative molecular results
{Harris, 2003) make snakes the sister group of {Anguimorpha + Iguania), so different from both fossil-based views.

-

Feau moreat hitp://mews. bbe.co.uk/1/hi/sciftech/680116.stm, hitp://www_karencarr.com/News/legs/legged_snake.himand
hitp:/fwww.sciencedaily.com/releases/2000/03/000317051940. htm.

continued
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The snake with limbs Haasiophis terrasanctus from the mid-Cretaceous of Israel, an essentially complete specimen, shown as an X-ray (a),
and shawing the retention of tiny hindlimbs, seen in a normal, light photograph (b). {Courtesy of Diivier Rieppel.)

Mid-Jurassic of England, the Gekkota, Scincomorpha
and Anguimorpha, and their locations in the clado-
gram (see Box 8.8) suggest that all groups, including the
snakes, must also have arisen in the Jurassic, even
though their oldest fossils at present are Cretaceous.
The Mid-Jurassic scincomorphs (three species) and an-
guimorph (one species) are represented by jaws, skull
bones and vertebrae, and the gekkotan by some verte-
brae (Evans, 1998).

The Iguania includes the iguanas, agamids and tree-
living chameleons today. The group arose in the Triassic
or Jurassic, but the oldest unequivocal fossil is an
unusual 30-cm-long lizard from the Mid-Cretaceous of
Mexico, Huehuecuetzpalli (Reynoso, 1998). The genus
Euposaurus from the Upper Jurassic of France was
formerly classified as an iguanian, but it turns out to be

a composite of several specimens, including a possible
lizard and some sphenodontians.

The Gekkota are recorded first with confidence in
the Early Cretaceous. The group today includes the tiny
geckos that can cling to walls and ceilings. Ardeosaurus,
a doubtful gekkotan from the Upper Jurassic of
Germany (Mateer, 1982), reached a total length of only
120-140 mm. The skeleton (Figure 8.33(a)) is like that
of most modern lizards, with a slender flexible body,
long tail and short sprawling limbs. The skull {Figure
8.33(b)) shows a number of squamate derived charac-
ters: the parietals are fused and they meet the frontalson
a broad transverse suture that can hinge up and down,
the lacrimal and quadratojugal bunes have been lost
and the quadrate is streptostylic.

The Amphisbaenia are heavily modified for a life of
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Fig. 8.33 Fossil lizards: (a.b) skeleton and skull of the Late Jugassic supposed gekkatan Ardeosaurusin dorsal view; (¢} skull of the living
amphisbaenid Amphisbaena in lateral view; (d) lower jaw of the Late Jurassic scincomorph Paramacellodus in internal view; (e, ) skull of
the Late Cretaccous teiid Polyglyphanodon in lateral and ventral views: (g. h) the Late Cretaceous messzaur Phitecarpus, skull in lateral
view and skeleton in swimming pose. [Figures (a, d—f) after Estes, 1983: (b) after Mateer, 1982; (c) after Romer, 1956, courtesy of the

University of Chicago Press; (g, h) after Russell, 1967.]

burrowing, with their heads reduced to miniature bat-
tering rams or chisels with which they force a passage
through the soil. The front of the skull is tipped down-
wards and the whole structure is reinforced (Figure
8.33(c)). The orbit is reduced and the temporal bar
has disappeared so that the back of the skull is largely
the parietal fixed to an enlarged braincase and palate.
The fossil record of amphisbaenians is limited: the
oldest fossil forms come from the Palacocene and
Eocene of North America and France, but some
modern families are unknown in the fossil record. An
older putative amphisbaenian from the Upper Creta-

ceous of Mongolia turns out (Kearney, 2003) to be a
scincomorph.

The Scincomorpha, including today the skinks.
European lacertids and others, has been traced back to
the Middle Jurassic (Evans, 1998). One of the first gen-
era, Paramacellodus, is known also from the Lower Cre-
taceous of southern England. Paramacellodus shows
pleurodont dentition (Figure 8.33(d)), with the teeth
set in a ‘half groove, as is typical of most lizards. These
peg-like teeth in such a tiny animal were probably used
in penetrating the tough skins of insects and centipedes.
Scincomorphs became especially diverse from the Late
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Cretaceous onwards, when the herbivorous teiids, such
as Polyglyphanodon (Figure 8.33(e, ), arose in the
Americas. The skull is strong and deep-sided, and the
broad check teeth show that this lizard fed on tough
vegetation.
The anguimorphs, the final lizard group, are also the

most diverse, Modern anguimorphs are the monitor
lizards (varanids), the anguids, mainly limbless forms,
the gila monster, a venomous form, and others. Three
families of Late Cretaceous varanoid anguimorphs be-
came highly adapted to marine life (DeBraga and
Carroll, 1993): the aigialosaurs, dolichosaurs and
mosasaurs. The last group were the most spectacular, 20
genera of Late Cretaceous predators that ranged in
length from 3 to 10m (Russell, 1967). Platecarpus, a
typical smaller form, has an elongate body, deep tail and
paddle-like limbs (Figure 8.33(g, h)). Mosasaurs have
large skullsand the strong jaws are lined with sharp con-
ical teeth, clearly for capturing fishes and other marine
animals. Some ammonite shells have been reported that
bear puncture holes that exactly match the tooth spac-

ing of a mosasaur that has bitten them across, but failed

to crush them —although the puncture holes have been

interpreted by some as limpet resting marks. In addi-

tion to some of the typical lizard flexibility of the skull,
mosasaurs have an extra joint in the lower jaw to in-
crease the gape and the biting force.

8.9.3 Serpentes: the snakes

The sixth squamate group, the snakes (Serpentes or
Ophidia),are believed to havearisen from ‘lizard’ ances-
tors, but the nature of those ancestors is a mystery (see
Box 8.10). The main characters of snakes of course in-
clude limblessness (living boas still have a small rem-
nant of a hindlimb), a greatly increased number of
vertebrae (120-500), venom in certain advanced forms
and a great increase in skull kinesis.

The snake skull (Figure 8.34(a, b)) is of very
light construction, with several points of flexure. On
opening, the palate moves forward, the fangs {when
present) are erected and the supratemporal-quadrate
system enlarges the jaw joint two or three times, The
snake then strikes at its prey, seizes it and passes it
down its throat by moving the lines of backwardly

prefrantal
supratempaoral  skull roof

A maxilla
iof ectopterygoid
a

venom gland

(b)

Fig. B.34 Snakeanatomy: (a,b) skull of a viperid snake in lateral
view, showing the jaws closed and open; (¢} mid-trunk veriebra
of the living Python in posterior, lateral and anterior views,
[Figures (a, b} after Alexander, 1975, courtesy of the Camb ridge
University Press; (c) after Rage, 1984.]

pointing teeth on its maxillae, palatines and pterygoids.
These can be moved independently so that the prey is
virtually stuffed down the throat and has no chance of
escape. In advanced venomous snakes, the action of
striking at the prey squeezes a poison sac above the
palate and venom is squirted down a groove in the main
fang.

Snakes are known from the Early Cretaceous and
they radiated greatly during the Tertiary ( Rage, 1984) in
line with the radiation of the mammals on which they
preyed. These first snakes may have fed on insects and
other small prey. Only later did some groups evolve the
ability to kill their prey by suffocation, as boas and
pythonsdo today: they coil tightly around the ribcage of
the victim and tighten up when it breathes out. Death is
by asphyxiation as much as by crushing of the body, as is

often assumed. The poisonous forms appeared first in
the Late Encene. Snakes range in lengthup to 6-7mina
large python, but a huge vertebra from the Pulucocene
of North Africa indicates a 9m monster. Snake verte-
brae have a complex shape (Figure 8.34(c)) with extra
processes on the sides of the neural arches that control
the sideways and vertical bending of the body and give
the snake considerable flexibility.

8.10 THE GREAT SEA DRAGONS

Jurassic and Cretaceous seas were filled with basal
neoptervgianand teleost fishes and neoselachian sharks
that preved on them (Chapter 7). A broad range of
predatory reptiles also hunted fishes, ammonites,
belemnites and other marine life. Pterosaurs and croco-
dilians seized fishes near the surface (see pp. 224-9,
232-7), and mosasaurs (see p. 243) were important
carnivores i the Late Cretaceous. Certain groups of
birds also fed onmarine fishes (Chapter9).but the main
reptilian predators were the ichthyosaurs and ple-
siosaurs, both of which groups had appeared in the
Triassic (see pp. 149-53). After early finds in the 1820s
and 1830s, they came to be known collectively as “sea
dragons’

Plesiosaurs and ichthyosaurs were traditionally
grouped as Euryapsida, a reptilian sybclass that stood
apart from the major terrestrial groups. Both
ichthvosaurs and plesiosaurs are almost certainly
modified diapsids, the ichthyosaurs falling low in the
phylogeny, before the split of lepidosauromorphs and
archosauromorphs, and the plesiosaurs lying on the
lepidosauromorph branch (see p. 150 and Bax 8.8).
Both groups lost the lower temporal fenestra indepen-
dently some time in  their Permian  ancestry.
Sauroptervgians (plesiosaurs, nothosaurs, placodonts)
at least share some lepidosauromorph characters, such
as a thvroid fenestra in the pelvis (Rieppel, 1993).

8.10.1 Plesiosauria

The firstirue plesiosaurs are known from the Late Trias-
sic and they are believed to be closely related to the
nothosaurs. Plesiosaurs were generally larger, ranging
typically from 2 to 14 min total body length. Plesiosaurs
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are divided into the long-necked plesiosauroids and the
short-necked pliosauroids (O’Keefe, 2002).

The plesiosauroids include four families. The cryp-
toclidids from the Late Jurassic to the Late Cretaceous
(Figure B.35(a, b)) have long necks with 30 cervical
vertebrae and a skull with a long snout, single (upper)
temporal fenestrae, the euryapsid skull patterr and
nostrils set back from the tip of the snout. The jaw joint
is set below the level of the tooth row, which shifts the
strongest biting point forwards. The long pointed coni-
cal teeth interlock when the jaws are shut, an adaptation
to retain slippery fishes and molluscs in the mouth as
the jaws close. The cimoliasaurids are a small group of
Late Jurassic long-necked plesiosauroids, whereas
the polycotylids are short-necked Late Cretaceous
forms, long classified with the pliosauroids. The elas-
mosaurids, such as Muraenosaurus from the Late
Jurassic (Figure 8.35(c)), have very long necksand some
Late Cretaceous forms boast as many as 76 cervical -
vertebrae, R :
~ The pliosauroids  include  the Jurassic
rhomaeleosaurids (Figure 2.8) and the pliosaurids,
such as the Late Jurassic Liopleurodon (Figure 8.35(d)},
up to 12m long, and with a long heavy skull and a rela-
tively short neck. Pliosauroids may have fed on smaller
plesiosaurs and on ichthyosaurs. Pliosauroids had vast
fow-snouted heads, armed with powerful jaws and
broad-based sharp teeth. The skull was designed like a
lattice reinforced with girders to resist the great bending
moments produced during biting (Taylor, 1992; see
pp. 29-31), and the mandible was like a box girder -
for the same reasons, but at the same time it retained
a streamlined shape to assist in fast swimming. The
neck was shorter than in other plesiosaur groups,
but pliosauroids nonetheless retained large numbers of
cervical vertebrae.

Plesiosaurs were highlyadapted for submarine loco-
motion, with powerful paddle-like limbs and heavily
reinforced limb girdles. Three swimming modes have
heen proposed (Figure 8.36(a—c)): rowing, in which the
paddles beat backwards and forwards; underwater fly-
ing as in sea turtles and penguins, in which the paddle
describes a figure-of-eight pattern; or a modified ver-
sion of the flying model as in sealions, in which the pad-
dledescribesa crescent-shaped path. The first two styles
are problematic (Taylor, 1986): in rowing, the back-
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massive ventral
(a) bony plate

Fig. 8.35 The plesiosaurs: (a,b) the Middle Jurassic cryptoclidid Cryptoclidus, skeleton in
(¢) the Late Jurassic elasmosaur Muraenosaurus; (d) the Late Jurassic pliosaur Liopleurodon. | Figures (a,b) after Brown, 1981; (c,d) after

Robinson, 1975.]

stroke creates a counterthrust that would slow the ple-
siosaur down; the flying stroke is much more efficient,
but the skeleton of plesiosaurs does not allow the pad-
dles to be lifted above shoulder level. So, Godfrey ( 1984)
proposed the crescentic path, which has the benefits of
the figure-of-eight, but allows for the fact that the ple-
siosaur pectoral and pelvic girdles are both flattened
heavy units of bone that form an immovable ventral
bony plate with the gastralia between the limb girdles
(Figure 8.36(d)), and that the limb girdles are too weak
for strong vertical movements.

8.10.2 Ichthyopterygia

Ichthyosaurs arose in the Triassic (see pp. 152-3), diver-
sified in the Early Jurassic and became much reduced in
diversity in the Late Jurassic and Cretaceous, being rep-
resented then only by the Ophthalmosauria (Motani,
1999, 2000; McGowan and Motani, 2003). There is con-
siderable variation in size, with lengths of 1-16 m, but

elongate neck

upper temporal
fenestra

ing pose and skull in lateral view;

the dolphin-like body shape, long snout and large eyes
remain common features throughout (Figure 8.37(a)).

The body outline of ichthyosaurs (Figure 8.37(b)) is
well known because of the exquisite preservation of
specimens, especially in the Lower Jurassic of southern
Germany where they may show in some cases a black
‘ghost’ of the skin outline. This shows that the paddles
were extended by skin and connective tissue, that the
tail fin was roughly symmetrical, even though the verte-
bral column bends down, and that there wasa high dor-
sal fin made entirely from soft tissues. Stomach contents
include tiny hooklets from thearms of cephalopodsand
fish scales, but seemingly no belemnites or ammonites
possibly because their hard shells were spat out or
shaken off. One Late Cretaceous ichthyosaur from
Australia contains bones of a hatchling protostegid tur-
tle and an enantiornithine bird (Kear et al, 2003), an
eclectic dietary selection.

Ichthyosaurs were substantially modified for life at
sea. They swam by beating their tails from side to side,
and used their paddles to change direction and to con-
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pelvic gastralia shoulder
@ girdle * girdle

Fig. 8.36 Plesiosaur locomotion: (a~c) three hypotheses:

(4] rowing underwater like aduck, (h} flying underwater likea
penguinand (c)an intermediate style like a sealion; (d) ventral
view of the heavy bonv covering of the plesinsaur belly. | Figures

| a—c) after Tavlor, 1986, copyright © 1986 Macmillan Magazines
Ltd: (d) after Robinsun, 1975.|

trol roll and pitch, as in large cruising fishes such as
tunas and sharks and in whales (Motani, 2002). Based
on comparisons with living forms, Stenopterygiusprob-
ably cruised at about 1.5ms™! (or 5.4kmh™) and it
probably had an ‘elevated ectothermic’ physiology, like
atuna,in which control of body temperature is by exter-
nal means, by high levels of exercise maintaining a

blood temperature higher than the surrounding seawa-
ter. Ichthyosaurs had the largest eyeballs of any known
animal: the 9-m-long Temnodontosaurushad an eyeball
some 300 mm in diameter (Motani et al, 1999). Such
huge eyes must have been for detecting prey in condi-
tions of very low light, at water depths of up to 600 m.

The weaknessof the limb girdles of ichthyosaurs and
their overall ‘fishy’ body shape suggest that they could
not venture on to land. Marine turtles, penguins and
probably plesiosaurs, which spend most of their time
at sea, do creep out onto a beach to lay their eggs.
Ichthyosaurs, however, bore live young underwater as
dolphins and whales do,and they were born tail-first in
order to avoid drowning: the head would emerge last
and the juvenile could swim to the surface rapidly to
take its first breath.

Remarkable specimens from the Lower Jurassic of
Germany and England show embryos within the
ribcages of some specimens, usually one or two, but
sometimes as manyas 10or 11 (Bottcher, 1990). Several
specimens show the young apparently in the process of
being born (Figure 8.38). The usual, romantic, inter-
pretation of these specimens is that the mother sacri-
ficed her life while giving birth. Much more likely in
many cases is that the juveniles were expelled after the
death of the mother by gases of putrefaction.

8.11 DIVERSIFICATION OF
JURASSIC-CRETACEOUS REPTILES

The diapsids diversified enormously during the
Mesozoic, the dinosaurs, crocodilians and lizards on
land, the pterosaurs in the air, and the ichthyosaurs
and plesiosaurs in the sea. The great mass extinction at
the end of the Cretaceous marked a major switch in
tetrapod evolution from diapsid-dominated faunas to
mammals.

The evolution of reptiles in the Mesozoic and Ceno-
z0ic ( Figure 8.39) shows two main phases of expansion,
the radiation of the dinosaurs, pterosaurs, crocodilians
and the marine reptiles in the Late Triassic and Jurassic,
and the radiation of the ‘modern’ groups (lizards,
snakes, turtles, birds) from the Late Cretaceous on-
wards. Mass extinctions among tetrapods have been
postulated in the Late Triassic (see pp. 156-7) and, of



248 The Age of Dinosaurs

upper
temporal
opening

sclerotic plates

premaxilla

, dorsal fin
1ail bend

and (b} skeleton of the Early Jurassic
Ichihyosatirus; the body oul.line isba
onskinimpressions preserved with

Eurepean material. (Afte drews,
8 T An,
1910.) y

reduced pelvic girdle

{b)

Fig. ci i

Glf 8.38 Adult specimen of the ichthyosaur Stenopterygius
Tmany, pictured with juvenile specimens of the same

are interpreted as o ‘

Stuttgart.)

' lnl-l}l (.hc Lawer Jurassic of Holzmaden, Bades
species. This is one of more

i-Wirttemberg, s
: ; g south-west
than 50 specimens with assaciated voung, and these

mbryos and juveniles that have ; st be ert Cime the m flir Naturku
) that have just bee i
by d 1 ] 2 \\lfd:i]\t imen inthe Museum fiir N urkunde,
3

nborn. (Courtesy of Rup

course, at the end of the Cretaceous, Others
of the Jurassic and in the mid-Cretaceous .
artefacts of an incomplete *
Benton, 2000),

,at the end
. are probably
fossil record (Fara and

Cretaceous=Tertiary (KT) boundary have been pro
posed. It might seem odd that IhL‘rL‘ is still so § ch
L!L'I.).ll'!.’I alter all, the KT boundary is the \mm.r stmdL'tcd
point in geological time. Despite all this .s_tudv. hn:e\:cr
many key questions remain about the Iimliln of th :
event, the patterns of what died out and what sﬁ i i
and the precise nature e
crisis,

8.12 THE KT EVENT

of the physical environmental

Often the only question people ask about the dinosaurs

;:1 :vh]lf lftney died out. Paraphrasing the words of
2 R -

> co m in Macbeth, ‘nothing in [their] life became 8.12.1 Whatdi

< Ell"lf like the llcaving it Over the years, hundreds of L g
eories for this disappearance 65Myr ago at the

A 19
mong terrestrial tetrapods, the dinosaurs and

Fig. 8.37 Theichthyosaurs: () skl &

The KT Event 249

TESTUDINES
phanodonta

l Stegosauria

¥
|
Hypsilophodontidse

|

. LTSI T

Plerosauria l
Arclomelatarsaha

Hadrosautides

schihyosauria

| sauaMATA

redontosauridas

3.,

2z

it

:sz

o« o ﬂ-‘

B

T

NI

oS
LS
PERMIAN i m‘;"{Ff‘S{? B

h \ LEPI MOMORPHA g == — ~ Amniote evolution
i . V
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pterosaurs disappeared, as well as several families of it was mainly the filter-feeders like corals, bryozoans
birds and marsupial mammals. In the sea, plesiosaurs, and crinoids that suffered extinction (possibly by loss of
mosasaurs and some families of sharks and teleost  plankton food?), whereas forms that fed on detritus
fishes disappeared. The ichthyosaurs had dwindled  werelittleaffected.

and died out 30Myr earlier. Among non-vertebrates, Are there any convincing ecological correlates of ex-
many important Mesozoic groups disappeared: the tinction risk and survival? Jablonski and Raup (1995)

ammonites, belemnites, rudist bivalves and various  looked at how marine bivalves fared across the KT
plankton groups. Many groups, such as diatoms, radio- boundary.and found that the only factor that promoted
laria, benthic foraminifera, brachiopods, gastropods,  survival was the geographical range of genera. In other
some fishes, amphibians, turtles, lizards and terrestrial words, a species of bivalve could insure itself against the
plants, were apparently little affected (Macleod er al,  risk of a mass extinction by belonging to a genus that
1997). was distributed over several faunal provinces. Diet,

It is hard to separate the survivors and non-  body size, mode of reproduction, water depth inhab-
survivors into simple ecological categories. Most of the ited, ability to burrow, latitudinal distribution (trupical
land animals that survived weresmall, except forcertain  versus temperate) and other factors made no difference
crocodilians. Most of the marine forms that died out  whateverto survival chances, There islittle evidence for
were free-swimming or surface forms (plankton,am-  selectivity during the KT extinction event, so that any
monites, belemnites), but of course many open-water explanation has toaccount foran essentially ran dom set

fishes survived. Among forms that lived on the sea-bed, of disappearances.
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8.12.2 Howlongdid it take?

Some geologists assume that all major extinctions
occurred essentially instantaneously, in as little as one
week or one year. Others posit a ‘sudden’ event, but
allow several thousands or tens of thousandsof years. At
the level of discrimination that is possible, there is no
way of distinguishing such time spans because both
appear to be the same in the geological record.
Radiometric dating of KT boundary volcanic rocks

using the “Ar/*Ar technique can give datesin Myrwith
uncertainties of as little as +0.1 Myr. This technique
works well when such igneaus rocks are available, but
the majority of fossil-bearing KT sequences are not as-
sociated with volcanics. Another technique is to mea-

sure the polarity of magnetization of rocks. Every few
Myr, the Earth’s north and south magnetic poles flip

over,and all iron-bearing minerals in rocks that are just

being formed acquire the relevant magnetization. In

the latest Cretaceous, Farth’s polarity changed eleven

times, the KT boundary lying in polarity band 29R (i.e.

reversed), which lasted as little as 0.5Myr. Magne-
tostratigraphic techniques can identify the Jikely age of
particular geological formations, but the precision is
still too poor for a decision on the exact duration of the
KT event.

Classic sedimentology and stratigraphy, however,
suggest that the KT event was effectively instantancous,
even thoughan exact age date cannot be assigned. Some
two hundred KT boundary sections have been recorded
from all over the world, in sediments depasited under
the sea and on land, and they all show the same succes-
sion (Smit, 1999), The KT boundary is defined for mally
at the base of the boundary layer, and then follows an
ejecta layer and a clay enriched in iridium.

Notonly was the KT event rapid, but it happened in
early June! Wolfe (1991) examined sediments in a lily
pond less than 2 m deep that straddles the KT boaundary.
He tracked a series of catastrophic events in the pond,
including freezing of the fossil lily leaves, which is
shown by irregular folds on the surface, for a period of
less than 2 months, In all, the sequence of catastrophic
events, he argues, lasted from 3 to 4 months.

8.12.3 The pattern of extinction

Did all the plant and animal groups that died out o
the end of the Cretaceous do so essentially at the gy
time (catastrophic event) or overa span of severa mj
lion years (gradual event)? The evidence suggests
some groups disappeared catastrophically right at g
KT boundary, whereas others were in long decline'h
fore the end of the Cretaceous.
The ichthyosaurs, for example, disappeared 30 Myy
earlier than the KT boundary, and the ostracods, b b
0z0a, ammonites, bivalves, plesiosaurs and pterosa
had apparently dwindled to low diversities (Ma Leod
et al., 1997). Such claims require careful checking b
cause ofthe quality of the record. An apparently gra
pattern of extinction may arise if all the last fossils
notbeen collected. The first studiesof ammonite di
butions in the north of Spain suggested that the gro
had dwindled to very low diversities by the very end
the Cretaceous, but more intensive collecting (
1990) showed that several species survived right up
the boundary. What was a gradual pattern became cata
strophic after more intensive collecting. Likewise,
apparently catastrophic pattern canarise if there isa g
in sedimentation: many species apparently disappearat
one level, but that is simply because a long interval of
time is missing above, y
What of the dinosaurs and other vertebrates? The
stratigraphic ranges of vertebrates across the KT inter-
val certainly indicate a mass extinction: one estimate
(Benton, 1989a) showed that 28 out of 89 families of
terrestrial tetrapods died out at that time, a percentage
loss of 31%. Revised results calculated (Table 8.1 ) from ﬁ
chapters in Benton (1993a), indicate an overall loss of
64 outof 210 families of vertebrates, a drop of 30%. This |
is made up (Figure 8.40) from the extinction of 14 out of
94 tamilies of fishes (15% loss) and 50 out of 115 fami-
lies of tetrapods (43% loss). The highest extinction l
rates, inevitably, are for dinosaurs, pterosaurs and ple-
siosaurs (all 100%), with high rates also for birds and |
marsupials (both 75%). Among other groups, crocodil-
ians (36%) and turtles (27%) lost more than a quarter
of families, but extinction rates for fishes, amphibians,
lizards and snakes, basal mammals and placental mam-
mals are all lower than 15%, and hence not different
from normal, or ‘background’, extinction rates.
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based on the numbers of families extam during the Maastrichtian St

{ v i re
Table8.1 Data on the rates of extinction of vertebratesat the KT boundary. Figuresa

age and the numbers

i c ers in Benton
that died out some time during that time interval. All data are taken from chapte

(1993a).
Group Families extant Families extinct Extinction rate %
Chondrichthyes 44 g :g
Baony fishes 50 %
Amphibians 11 1] -
Reptiles n 36 2
Turtles 15 4 4
Lizards and snakes 16 1 -
Crocodilians 14 5 5.4
Pterosaurs 2 2 -
Dinosaurs 2 21 5
Plesiosaurs 3 3 %
Birds 12 9 s
Mammals 22 5 :
Basal groups 1 1 e
Marsupials 4 3 4
Placentals 7 1
All vertebrates 210 64 :;Ig
Fishes a4 14 5
Tetrapods 116 50 0
Amniotes 105 50

These resultsconfirm that reptilesasa \:vh olc,am.! df'
nosaurs in particular, suffered a devastating loss of di-
versity at the end of the Cretaceous. The ﬁgums. a.r:
based on documentation at the level of the stratigra-
phic stage, and the last stage of the Lretac?uus. the
Maastrichtian, was probably 5-8 Myr lon g._Il is I?ard to
correlate precisely the ages of rocks from Asia to I-_urople
to North America, so it is not clear whether all the di-
nosaurs, pterosaurs, plesiosaurs, mosasaurs gt\d other
groups died out rightat the end of the Maastrichtian, or
scattered through the whole time span- A

Local studies are required. The richest !crm\nak(:re~
taceous dinosaur beds are in western North .v‘\men.ca,
the Hell Creek Formation of Montana an_d the Lam:fﬂn
(Ferris Formation) of Wyoming, but detailed collel cting
has thrown up controversial results. Early studies of
the Hell Creek Formation suggested that there had
been a long-term decline among dinosatjrs and olhler
tetrapods through the last 5 Myr of the Cretaceous. In
more detailed wark, Archibald and Bryant (1990) sur-

veved collections of 150,000 specimens, representing
1 species of fishes, amphibians, reptﬂes "and mam-

« mals from latest Cretaceous and earliest Tertiacy bedsof
north-east Montana. They found that 36-47% of com-
moner species died outacross the KT boundary, butap-
parently over along span of time.

On-the-ground collecting, however, shO\.\rs no [eng»
term decline. Sheehan et al, (1991 ) summarized 15,000
hours of fieldwork by scoresof volunteers who mard'}cd
across the Hell Creek Formation picking up anything
that did not move. The thousands of hn‘ne:- c_nllcfted
were plotted against time and the majority of extinc-
tions appeared 1o fall right at the KT boundary.

Hurlbert and Archibald (1995) arguer{l that Sheehan
and colleagues had over-interpreted rhi_:lr data, whereas
Sheehan and Fastovsky (1992) reinterpreted the
Archibald-Bryant data base to show Fha'n. although
freshwater fishes and tetrapods (amphibians, turtles,
crocodiles) showed a species extinction'raw of only
10%, 88% of the fully terrestrial species died out at the
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Fig. B.40 The proportions of different vertebrate families that
hecame extinct during the KT event, based on data from Benton
(1993a), listed in Table 8.1. Note the 100% extinction of

p s, di sand plesi s, but 0% extinction of
amphibians, and extinction rates of less than 20% for fishes,
lizards and snakes, basal mammals and placental mammals.

KT boundary, hence making it a catastrophic event.
Sheehan et al, (2000) went on to show that a long-held
belief, that there were no dinosaurs in the ast 3m of the
Hell Creek Formation, immediately below the Kl
bound-.ary. was false: they found as many bones in that
interval as in any other 3 m unit and coneluded that di-
nosaur extinction was abrupt. This result was con-
firmed by Lillegraven and Eberle (1999) in the Lancian
of Wyoming, who found no evidence for a decline
among dinosaur species, but rather a geologically sud-
den disapparcance. They note, however, that lhclrc is
zone of uncertain stratigraphy 8m thick spanning the
KT boundary, so cannot rule out the possibility of «
decline over thousands, or tens of thousands, of .ycllrs.
Contrary 1o some previous statements, mammal fossils
are rare in the dinosaur-bearing beds and mammals
appear n some diversity and abundance only afier the
disappearance of the dinosaurs. '
lnl Montana and Wyoming, then, several dinosaur
tamilies lasted right to the end of the Cretaceous: the
tyrannosaurids, ornithomimids and dromaeosaurids

among theropods, the nodosaurid and ankylosg
ankylosaurs, the hypsilophodontid and hadrosa
ornithopods, the pachycephalosaurids and the proto-
.'f-rampsid and ceratopsid ceratopsians. The Laf 3
(;.retaccous of western North America teemed .
familiar, and highly successful, dinosaurs such 3
Ankplosaurus, Triceratopsand Tyrannosaurus, and th u
disappearance was abrupt. H

8.12.4 Theories of extinction

Over the years, more than a hundred hypotheses haye
been presented for the extinction of the dinosaurs
(Benton, 1990b). A common view in the latter half of
the nineteenth century and in the first three decades of
the Lwentieth was that the dinosaurs simply died out.
because their time had come — they were described by
many palacontologists as prime victims of racial
senility —their genetic potential was exhausted, thcy‘
exhibited giantism (if not acromegaly), excessive spin-
vsityandaloss of the ability to adapt. From about 1920, '« &
dozens of hypotheses were put forward, ranging froﬁ; =
the physiological (slipped discs, excessive hormone
production, loss of interest in sex) to the ccologica!‘

(competition with mammals, change in plant food), =

from the climatic (too hot, too cold, too wet) to the ter-

i:e,striai catastrophic (vulcanism, magnetic reversal), ,~ !

from the topographic (marine regression, mountain | .

building) to the extraterrestrial (sunspots, cometary

impact). Many of these explanations were little more 3
than whims, and most were hard to couch in terms that
would allow them to be tested. Present hypotheses are
more‘scientific

There are three current models to explain the KT
event.

I The gradualist ecological succession model sees a de-
cline caused by long-term climatic changes in which the
subtropical lush dinosaurian habitats gave way to the
strongly seasonal temperate conifer-dominated mam-
malian habitats. The evidence for this hypothesis is
mainly palacontolugical and stratigraphic. :

2 The catastrophist vulcanological model explains the
geochemical data in the boundary rocks by means of a
major volcanic eruption that caused abrupt extinction.
3 The catastrophist extraterrestrial model explains the

Y .«

.?:-,r..)u‘.
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extinction as a result of the after-effects of a major ex-
traterrestrial impact on the Earth from geochemical
and astrophysical evidence.

A catastrophist would argue that the main extinction
event lasted less than a year, or perhaps as much asa few
hundred or thousand years, whereas a gradualist would
argue for a longer-term decline lasting for 1 Myr or
more.

The gradualist model sees declines in many groups

of arganisms (Archibald, 1996a; MacLeod et al., 1997)

caused by long-term climatic changes in which the sub-

tropical lush dinosaurian habitats gave way 1o the
strongly seasonal temperate conifer-dominated mam-

malian habitats. The gradualist scenario has been ex-
tended to cover all aspects of the KT events on land and
in the sea, with evidence from the gradual declines of
many groups through the Late Cretaceous. Climatic
changes on land are linked to changes in sea level and in
the area of warm shallow-water seas, and the impact
and volcanism are either discounted or seen as the coup
de grice. This position is disputed by those who claim
the extinctions were rapid and the apparent long-term
declines are artefacts of incomplete collecting.

‘The second school of thought has focused on ex-
plaining the KT event by volcanic activity (Courtillot,
1999}, The Deccan Traps in India represent a vast out-
pouring of lava that occurred over the 2-3 Myr span-
ning the KT boundary. In some interpretations, the
volcanic model explains instantaneous eatastrophic ex-
tinction, whereas in others it allows a span of 3Myr or
50, for a more gradual dying off caused by successive
eruption episodes. Petrologists and geochemists argue
that the shocked quartz and iridium spike could not be
produced by any known kind of volcano, that the geo-
chemistry of the glassy spherules indicates a source
from rocks lying below a postulated impact site and that
they do not have a volcanic signature (see below).

The impact hypothesis was presented in 1980, when
Luis Alvarez and colleagues published their view that
the extinctions had been caused by the impact of a
10km diameter asteroid on Earth. The impact caused
massive extinctions by throwing up a vast dust cloud
that blocked out the sun and prevented photosynthesis,
and caused freezing, and hence plants died off, followed
by herbivores and then carnivores. There are four key
piecesof evidence for the impact hypothesis.

1 An iridium anomaly worldwide. Iridium is a

platinum-group element that is rare on Earth’s crust

and reaches Earth from space in meteorites at a low

average rate of accretion. At the KT boundary, that rate

increased dramatically, giving an iridium spike
(Figure 8.41).

2 Shocked quartz has been found in many sections,

especially close to the impact site (Smit, 1999). These

are grains of quartz bearing criss-crossing lines pro-
duced by the pressure of an impact.

3 Glassy spherules also occur abundantly at the base of
the boundary clays from sites close to the impact site.
These were produced by melting of the rock beneath the
crater and were then thrown through the air in the
aftershock.

4 Afernspike (Figure 8.39) is found in many terrestrial
KT boundary sections, indicating an abrupt shift in
pollen ratios from angiosperm-dominated to fern-
dominated, This indicates the afiermath of a cata-
strophic ash fall: ferns recover first and colonize the
new surface, followed eventually by the angiosperms
after sailsbegin to develop: Thisinterpretation hasbeen
made by analogy with observed floral changes after
major volcanic eruptions.
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Fig. B.41 Atypical iridium spike (Ieft jand fern spike (right)
from a core taken through the KT boundary in fresh feoal
swamp deposits in York Canyon, New Mexico, USA. Note that
both the iridium abundances, measured in parts per trillion
(ppt),and the ratios of angiosperm-pollen fern-spores are
plotted on logarithmic scales, {Courtesy of Carl Orth.)
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Fig.8.42 Evidence for the impact site: (a) location of Chicxulub Crater, on the Yucatdn Peninsula, Mexico, as well as the end-
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3 The iridium spike and the shocked quartz occur ina
fine clay band about 0.1 m from the top of the section.
several hours or days later, the iridium and fine dusty
marerial fell from the upper atmosphere, long after the
heavier spherules had been deposited.
Deposition finally reverted to normal limestone, as it
had been before the impact. This three-phase pattern s
seen in all other KT boundary layers throughout the
world (Smit, 1999), although the tsunami layers are
omitted outside the proto-Caribbean. For example,
Wolfe (1991) noted the arrival of coarser debris first,
combined with freezing, and then theairbornedust and
iridium some time later 3000 km away in Wyoming.
Thereislittle doubt that there wasa major impact on

research questions are whether the long-term dying-off
isa genuine pattern,or whetheritis partly an artefact of
incomplete fossil collecting, and, if the impact oc-
curred, how it actually caused the extinction. Available
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Norman (1986a) is the best ‘popular’ dinosaur book,
and Benton (1989b, 1997, 2000) are also aimed at
adults. Particular dinosaur groups are covered by
Currie ef al. (2004) on theropods, Lockley et al, (1994)
on sauropods, Dodson (1996) on the ceratopsians
and Carpenter (2001) on the stegosaurs and anky-
losaurs, and dinosaur eggs and babies by Carpenter
etal.(1994).

Smaller Mesozoic animals are considered in Fraser
and Sues (1994), pterosaurs by Wellnhofer (1991) and
Buffetaut and Mazin (2003} and marine reptiles by
Callaway and Nicholls (1996). Mesozoic tetrapods of
Mongolia and Russia are described in Benton et al.
(2000b). Read about the diversity and biology of mod-

boundary di i
un:ﬂ: _,,,e‘:::::. Mexico 65 Myr ago. But much of the palacontological  ernreptilesin Zug et al.(2001) and Pough et al. (2003),
O s J. dataindicateslonger-term extinctionover 1-2Myr.Key  and about lizards in Pisnka (2003). There are many

bouks on the KT extinction event, but Archibald
{1996a), Alvarez (1997) and Courtillot (1999) expound
the gradualist,impact and volcanic models respectively.
Koeberl and MacLeod (2002) includes many papers
about the KT, and other, mass extinctions.

killing models are either biologically unlikely, or 100

coastline of the prota-Caribbean Sea and sites indicating activity of tsunamis (ridal waves): (b) the KT BaBndssybcctoh s ALE :
catastrophic: recall that a killing scenario must take ac-

showing the sequence of arrivals of airfall debris and tsunamis (a, spherule layer; b, layer with smaller spherules; . spherulc-bﬂ.ﬁngiﬁiﬁ?

There are more excellent web sites about dinosaurs than

lens; d, sandy marl and micrite; e, chalk lens; f, sa ndy marl with lenises of coarse spherules; g

airborne melt spherules arrived first (a b), then the tsunamis
< 51 J Wb, (b=f) and finally the dust-borne iridium (g), beft
marine depasition (h), [Figure (a) from various sources; (b) modi fied from Florentin eral,, 1991.) i i el

The reality of impact was debated through the
1980s, but the discovery of the crater in 1990 convinced
maost doubters, The Chicxulub Crater, on the Yucatdn
Peninsula, Mexico (Figure8.42(a)),is 195 km in diame-
ter, with inner rings at 130 km and 80 km, and is filled
with Tertiary sediments (Morgan and Warner, 1999), A
ring of coeval coastline deposits shows evidence for
tsunami (massive tidal wave) activity, presumably set
off by a vast impact into the proto-Caribbean (Smit,
1999). Further, the KT boundary clays ringing the
site also yield abundant shocked quartz and glassy
spherules that match geochemically the bedrock under
the cratersite. Further afield, the boundary laver is thin-
ner, thereare no tsunami deposits, spht‘ruies are smaller
orabsentand shocked quartz is less abundant.
Detailed studies of KT boundary sections around
the proto-Caribbean have allowed geologists to recon-
struct what happened. The famous section at Beloc on

fine clay with iridium spike; b, limestone);

Haiti (Figure 8.42(b)), a boundary clay that is 0.7m
thick (Florentin et al., 1991), documents a three-phase
process.

1 Thespherule layers, the lower 0.5 mof the section, are
two bands of glassy spherules that have two geochemi-
cal compositions, some indicating a source from melt-
ingofbasement rocks and the others indicatinga source
from evaporites and limestones (the rack underlying
Chicxulub). The glassy spherules were melted and
thrown up by the impact and came hurtling through
the air, and scattered throughout the
proto-Caribbean.

2 The tsunami beds, 0.2m thick, consist of marls and
clayswith large limestone clasts and are capped by a thin
clay layer, The tsunami followed, moving rapidly over
hundreds of kilometres of sea, but more slowly than the
airborne spherules, and churning up the limestones
and other sediments in the area.

were

count of the fact that 70-75% of families survived the
KT event, many of them seemingly entirely unaffected.
Whether the two models can be combined so that the
long-term declines are explained by gradual changesin
sea-level and climate and the final disappearances at
the KT boundary were the result of impact-induced
stresses is hard to tell.

.

8.13 FURTHER READING

Farlow and Brett-Surman (1997} is the best single-
volume text about dinosaurs for students, and
Weishampel et al. (1990) is the ‘bible’ for dinosaur-
lovers, with full documentation of all dinosaur groups,
their anatomy, relationships and distributions. Currie
and Padian (1997 is a comprehensive encyclopaedia of
everything dinosaurian, and Fastovsky and Weisham-
pel {1996) is the best of various textbooks. Celbert
(1968) is the classic history of dinosaur collectors, and
Cadbury (2001) investigates the rivalry between
Mantell and Owen and the first dinosaur discoveries.

stars in the heavens, but three good ones are
http://www.ucmp.berkeley.edu/diapsids/dinosaur.
html and hetp//dinolmcom/ and https/fwww.
dinosaurorg/. All the latest dinosaur news stories
«from New Scientistare at httpd//www.newscientist.com/
hottopics/dinosaurs/dinosaurs.jsp. Hear the sounds
made with models of the hadrosaur Parasaurolophusat
http://museums.state.nm.us/nmmah/p3_staff_res_
parasaurhtml. Everything about pterosaurs may be
found at http://www.pterosaur.org/, everything on
modern crocodilians at http://www.flmnh.ufl.edu/
natsci/herpetology/brittoncrocsicnhe html and  the
anatomy and classification of turtles at http://
tolweb.org/tree?group=Testudines&contgroup=
Amniota. For a information about
ichthyosaurs, go to http://www.ucmp.berkeley.edu/
people/motanifichthyo/. Three-dimensional images
of skulls of same dinosaurs and pterosaurs are at
http://digimorph.org/listbygroup.phtml?grp=
dinosaur&sort=SpeciesName

mass l)f




CHAPTER 9

The Birds

KEY QUESTIONS INTHIS CHAPTER —-I
1 How did birds originate?

2 How are birds adapted to fligm, and could
Archaeopteryx fly?

3 Was Archaeapteryx really the first bird?

4 What do the new Cretaceous birds from China teli us?
5 Did the KT event hif birds hard?

6 What is the fossil and molecular evidence about the
arigin of modern birds?

| 6 What are the relationships of the major modern bird
groups - and why has it proved so hard to work this out?
7 Did birds eat horses?

INTRODUCTION

Birds are a large group of highly successful flying verte-
brates, with just over 9000 living species. The oldest
bird, Archaeopteryx from the Late Jurassic, is known in
detail on the basis of several well-preserved specimens,

but there are some gaps in the later history of bird evo- -

lution. The bird fossil record is better than has often
been assumed (Unwin, 1993): of 153 families of living
birds, 134 have described fossil representatives and
thereare a further 77 extinct families.

Birds apparently remained rare during most of the
Cretaceous, more than half their history, and the group
went through several phases of expansion in the
Cenozoic. Recent discoveries have turned up some
remarkable extinct bird groups: Early Cretaceous
specimens from China and Spain that fill a major gap
between Archacopteryx and the later birds, Late
Cretaceous flightless birds, birds that ate horses and
many more. Key problems remain in understanding
bird phylogeny: ironically, we seem to understand more
ahout the relationships among Cretaceous birds than
among the living orders.

9.1 ARCHAEOPTERYX

Archaeopteryxhas been justly famous since its discovery
in 1860. At that time, one year after publication of
Charles Darwin’s"On the Origin of Species’, the new fos-
sil seemed to be a perfect ‘missing link between the rep-
tilesand the birds, and enthusiasts for evolution, such as
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Thomas Henry Huxley, used it as evidence for the new
theory: here was an animal with a long bony tail,a hand
with three separate clawed fingers with claws and toothy
jaws (all primitive reptilian characters), but also asym-
metric feathers, a -furcula (the fused clavicles, or
‘wishbone’) and wings (all advanced bird characters).
Archaeopteryx has continued to attract attention since
thenas it is seen as a focal animal in evolution: creation-
ists attempt to argue that it is either a true bird with no
hint of intermediate characters, and hence not part of
an evolutionary transition series, or that it is a forgery.
In both views they are mistaken:

9.1.1 Specimensand énvim nment

Eightskeletons of Archavopteryxare now known, as well
as a single feather impression (Figure 9.1), all collected
from the Upper Jurassic limestones of Solnhofen,
Bavaria. The first specimen to be found, a single feather
(Figure 9.1(a)), was collected in 1860, and the first
skeleton with clear feather impressions, the London
specimen (Figure 9.1(b)), was named Archaeopteryx
lithographica in 1861. The most famous example, the
Berlin specimen (Figure9.1(d)), was found in 1877. 1tis
a virtually complete skeleton, with the limbs and head
in articulation and the feathers of the wing and tail well
preserved. Six more skeletons were collected in 1835
(recognized 1970), 1951, 1956, 1987, 1992 and 1997.
The history and anatomy of these specimens are
described by Elzanowski (2002) and several detailed
monographs on their anatomy have been published
{e.g. Wellnhofer, 1974, 1988b, 1993, Ostrom, 1976).
There has been some debate about the naming of
these bird skeletons: do they all come from one species,
or do they represent several species. or even several gen-
era? Certainly, the seven skeletons vary greatly in size:
the Eichstint specimen indicates an animal about
300mm long, and the sixth (Solnhofen) specimen was
500 mm,or more, in length. Houckeral. (1990) suggest -
ed that the six specimens known at that time form a
growth series of a single species, Archaeopreryx litha-
graphica: for most individual measurements, the Eich-
stiitt specimen is half the size of the Solnhofen example,
but the other five skeletons fall neatly on a straight line
between these two end-members. Wellnhofer (1993)
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Fig. 9.1 Eight of the nine specimens of Archaeopteryx.all drawn ta the same scale, with the bones shown in black and the feathersin
rough outline. The commonly used specimen names and dates of discovery are as follows: (a) Berlin/Minchen 1860;(b) London 1861;
(¢) Haarlem 1855 (1970); (d) Berlin 1877; (e) Max berg 1956; (f) Eichstatt 1951; (g) Solnhofen 1987; (h) Munchen 1992, The ¢cighth
skeleton, reported in 1997, isina private collection and has not been described, (Afer Wellnhofer, 1988b, 1993.)

subsequently made a case that the seventh {Munich)
specimen is a distingtive small species, Archaeopteryx
bavarica, because it was clearly an adult as it has an ossi-
fied sternum. It differs also in having longer tibia bones
and longer legs than A. lithographica. Elzanowski
(2001) assigned the sixth (Solnhofen) specimen to a
new genus and species, Wellnhoferia grandis, on the
basis of its large size and differences in the numbers and
proportions of bones of the hand and foot, and its short
tail. It is unclear whether these additional species and
genera will be accepted and in the following [ refer to all
the Solnhofen bird specimens as Archaeopteryx.

The skeletons of Archaeopteryxwere found at differ-
ent levels in the upper Solnhofen Lithographic Lime-
stone (Obere Solnhofener Schiefer), a fine sediment
consisting of alternating layers of pure limestone and
marly limestone containing clay. The pure limestones

gl

TR
o

were quarried for the manufacture of printing blocks,
hence their description as lithographic limestones. The
limestones were deposited in a subtropical lagoon and

the fossils include marine or brackish-water forms -

(plankton, jellyfish, ammonites, crinoids, starfish, crus-
taceans, fishes), as well as terrestrial plant remains,
insects, pterosaurs, crocodilians, sphenodontians, rare
dinosaurs (Compsognathus) and Archaeopteryx.

The carcasses of Archaeopteryx appear to have
drifted for some time at the surface, buoyed up by the
gases of decomposition. Eventually, the guts burst and
the carcasses sank rapidly to the bottom, where they
were moved around before reaching their final resting
place. Most specimens lie on their sides with all limbs
and other elements in articulation. The neck is always
bent firmly back as a result of the contraction of strong
muscles and ligaments during preservation.
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Fig.9.2 The y of Archaeop v (a) skel

ci i ightly recurwe
seventh specimen, showing slightly . -
anterior view. | Figure (a) courtesy of Andrzej Elzanowski: (b,

Wellnhofer, 1988b.]

9.1.2 Anatomy

Archaeopteryx is a medium-sized bird. -300—:50{% mm
long from the tip of its snout to the md‘of its tail (Figure
9.2(a)),and it may have stood about 23Q mm tall, about
the size of a common magpie. The skull {f\glfre 9..2(b.
¢)) is lightly built, and it may have bcz_:n kinetic, wnthla
movahle quadrate (streptostyly),a bird feal%lre paral-
leling that seen in lizards (see pp- 239-40). Itis Pnt cer-
tain whether the skull of Archaeopteryxwas as kinetic as
that of living birds, which can also move their beaks up

interdental plates (scale bar, :
e EC“; ::":cr Wellnhofer, 1974; (d) courtesy of Peter Wellnhofer; () after

ilium
pubis
ischium

le)

20 mm

astragalus

reflexed hallux

U

in lateral view: (b, c) skull in lateral and dorsal views: ( d) right lower jaw of the

1 mm); (¢) pelvisin lateral view; (€} hindlimb in

and down relative to the rest of the skull (prokinesis "."
rhynchokinesis). The lower jaw is narrow and robust,
and both jaws bear several small widely-spaced sharp
in sockets. .
lec?l::lt];lh show some derived and some primitive
features. As in later birds, the teeth do not have serrated
edges,a feature of theropods and other archosaurs, and
thereisa constriction between the root and the crown of
the tooth. The seventh (Munich) spfcim‘cn shows that
Archaeopteryx had interdental plate:tz (Figure 9.2{:)],
bony projections on the inside of the jaw that extend up
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between the teeth, a feature shared with theropods and
basal archosaurs, but absent in later birds (Wellnhofer,
1993; Elzanowski and Wellnhofer, 1996). Archacopreryx
had large eyes and a bird-like brain with large optic
lobes, which indicates that sight wasa key sensory system.
Archaeopteryx has an S-curved neck, like theropod
dinosaurs, a short back and a long straight tail with
21-22 caudal vertebrae. There were air spaces inside the
cervical and thoracic vertebrae, as well as in the pubis,
indicating the presence of at least two of the five air sacs
found in modern birds (Christiansen and Bonde,
2000). The shoulder girdle is lightly built, with a long
narrow scapular blade and a short subrectangular cora-
coid. Until the discovery of the seventh (Munich) skele-
ton, an ossified sternum, typical of later birds, had not
been identified in Archaeopteryx, but the new specimen
shows a broad plate-like element linking the two cora-
coids in the midline (Wellnhofer, 1993), There are three
fingers on the hand and these are greatly elongated and
bear long curved claws.

The pelvis is theropodan, but there has been some
coniroversy over its reconstruction and in particular
over the orientation of the pubis, which may have run
essentially vertically, as in some theropods, or back-
wardsas in living birds. The new specimens confirm the
first view (Figure 9.2(e)). The hindlimb (Figure 9.2(f))
is also like that of small theropods: the femur is short
and slightly arched, the tibia is straight and the fibula
very thin, the astragalus and calcaneum are firmly at-
tached ta the ends of the tibia and fibula, there appears
to be an ascending process associated with the astra-
galus, the outer (5) toe is virtually lost and the inner (1)
toe is short and lies at the rear of the foot, the reflexed
hallux typical of many birds. The foot could be used for
climbing tree trunks, based on comparisons of the toes
and claws of Archaeopteryx with living birds, whereas
the hindlimbs and pelvis are built for moving about on
the ground ( Elzanowski, 2002),

The specimens of Archaeopteryx are famous for
Preservation of soft(ish) tissues. All the claw bones of
the hands and feet bear horn (keratin) sheaths that ex-
tend the claw length considerably. There is no trace of a
horny beak. The feathers (also made from keratin, see
Pp- 199-200) show considerable detail. There are short
contour feathers over the lower neck, body, base of the
tail and legs. The wings look surprisingly modern, with
L1 or 12 primary flight feathers attached to the hand

and at least 12 secondaries attached 1o the yjpa
bases of the quills of these flight feathers Were o
with three rows of covert feathers, as in moder §
The 16 17 pairs of tail feathers attach to the cayg

tebrae, one per vertebra, from the sixth caudal by

9.1.3 Relation ships

Therehave been endless debates about therelations
of Archaeapteryx over the years. It is generally ac
that Archaeopteryx is the oldest known bird; o
records of suppased birds from earlier in the Jur.
and most notably Prowavis from the Late Tr
(Chatterjee, 1991), have been rejected as inconc]
(Witmer, 2002). Archaeopteryxis a form with am;
of characters intermediaté between reptiles and birds
the classic example of a ‘missing link. Palaeontol
have disagreed strongly, however, on the ‘¢
reptilian relatives of birds, and this has led to three v
different models of bird origins. ) :
1 The mammal-bird hypothesis. Birdsand mammals
are endothermic, both groups have four-chambered :
hearts, advanced brains and insulating skin coverings
(feathers and hair) made from the protein keratin, Gar-
diner (1982) enumerated these and further supposed
shared characters to support his view that, amongliving
animals, birds are not archosaurs, or even dia psids, but
the closest living sister group to the mammals. In addi-
tion, some evidence from blood proteins shows a pair-
ingofbirdsand mammals as sister groups. Thereislittle
morphological evidence for such a view, however,
especially when fossil taxa are included in the analysis
(Gauthier er al, 1988h; Benton, 1990¢), and current
molecular evidence (e.g. Hedges and Foling, 1999;
Zardoyaand Meyer, 2001.4) favours the traditional view.
2 The basal diapsid-bird hypothesis. A vocal
minorityargue the case that birds evolved in the Triassic
from a diapsid or archosaur ancestor. Their choice of
ancestor has varied considerably, from Late Triassic
crocodilomorphs (see p. 145), a basal archosaur such as
Euparkeria (see p. 141), the basal ornithodiran Sclero-
mochlus (see p, 153), the long-limbed prolacertiform
Megalancosaurus (Feduccia, 1999a), or the crested
diapsid Longisquama (Jones et al., 2000). The anatomi-
cal evidence for all these suggestions has been shown to
be spurious,and the supporters of this view are charac-
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ition rather
ther

% yresenting ‘an argl ‘HO'ft.‘,r A
m:sr;;ment n?advm:acy' (Witmer, 2?02]; in obl !
they know they are against the dinosaur-bir
m‘ds[:msisand soseek to pick holesinit,but theydonot
t rnative phylogenetic view of their own.
-[‘hgdinosaur-bird hypothesis. Ostrom (1976) cat-
2 dozens of similarities between thn? sl;ulLand
rchaeopteryx and those of derived thero-
#13?:0:::5 such ‘:se[r){:nonychm Subsequent cladis-
- analyses (e.g. Gauthier, 1986; Holtz, 1994; Serefm.
= ZEOI‘ Chiappe, 2002b; Clark et al, 2002) have
fljﬂg}? I supp(;l’tcd this view and estab]ifh beyond all
reasonable doubt that the birds are derived l_hempc]:d
dinosaurs, related closely to the dromaeosaurids or the
i urs (see Box 8.5).
dﬂx?me on bird origins has sometimes mn.fusv.rj
function and evolution. Proponents of thebasal d;: psi ;
origin of birds are mainly supporters af th? arl or::i
hypothesis, that flight originated from clu:nbmg mj; sd
‘tors (‘trees down'), and they regard t.he tlmosaur :iral
hypothesis of relationships " necessttanng a c—ru}::ei
origin of flight (‘ground up ; see section 9.2).h ‘ :
however, no such necessary linkage between the OTIE]D r
of flight and the origin of birds, an'd an argument ]
the arboreal functional hypulhestsA docs‘ not rejec
the bird—theropod phylogenetic hypothesis (WI:]mlen
2002). Logically, phylogeny must come first and phylo-
genies must be supported by character data. e
The debate has been unnaturally prolonge | by
media attention. The origin of birds has been a topic (:;i
great public interest for the past twenty years, sl;o mtu. 1
so that the leading proponents are frequenl'y -m-;}:
viewed for newspaper articles and TV sp’e.c.la!,s. : e
rules of journalism require !h.l‘t ‘equal rime’ is glwﬁ.n. u:_
representatives of each viewpoint. So the suppurt;1 r..\ o
the basal diapsid origin of birds often ha‘vu as muc mr-
time as the supporters of birds as d|nusJur.~a,i;;\’Ln!.
theugh the latter represent pmha.bly more than 99% 0
working vertebrate palacontologists.

pavean altel

9.2 THE ORIGIN OF BIRD FLIGHT

Birds have wings and feathers, and they can fly.The abﬂ;»
ity to fly is fundamental and the Wh.oie blr_d skelemar; is
modified for this mode of locomotion. Fl!g,hl has 150
modified the soft anatomy of birds, with flight muscles

occupying much of the trunk, and a highly efficient
metabolism and respiratory system designed to cope
with the demands of fast or long-term flapping of the

wings.

9.2.1 Theflight apparatusof modern birds

In the forelimbs of modern birds ( Figl..lfe 9.3 l-_. the }.\and
and wrist elements are greatly reduced, leaving Lasu;
tiallya single bony crank system th at suppn?rnx the feath-
ers and forms the leading edge of tl}e wing. Whjre;x.j
Archaeopteryxhasdigits 1,2and 3 (orisit 2,3 and_-‘;-; ;ﬂ-
Bux9.1) presentand bearing claws, l_hc m.nderrE bire as
Jost the claws and retains only a splint-like remnant ot
metacarpal 1, metacarpal 3 is reduceft to a slender “_‘F’
ment fixed to metacarpal 2 and digits 1 and 3 rem;;n
reduced phalanges. The car;lrals '.nafe fused to the
metacarpals to form a simple hinge joi nt. The humcl::s
has clearly defined processes at each end for the attach-

o)
¢
'y

scapulocoracoideus ‘1

' tendon
humerus

“_ acrocoracoid

process
furcula

coracoid

keeled sternurm

supracoracoideus
/ mustle
radius

"
20 mm

Fig. 9.3 Theskeleton of a typical modern hunlftl.u- prgm:{k
Columba, showing the wingand the supm(umw@ms mus 2

that raises the wing by acting over the acrocc racoid proc-:s:;s J
pulley-like system. (Based on Young. 1981, and other sources.
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ment of flight muscles, and at least one pneumatic fora- supracoracoideus runs over the acrocoracoid
men leading to an air space inside the bone. on the coracoid and through the triosseal fq

The most dramatic modifications of the modern  between the coracoid, scapula and humerus, 3 py
bird skeleton are seen in the shoulder girdle and  like arrangement seen also in prerosaurs (see P.
sternum. In flying birds, there is a deep sternal keel that  The sternum is a key element in the flight apparatus
provides extensive areas of origin for the pectoralis ~ modern birds, and it is stabilized by a long strut
muscle (downstroke) and the supracoracoideus muscle  coracoid, very different from the small g
(upstroke and flight control), and these insert on the  elementin Archaeopteryx (Figure 9.2(a)).
lower and upper faces of the humerus respectively. The

-—W BOX 9.1 BIRD FINGERS: 1,2, 30R 2, 3, 4?

How do you number the fingers of a bird? This may seem a bizarre question —surely modern bird fingers are unirnpoham
does it really matter what they are called? All birds, from Archaeopteryxonwards, have three fingers. It is clear in the evo ution

of theropods, that digits four and five (equivalent to our ring finger and little finger) were reduced and then lost, and maf
three digits of Deinonychus and of Archaeopteryx have to be the numbered 1-3. Studies of the embryos of moden bi
however, show that all five fingers are present as cartilage condensations atan early stage of development, but that digits 1 and =
Sarelost. So the three fingers of adult modem birds are 2—4. How can there have been a jump from 13 to 2—4in evolution?
There is no doubt about the embryological evidence (Burke and Feduccia, 1997): the fourth digit condenses first during

form early in development, but is lost before ossification. It was assumed that bird embryos never had a trace of the cartilagi- ./
nous precursor of digit 1, but this has now been demonstrated (Larsson and Wagner, 2002). The three digits that ossify are
then unequivacally numbers 2—4.

This observation has been hailed as clear evidence that birds did not evolve from theropod ancestors (Burke and Feduccia,
1987). Does this evidence overwhelm all the other apparent synapomorphies of therapads and birds (see Box 8.5), as sug-
gested by Feduccia (1999b)? Wagner and Gauthier (1939) have argued that it does not. They confirm that the fingers of
Archaeopteryxare the theropod digits 1-3, and indeed the numbers of phalanges in each (2, 3, 4 respectively: see illustration)
are the numbers seen in the first tetrapods (see Box 4.2). They suggest that Burke and Feduccia (1997) were right to identify
the initial cartilaginous condensations as numbers 2-4, but that these ossify as digits 1-3. The early loss o' condensation 5
means there is no digit 5, and that is not controversial. They argue then that condensation 1 does not appear because of an
embryological constraint: if a tetrapod loses digital condensations from the hand or foot, condensation 5 goes firstand then
condensation 1 (this is confirmed from embryological studies of modern amphibians, lizards and ma mmals). But, in the evo-
lution of theropods, ossified digit 5 was lost first (between Herrerasaurus and Coelophysis) and then digit 4 (between Coefo-
physisand Allosaurus). Functionally, those two fingers were reduced and lost, but embryologically this could anly have been
achieved by a developmental ‘frameshift’ (Wagner and Gauthier, 1999): the cartilaginous precursors of digits 1-4 shifted so
that precursor 1 was lost at the same time as the loss of digit 4 and precursors 1-3 ossified as digits 2-4,

The frameshift hypathesis has been criticized strongly (Feduccia, 1 999b), but it has been confirmed in an unexpected way.
Dahn and Fallon (2000) showed, in experiments on bird embryos, that there is no necessary linkage between the numbering of
cartilaginous precursors and of digits. The identity of the developing digits is at first unspecified, despite their positions, and
digits acquire their ossified characteristics upon interaction with gradients of bone morphogenetic proteins. The timing and
pattern of ossification in the limbs are controlled by Hoxgenes. (see Box 4.2), sometimes called homeotic genes, and hence the
frameshift hypothesis is based on hameaotic transformations, and the new experiments show that such shiftsican occur,

early development of the hand and foot in all tetrapods (see Box 4.2), forming the primary axis, and then digit5 develops pos-f 3
terior to this, and digits 1-3 form the digital arch anterior ta the primary axis. In birds, the fifth digit appears in cartilaginous % | 3

Read more about this debate at http://www.devbio.comvarticle.php?ch=16&id=161.
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9.2.2 Flight mechanics in modern birds

There is a great deal of variation in the flight styles of

modern birds. A key insight came from compar isons of
wing loadings and aspect ratios (Rayner, 1988). Wing
loading is a measure of the relative size of the wing, and
itisdefined as the body weight of the bird divided by the
wing area. Generally, of course, larger birds have larger
wings and wing area (especially length) increases with
bodyweight (Rayner, 1996). The aspect ratio of a wingis
a measure of wing shape, defined as (wingspan)? divid-
ed by wing area. A high aspect ratio indicates narrow
wings and a low aspect ratio indicates broad wings.

Low wingloadings (i.e. relatively large wings) are as-
socialed with lower flight speeds, improved mano-
euvrability, improved soaring performance and re-
duced agility. 1ligh aspect ratios are associated with
greater aerodynamic efficiency, whereas low aspect ra-
tios (shorter wingspans) facilitate take-off and flight in
cluttered environments, such as forests. Birds fall into
four categories depending on their wing loadings and
aspect ratios (Rayner, 1988), and these correspond to
flying styles.

1 Marine soarers and aerial predators (high aspect
ratio and low wing loading). These are generally large
birds, some of which (albatrosses, tropic birds) remain
airhorne for long periods, soaring on air currents to
save energy, and others, the aerial predators such as
swallows, gulls, falcons and kites, require mano-
cuvrabilityand endurance,
2 Diving birds (high aspect ratio and high wing load-
ing). These include birds of various sizes, such as gan-
nets, auks, some ducks and grebes, that fly, dive and
[sometimes| swim underwater, but do not generally ty
in cluttered habitats. Some diving birds, such as pen-
Buins, have wings so small that they cannot fly in air.
3 Thermal soarers (low aspect ratio and low wing
loading). These include larger owls, flycatchers, herons,
hawks, cagles, storks, vultures and the condor, a rangeof
small to large hirds, The low wing loading allows the
larger birds to soar on thermals and the smaller ones to
be manoeuvrable in pursuit of aerial prey, especially in
forests,
4 Poor fliers (low aspect ratio, high wing loading).
These include turkeys, peacocks, pheasants, cor-
morants and tinamous, birds that are generally happier
on the ground, Their flight performance is poor as their

wingsseem 1o be too small for their fat bodies, ajy]
they can move aboutin forests and take oﬂ’rapid]y

the ground.

9.2.3 Flight capabilities of Archaeopteryx

Archaeopteryx has asymmetric flight feathers |
wings, so it was clearly a flyer, Ostrom (1976) argmy
however, that Archaeopteryx could hardly fly at al]
cause it lacks twa bony elements that seem to be gse
tial for flight in modern birds: a keeled sternum for
attachment of the pectoralis and Supracoracois
muscles, and the triosseal foramen between the
coid, scapula and humerus,

Four lines of evidepce have been presented,
ever, to show that Archaeopteryx was probably a
flyer (Rayner, 2001).

1 Ithas wingsformed from a forelimb and feathers
are similar to those of any modern flying bird.

2 The pectoralis muscle could readily have origina
from the robust furcula and from the small stern
and the supracoracoideus muscle is not necessary fo
the recovery stroke of the wing. Bats, which are
powered fliers, have no keel on the sternum and they
also lack the triosseal foramen, although they have liu'ge{
deltoids, :
3 Archaeopteryxhas asymmetrical vanes on its feathers
asinmodern flying birds (flightless birds have symmet-,
rical feathers) and the feathers are curved. The asymme-
try and the curve are necessary to allow the feathers to
adjust acrodynamically to all stages of the wing beat.

4 Reconstructions of the flight muscles of Ar-
chaeopteryx suggest that it would have had adequate
power far ground-upward takeoff and for sustained
tlapping flight (Elzanowski, 2002), even though the es-
timated mass of the pectoralis muscles was lower than
in modern flying birds.

By comparison with modern birds, Archacopteryx
probably could not have engaged in slow flight, and it
was not agile or manoeuvrable in the air. It would have
been capable of fast or cruising flight, because this mode
requires smaller forces from the pectoralis muscles, the
mechanical energy demands are less and the wing-beat
geometry is simpler (Rayner, 2001), Taking off and
landing would have been a problem, because slow-
flying techniques are required.
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Fig. 9.4 Two models tor the origins of
flight: (a) A rehaeopteryx s a tree-dweller
that flew from branch to pranchand (b)asa
gmunddwcllrr that leapt up to catch
insects. (Based on drawings in Rayner,

1988.)

Theorigin of bird flight must beentirely speculative.
Numerous ideas have been aired, bul there af:: twio
main current models, the cursorial (‘ground up’) and
arboreal (‘trees down’) (Figure 9.4).

The cursorial hypothesis has been dcvel:nped from
Ostrom’s idea that Archaeopteryxwas CSSC[?U&HY& small
running theropod dinasaur that us'rd its rea[h*ﬂeld
wingsand tail as akind of insed-catch.mg,systefn. La!:n_ e
etal (1983) presented an aerodynamic modc‘l in \:vhuh
the bird ancestors leapt into the air in pursuit of insect
prey. Feathers and wings assisted anfi extended lhﬂ.[_

Ica}.\s until eventually true powered flight cwtjlvcd‘ Itis
not clear in this model, however, why flapping \‘vuuid
have started in a running animal, whether for insect
catchingor for assisted leaping (Rayner, 1988). :

The arboreal hypothesis is based on the older idea
that Archaeopteryx could climb trees using the claws on
its hands and feet. An ancestor initially leapt between
branches and then evolved to be able to leap and para-
chute between trees, or from the trees to the grmmd: In
the end, gliding flight evolved into powered ﬂnppnr:ﬁ
flight. Archacopteryx has hand claws !ha\l are w;
adapted for trunk climbing,and Rayncr(l%ﬁ]and}:;.l 1
¢rs have presented acrodynamic argun"u_:ms lh.l.ll g!f ;\nb
flightispre-adapted for the evolution of ﬂapp!ngﬂ:g L.

This may, however, be an unhelpful dichotomy,
maintained by the linkage of the cursorialand theropod
origin models and the arboreal and non—thleropod
origin models (see Section 9.1.3). Perhaps Mg impor-
tant is to accept a transition froma non-flying formtoa
glider and thento abird suchas Arcflaeoptfryx that uses
flapping flight (Rayner, 2001). Gliding can be from tree
to tree, or over irregular ground. Rayner (2001 )empha-

sizes that the transition from nun-ﬂight‘ to glidingxs: far
more straightforward than from non flight 10 ﬂappms,
an assumption in many of the current cursorial models,
whether the protobird is running along a ﬂ;.n surfe.lc;
{Burgers and Chiappe, 1999) or up an incline (Dial,
2003),and whether it is assisted by a favourable follow-
ing wind or not.
nglzaLnnwski's (2002) ‘climbing escape” model takes
thisastep further. The feathered protobirds presurmably
foraged on the ground. When threatened bya preda.lor.
the protobird could scramble or run up toaperchina
tree or on a rock for safety. 1t then glided down to tl“le
graund, spreading its wing feathers to enlarge the lift
surface. Flapping then evolved to extend the length of

the flight path to the ground.

9.3 CRETACEOUS BIRDS, WITH AND
WITHOUT TEETH

Until 1990, there was a long gap in the fossil record of
birds between Archacopteryx, dated at 150 Mylr ago,and
Hesperornisand Ichthyornisfrom the Upper (,rct;acef]us
of North America, dated at 9065 Myr ago. ’I_‘hns h‘mc
span represents the first half of the history of F?ll’ds. New
discoveries from the Lower Cretaceous of China, Mon-
golia, Spain and other parts of the world }'lavc helped th)
fill this gap, and they have revealed the existence of sev-
eral unique Cretaceous bird lineages, and {espe-ﬂally
the radiation of a diverse group, the Enantiornithes.
The new discoveries, and older materials, are arra‘ngcd
here according to the phylogenetic tree of Chiappe
(2002b) (see Box9.2). :
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cassowary and a bronze turkey respectively. (Modified from
Various sources.)
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The mare derived birds, the Ornithurae, include hesper-
ornithiforms, ichthyornithiforms and Neornithes, the mod-
ern groups (Cracraft, 1988; Chiappe, 2002b). These are all
characterized by a pointed orbital process of the quadrate
(see Figure 9.8(c)), a shortened back and pelvic elements
that run back almostin parallel (see Figura 9.8(a)). Ichthyor-
nisshares features of the hand with modern birds. The mod-
ern birds, termed the Neornithes (fllustration 1), are
distinguished from the extinct groups by further derived
characters (Cracraft, 1988), including loss of teeth and a
pneumatic foramen in the humerus that provides access to
an air space inside the bone. The air spaces in some major
bones both reduce weight and provide air storage spaces S0
that the efficiency of respiration is impraved.

The modern birds fall into two clades, the Palaeog-
nathae, flightless ratites and tinamous, and the Neognathae,
all other flying birds (Cracraft, 13988). The palaeognathous
palate (illustration Il(a)) has alarge vomer firmly attached to
the pterygoid, no joint between the pterygoid and the pala-
tine, and a movable joint between the pterygoid and the base
of the braincase. The ‘neognathous palate’ (illustration 11(b))
is more loosely constructed and mare mobile. The vomers
are reduced or lost completely, there is a movable joint be-
tween the palatine and the pterygoid and the pterygoid/
braincase joint has been lost.

Most of the Cretaceous birds reported since 1990
may be assigned to positions in a cladogram of early
birds (see Box 9.2) as a result of intensive anatomical
description of the spectacular new firds, especially the
specimens from Spain, Argentina, Madagascar and
China (summarized by Padian and Chiappe, 1998;
Gauthier and Gall, 2001; Chiappe and Dyke, 2002;
Chiappe and Witmer, 2002). Other Cretaceous birds,
especially some less complete specimens from the Cre-
taceous of Europe, are less easy to place.

9.3.1 Rahonavisand Jeholornis

The most basal Cretaceousbird appears tobe Rahonavis
from the Upper Cretaceous of Madagascar (Forster
etal,, 1998). Its avian status has been disputed, but it has
a reversed hallux (a backwards-pointing digit 1, the big
toe) and the ulna bears small knobs, or papillae, for the
insertion of wing feathers. Rahonavis (Figure 9.5(a))

was the size of a raven, it was a flyer and it had an en-
larged claw on its second toe, perhaps used for killing
prey by slashing, asin dromaeosaurids and troodontids
(see pp. 197-8). Rahonavis, although living long after
Archaeopteryx, retains the long bony tail and other
primitive features that were lost in all other birds. It dif-
fers from Archaeopteryx in having a nostril that has
moved back to lie partially above the antorbital fenes-
tra, a prominent acromion process on the scapula, a
pointed and low posterior process of the ilium and dif-
ferent leg proportions. Forster efal. { 1998) believed Ra-
honavis was a close relative of Archacopteryx, perhaps
a member of the Family Archacoptervgidae, but the
new cladistic analysis (Chiappe, 2002b) shows that the
Madagascar bird differs in at least five characters.
Jeholornis (Zhou and Zhang, 2002) from the Lower
Cretaceous Jehol Group of China (see Box 9.3) also ap-
pears low in the cladogram, close to Rahonavis, Jeholor-
nis has a long bony tail, like Archaeopteryx, but shows
advances in the structure of the hand. The unique
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BOX 9.3 THE WONDERFUL BIRDS OF LIAONING

The first reports of spectacular bird fossils from Liaoning Province in north-east China came out in 1984. Farmers and school
children had excavated specimens from limestone quarries in their fields and these were sent piecemeal to palaeontologists in

Beijing and Nanjing. More concentrated research began in the
1990s and so far some 15 genera of birds have been described,
seven of which are enantiornithines (Zhou and Hou, 2002; Zhou et
al., 2003). The fossiliferous horizons are in the Yixian and Jiufotang
formations of the Jehol Group, some 2600m of sediments, and
bird fossils have come from all levels through the succession. Early
workers suggested these beds might be Late Jurassic in age, but
radiometric dating and biostratigraphy show they are Early Creta-
ceous (late Hauterivian to early Aptian, 128-110Myr ago).

The fine limestones, laid down by slow accumulation of sedi-
ments in ancient lakes, have produced rich floras and faunas. The
flora is dominated by conifers, but many other groups, including
angiosperms, are represented by leaves, flowers, fruits, stems and
roots. Inveriebrates include insects (mayflies, dragonflies, cock-
roaches, bugs, flies), spiders, ostracods, concostracans, crayfish,
bivalves and gastropods. Other than birds, the vertebrates include
bony fishes,- frogs, salamanders (see p. 103), turtles, choris-
toderes; lizards. pterosayrs and dinosaurs, including the feathered
theropods (see'Box 8.2), and mammals (see pp. 305, 311).

Some of the vertebrates from the Jehol Group are relicts, late-
surviving members of groups that had died out much earlier else-
where, such as Sinosauropferyx(close relative of Compsognathus
from the Upper Jurassic of Germany) and an anurognathid
plerusaur (otherwise known also only from the Late Jurassic). In
addition, some of the plants, fishes, turtles, the psittacosaurid
dinosaurs and the confuciusornithid birds are also unique to east-
ern Asia. Are the Jehol biotas freaks, assemblages of unusual and
bizarre plants and animals that do not represent the mainstream?
Seemingly not. Most of the organisms are typical of Early Creta-
ceous localities elsewhere, and this is true of the majority of the
birds

The boak of the touring exhibition of dino-birds from China
(Milner, 2002) contains colour photographs of specimens and life
restorations

The Early Cretaceous bird Confuciusornis. {a) complete (7) male specimen,
with lgng tail; (b) lateral view of the skull. (Courtesy of Zhou Zhonghe. )
continued
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