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Foreword

Paleobiology is a vibrant discipline that addresses
current concerns about biodiversity and about
global change. Further, paleobiology opens unim-
agined universes of past life, allowing us to explore
times when the world was entirely different and
when some organisms could do things that are not
achieved by anything now living.

Much current work on biodiversity addresses
questions of origins, distributions, and future con-
servation. Phylogenetic trees based on extant or-
ganisms can give hints about the origins of clades
and help answer questions about why one clade
might be more species-rich (“successful”) than an-
other. The addition of fossils to such phylogenies
can enrich them immeasurably, thereby giving a
fuller impression of early clade histories, and so
expanding our understanding of the deep origins of
biodiversity.

In the field of global change, paleobiologists have
access to the fossil record and this gives accurate
information on the coming and going of major
groups of organisms through time. Such detailed
paleobiological histories can be matched to evi-
dence of changes in the physical environment, such
as varying temperatures, sea levels, episodes ofmid-
ocean ridge activity,mountain building, volcanism,
continental positions, and impacts of extraterres-
trial bodies. Studies of the influence of such events
and processes on the evolution of life address core
questions about the nature of evolutionary pro-
cesses on the large scale.

As examples of unimagined universes, one need
only think of the life of the Burgess Shale or the
times of the dinosaurs. The extraordinary arthro-

pods and other animals of the Cambrian sites of
exceptional preservation sometimes seem more
bizarre than the wildest imaginings of a science
fiction author. During the Mesozoic, the sauropod
dinosaurs solved basic physiological problems that
allowed them to reach bodymasses ten times those
of the largest elephants today. Further, the giant
pterosaur Quetzalcoatlus was larger than any fly-
ing bird, and so challenges fundamental assump-
tions in biomechanics.

Books in the Topics in Paleobiology series will
feature key fossil groups, key events, and analytical
methods, with emphasis on paleobiology, large-
scale macroevolutionary studies, and the latest
phylogenetic debates.

The bookswill provide a summary of the current
state of knowledge, a trusted route into the primary
literature, and will act as pointers for future direc-
tions for research. As well as volumes on individual
groups, the Series will also deal with topics that
have a cross-cutting relevance, such as the evolu-
tion of significant ecosystems, particular key times
and events in the history of life, climate change, and
the application of new techniques such as molecu-
lar paleontology.

The books are written by leading international
experts and will be pitched at a level suitable for
advanced undergraduates, postgraduates, and re-
searchers in both the paleontological and biological
sciences.

Michael Benton,
Bristol,

November 2011
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Preface

Dinosaurs are everywhere these days. They are the
most popular exhibits in many museums, the stars
of movies and the focus of television documen-
taries, the pitchmen in advertising campaigns and
the subject of gushing articles in magazines and
newspapers. Looking at how dinosaurs are por-
trayed in the popular press, it is easy to lump them
together with leprechauns, unicorns, and dragons –
creatures of myth and iconic lore that only exist in
the imaginations of children and thewhimsy of pop
culture. But dinosaurs are not creatures of fantasy –
they were real animals, of many fantastic shapes
and sizes, that dominated terrestrial ecosystems for
an astounding span of over 160 million years. They
were living, breathing, feeding, moving, reprodu-
cing, evolving organisms that originated in the
aftermath of the worst mass extinction in earth
history, rose to dominance as a supercontinent was
splitting and climates were fluctuating, evolved
into some of the largest andmost fearsome animals
the planet has ever seen, and then suddenly went
extinct right at the same time that a giant comet or
asteroid slammed into the earth and supervolca-
noeswere belching rivers of lava. And perhapsmost
astonishing of all, these ancient creatures, so often
symbols of lethargy and failure, were the ancestors
of one of the most successful groups of living
animals: the birds.

The scientific study of dinosaurs has been
experiencing a remarkable renaissance over the
past couple of decades. Scientific understanding of
dinosaur anatomy, biology, and evolution has ad-
vanced to such a degree that paleontologists often
know more about 100 million-year-old dinosaurs
than many species of living organisms. Research is

proceeding at a frenetic pace, as illustrated by a
simple statistic: during 2010, the year I proposed
and beganwriting this book, some 63 new species of
dinosaurswere discovered. That’s a stupendous rate
of over one new species per week, which has largely
been fueled by a great increase in fieldwork explora-
tion (especially in China and South America) and
an ever-expanding roster of graduate students and
other young researchers choosing to study
dinosaurs. And not only is our stockpile of dinosaur
fossils growing at an exponential pace, but so is the
development of new research techniques. It used to
be that paleontologists could pontificate on the
biology, evolution, andextinctionof dinosaursbased
only on the flimsiest scraps of evidence, interpreted
with a healthy dose of imagination and a snickering
dismissal of the explicit, quantitative, repeatable
methodologies thathave longbeen thenorminmost
other sciences. Those days are long gone. Today,
dinosaur paleontology is a dynamic science that
demands evidence-based rigor and is firmly integr-
ated with many other scientific disciplines. Indeed,
researchers often draw from a diverse repertoire of
anatomy, geology, chemistry, physics,mathematics,
and statistics when studying dinosaurs. It is not
uncommon to see advanced calculus used to esti-
matedinosaurbodymasses, computerized engineer-
ing analyses marshaled to test whether certain
dinosaurs were capable of feeding or moving a cer-
tain way, or statistics utilized to explicitly assess
whether some dinosaurs were evolving faster or
slower than others.

The breadth of current dinosaur research is vast.
Some scientists spend their careers discovering and
describing new species, others may focus solely on
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anatomy or genealogy, and others concentrate
on studying dinosaur locomotion or feeding. In
general, though, all contemporary work on dino-
saurs provides evidence for addressing two main
questions. First, how did dinosaurs function as
living animals? Second, what is the grand narrative
of dinosaur evolution across the Mesozoic? The
only way to attack these questions in a defensible
competent manner is to interpret the primary
evidence – the actual dinosaur fossils that provide
a bedrock for the entire enterprise of dinosaur
research – using explicit quantitative methodolo-
gies. The emerging answers to these questions, and
the evidence and methods that are revealing them,
are the focus of this book. Like any science, dino-
saur paleontology is constantly changing as new
fossils are found and new research techniques are
developed and refined. Our knowledge of dinosaur
biology and evolution is shifting fast, and this book
is an attempt to capture what is currently known
about this remarkable group of ancient creatures
that dominated our planet for so long.

From a more personal standpoint, this book is
also a young, perhaps brazen, researcher’s exami-
nation of his field of study. I am in the somewhat
unusual position of writing this book as a PhD
student – a scientist without an advanced degree,
with less than a decade of research experience,who
has not had the time and wisdom to (at least yet)
make a substantial mark on the field. But although
I may not be the most traditional author of a
technical dinosaur book, and although perhaps I
should be focusing more on my thesis than on
writing books, I feel that I am able to present a

perspective that has yet to be tapped by the over-
saturated dinosaur book market. I have been
brought up and trained within the dynamism of
contemporary dinosaur research, and have been
experiencing the explosive growth of this field as a
dizzying cocktail of new discoveries and techni-
ques have enabled modern scientists to under-
stand dinosaurs in unprecedented detail. In
many ways this book is a personal journey. I do
not pretend that this book is an exhaustive ency-
clopedia of everything that is currently known
about dinosaurs, or a technical critique of the
minutiae of every method and each piece of evi-
dence. Instead, what I present ismy understanding
of dinosaur biology and evolution – the under-
standing of a student actively learning about
dinosaurs and in the midst of planning his own
research program and career. I present what I find
interesting and empowering, what I think is most
important and exciting about contemporary
research, and where I think the field is heading.

So, then, what do scientists actually know about
dinosaurs? As it turns out, the truth about dinosaur
biology and evolution is surely more fascinating
than even themost sensational dinosaur documen-
tary or movie, andmore than fascinating enough to
fuel the passion of this member of theMTV genera-
tion. Indeed, without even a hint of hyperbole, the
story of dinosaur evolution is one of the greatest
stories ever told.

Steve Brusatte
New York, USA

September 1, 2011

xii P R E F A C E



Acknowledgments

Writing a book is a lot of fun, but also a lot of work.
Although my name may appear on the cover, this
book could never have been written without the
help of so many friends and colleagues across the
globe. One of my favorite aspects of paleontologi-
cal research is the friendships and collaborations
that are fostered, and I’m pleased to be able (even if
in a small way) to showcase the work of many of
my colleagues and include their contributions in
the form of photos and illustrations. This book
relects my personal journey studying paleontology,
and building a career in research, over the past
decade. I have tried, wherever possible, to include
photographs and figures that I have compiled dur-
ing my research work, fieldwork, and museum
visits, or those provided by trusted colleagues and
friends. These colleagues are too numerous to
thank here, but individuals who helped with
images are credited in the figure captions. To all
of them, let me apologize one final time for all my
nagging questions.

I have been very fortunate in my young career
to have been mentored by three very excellent
advisors: my undergraduate advisor Paul Sereno
at the University of Chicago, my Master’s advisor
Mike Benton at the University of Bristol, and my
PhD advisor Mark Norell at Columbia University
and the American Museum of Natural History. I
recognize how lucky I have been to study under
three of the most prominent luminaries in the
field, and thank them for all of heir guidance,
advice, and support over the years. Specific to this
book, I would like to offer my sincere thanks to
Mike Benton, the editor of the Topics in Paleobi-
ology series, who invited me to write a book on

dinosaurs for Wiley-Blackwell. I am humbled that
he would place such trust in me at such a young
stage in my career, and I hope that I have seized
this remarkable opportunity and written a book
that justifies his confidence in me. And to Mark
Norell, my current advisor, please know that I will
always appreciate the freedom that you have pro-
vided me as a student to pursue whatever interests
me. Not every PhD advisor would allow his stu-
dent to put a doctoral thesis on the backburner to
write a book.

Although many colleagues helped with images
and advice, a few people deserve special mention
here. I am very pleased to feature the skeletal
reconstructions of Scott Hartman, the photographs
ofMick Ellison, and the artistic life reconstructions
of Jason Brougham. Scott, Mick, and Jason are
three of the best artists in the business, and are
consistently producing beautiful and scientifically
accurate work that, at least in my opinion, sets a
benchmark for the field. Without their contribu-
tions this book would be little more than a jumble
of 130,000 words; if this book does succeed in
bringing dinosaurs to life, it is largely due to their
reconstructions, photos, and illustrations. A lot of
the work they have provided here has not been
reproduced before, and all three worked tirelessly
to help make this book something more than just a
run-of-the-mill dinosaur tome. Several trusted col-
leagues also read large portions of this book, includ-
ing Roger Benson, Mike Benton, Richard Butler,
Matt Carrano, Greg Erickson, Paul Gignac, John
Hutchinson, and Pat O’Connor, as well as the
formal reviewers (Paul Barrett and Larry Witmer).
Their advice was instrumental, and I thank them

xiii



for their encouragement, suggestions, and frank
criticism that helped tighten my writing and im-
prove the text. All mistakes, however, are of course
mine.

My continuing development as a scientist has
been facilitated by the friendship, collaboration,
advice, and assistance of many trusted colleagues.
I would like to especially acknowledge my two
closest colleagues, Roger Benson and Richard But-
ler, whom I consider something of scientific blood
brothers. I’ve been fortunate to work on many
projects with Richard and Roger, and have shared
many long car journeys, evenings over beers, and
hours in museum collections learning from them.
They are two of the most dynamic, thoughtful
young researchers in the field, and I have no doubt
that they will emerge as among the most respected
voices in dinosaur research as their careers unfold.
I’ve also enjoyed fruitful collaborations and friend-
ships with many other close colleagues, including
Thomas Carr, Zolt�an Csiki, Phil Currie, Graeme
Lloyd, Octavio Mateus, Josh Mathews, Grzegorz
Nied�zwiedzki, Marcello Ruta, Steve Wang, Scott
Williams, and Tom Williamson. My fellow gradu-
ate students and advisors have provided constant
inspiration, including Carol Abraczinskas, Marco
Andrade, Amy Balanoff, Robin Beck, Mark Bell,
Gabe Bever, Jianye Chen, Jonah Choiniere, John
Flynn, Andres Giallombardo, Christian Kam-
merer, Mike LaBarbera, Shaena Montanari,
Sterling Nesbitt, Paul Olsen, Rui Pei, Albert
Prieto-M�arquez, Manabu Sakamoto, Michelle
Spaulding, Mark Webster, Hongyu Yi, and Mark
Young. Three colleagues that I have only worked
with briefly, but have long admired for their

adherence to quantitative rigor and ability to ask
and answer interesting questions, are Matt Carra-
no, Greg Erickson, and John Hutchinson. Many
other colleagues also have helped me along, in-
cluding Robert Bronowicz, Dan Chure, Julia Des-
ojo, Phil Donoghue, Gareth Dyke, Jerzy Dzik,
Martin Ezcurra, Dave Gower, Mike Henderson,
Dave Hone, Steve Hutt, Randy Irmis, Max Langer,
Pete Makovicky, Darren Naish, Chris Organ, Em-
ily Rayfield, Nate Smith, Tomasz Sulej, Corwin
Sullivan, Alan Turner, M�atyas Vremir, Anne Weil,
Jessica Whiteside, Zhao Xijin, and Xu Xing.

And finally, but most importantly, I must thank
my family and close personal friends. My parents
(Jim and Roxanne Brusatte) have long fostered my
passion for paleontology and writing, even going as
far as letting me plan whole days of family vaca-
tions dedicated to museum hopping (which my
brothers, Mike and Chris, must have really en-
joyed). My parents and in-laws (Peter and Mary
Curthoys) have generously provided space in their
homes for me to write this book. A handful of good
personal friends have helped fuel my passion for
writing and have molded me (gradually, and surely
with much pain) into a competent author: Fred
Bervoets, Lonny Cain, Lynne Clos, Allen Debus,
Mike Fredericks, Richard Green, Joe Jakupcak,
Mike Murphy, and Dave Wischnowsky. I sincerely
thank all of the help thatmy editor, Ian Francis, has
provided with this book. And last, but certainly not
least, I dedicate this book to my patient and beau-
tiful wife Anne, who someday (I hope) will under-
stand that it isn’t too strange for a grown man to
spend his days thinking about 65 million-year-old,
6-tonne, killer-toothed megapredators.

xiv A C K N OW L E D G M E N T S



1 An Introduction
to Dinosaurs

It is necessary to begin with a straightforward, if not pedantic, question: what is a

dinosaur? In popular parlance a dinosaur is often anything that is old, big, or

frightening. Any kindergartner could identity Tyrannosaurus or Triceratops as

dinosaurs, and they would be correct, but newspapers will often sloppily use the

term ‘‘dinosaur’’ to refer to flying reptiles (pterosaurs), marine reptiles

(plesiosaurs, ichthyosaurs, etc.), or even large mammals (such as the woolly

mammoth). ‘‘Dinosaur’’ has become a cultural and political idiom as well: out-of-

touch politicians or washed-up celebrities are often mockingly ridiculed as

‘‘dinosaurs,’’ a synonym for lethargy, obsolescence, and inevitable extinction.

Although the term ‘‘dinosaur’’ is firmly established in the popular lexicon, it is

also a scientific term that refers to a specific group of organisms that shared

particular anatomical features and lived during a certain period of time. While the

popular definition of ‘‘dinosaur’’ is amorphous, the scientific definition is precise.

Wewill get to that definition in amoment, but first it is necessary to reviewexactly

where dinosaurs fit in the tree of life – when they evolved, what they evolved

from, and who their closest relatives are – so it is easier to comprehend the

explicit distinction between dinosaur and non-dinosaur. Some of the following

discussion may seem elementary to more advanced readers, and I intentionally

use a more conversational tone in this introduction to appeal to non-specialists

and younger students. It is important, however, to set the stage for this book by

first painting in broad strokes, before progressing to a more nuanced discussion

of dinosaur anatomy, ecology, behavior, and function.

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.

� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Dinosaurs: A Brief
Background

Dinosaurs are one of the best-known, most inten-
sively studied, and most successful groups of tetra-
pods: animalswith a backbone that have limbswith
digits (fingers and toes) (Fig. 1.1). Within the tetra-
pod group, dinosaurs are members of a speciose
subgroup of reptiles called the Archosauria, which
literally means ‘‘ruling reptiles’’ in Greek (Cope,
1869; Romer, 1956; Carroll, 1988; Benton, 2005)
(Figs 1.1–1.6). This is a fitting moniker, as archo-
saurs have been a major component of terrestrial
ecosystems since the early Mesozoic, and for large
swaths of time have been ecologically dominant
and incredibly diverse (Benton, 1983; Fraser, 2006).
Living archosaur subgroups include two major
clades, birds and crocodylomorphs, which are
among the most familiar and successful groups of
extant vertebrates (note that a ‘‘clade’’ refers to a
group of animals that includes an ancestor and all of
its descendants; Fig. 1.5) (Gauthier, 1986; Sereno,
1991a; Nesbitt, 2011). However, the great majority
of archosaur diversity is extinct, and the two main

living groups merely represent two highly aberrant
body types (fliers and semiaquatic sprawlers) that
were able to endure several mass extinction events
that pruned most other lineages on the archosaur
family tree. Dinosaurs, without a doubt, are the
most familiar of these extinct archosaurs.

The archosaur clade is an ancient group that
originated approximately 250 million years ago
(Nesbitt, 2003, 2011; Brusatte et al., 2010a,
2011a; Nesbitt et al., 2011). Some of the closest
archosaur relatives are known from the Late Perm-
ian (e.g. Dilkes, 1998; Nesbitt et al., 2009a), and
archosaurs themselves arose within the first few
million years after the devastating Permo-Triassic
mass extinction, the largest instance of mass death
in earth history, estimated to have eradicated
75–95% of all species (Raup, 1979; Stanley and
Yang, 1994; Benton, 2003; Erwin, 2006; Clapham
et al., 2009). The Permo-Triassic extinction interval
was a time of death and destruction on a massive
scale, but its aftermath was a time of equally large-
scale rebirth: ecosystems were reshuffled, organ-
isms thatwere once overshadowed had the freedom
to flower, and entirely new groups originated and
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Figure 1.1 A simplified genealogical tree (cladogram) of tetrapods (limbed vertebrates) showing the position of dinosaurs

and their closest relatives. Artwork by Simon Powell, University of Bristol.
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diversified in the barren, post-extinction landscape
(Benton et al., 2004; Sahney and Benton, 2008).
Among these entirely new groups were ‘‘modern’’
lineages such as turtles, mammals, lepidosaurs (li-
zards and their relatives), lissamphibians (frogs and

salamanders), and archosaurs. It is no wonder that
the Triassic Period is often called the ‘‘birth of
modern ecosystems,’’ as so many of today’s most
distinctive and successful clades originated during
this time.

Figure 1.2 A montage of the skulls of various archosaurs, including the rauisuchian crurotarsan Batrachotomus (A), the

aetosaurian crurotarsan Aetosaurus (B), the phytosaurian crurotarsan Nicrosaurus (C), the poposauroid crurotarsan

Lotosaurus (D), the ornithosuchid crurotarsan Riojasuchus (E), and the sauropodomorph dinosaur Plateosaurus (F).
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Figure 1.3 A montage of life reconstructions of various crurotarsan (crocodile-line) archosaurs. Illustrations courtesy of

Dr Jeff Martz, National Park Service.
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The archosaur clade diversified rapidly after its
origination, as most of the major archosaur sub-
clades and body planswere established by the end of
the Early Triassic, a mere 5 million years after the
mass extinction (Brusatte et al., 2011b) (Fig. 1.4).
The oldest unequivocal archosaur body fossilwith a
well-constrained age and phylogenetic position is
Xilousuchus, from the late Olenekian/early
Anisian (c.247–248 million years ago) of China

(Nesbitt et al., 2011). This species is a derived
member of the ‘‘crocodile line’’ of archosaur phy-
logeny, which is properly referred to as Crurotarsi
(also sometimes called Pseudosuchia). Crurotarsi
includes crocodylomorphs and their closest extinct
relatives, whereas the other half of the archosaur
clade, the ‘‘bird-line’’ groupAvemetatarsalia (some-
times also called Ornithodira), includes birds,
dinosaurs, and pterosaurs (the familiar flying
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Figure 1.6 Life reconstructions of the basal non-dinosaurian dinosauromorphs Marasuchus and Silesaurus, two of the

closest relatives to dinosaurs. Illustrations courtesy of Dr Jeff Martz, National Park Service.
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reptiles) (Gauthier, 1986; Sereno, 1991a; Benton,
1999, 2004; Irmis et al., 2007a; Brusatte et al.,
2010a, 2011b; Nesbitt, 2011) (Fig. 1.5). Because
Xilousuchus is a member of the crocodile lineage,
then the bird line (but not true birds themselves)
must have also been present by approximately
248 million years ago, because these two lineages
are each other’s closest relative, and the presence of
one implies the contemporary existence of the other
(see Norell, 1992, 1993 for details of such ‘‘ghost
lineages,’’ which will be discussed later in the text).

Although the bird lineage, ofwhich dinosaurs are
a part,must have been present by the Early Triassic,
the first body fossils of truly dinosaur-like animals
are not known until the late Anisian (c.243–244
million years ago) (Nesbitt et al., 2010). These
fossils do not belong to true dinosaurs, as will
become clear below, but are among the handful of
closest relatives to dinosaurs, and likely resembled
and behaved like their more famous cousins
(Fig. 1.6). More properly, they are members of the
‘‘dinosaur stem clade,’’ technically known as Dino-
sauromorpha (Sereno, 1991a; Benton, 1999, 2004;

Ezcurra, 2006; Brusatte et al., 2010a;Nesbitt, 2011).
Among the best known species are Lagerpeton
(Sereno and Arcucci, 1993), Marasuchus (Sereno
and Arcucci, 1994), Dromomeron (Irmis et al.,
2007a), Silesaurus (Dzik, 2003), and Asilisaurus
(Nesbitt et al., 2010). Middle to Late Triassic dino-
sauromorphs were small animals, no bigger than a
small dog, and were incredibly rare in their ecosys-
tems. The tiny fragile footprints of some of these
close dinosaur cousins are known from several
fossils sites in the western United States (Peabody,
1948) and Europe (Haubold, 1999; Ptaszynski, 2000;
Klein andHaubold, 2007; Brusatte et al., 2011a), and
these are remarkably scarce compared with the
footprints of other characteristic Triassic animals,
especially crocodile-line archosaurs (Fig. 1.7). It
seems therefore that these dinosaur stem taxa were
small, rare, only represented by a few species, and
overshadowed by other contemporary reptiles.
From such a humble beginning came the dinosaurs.

True dinosaurs likely originated some time in
the Middle Triassic, although it is difficult to pin-
point the exact time. The first dinosaur body fossils

Figure 1.7 A montage of photographs and illustrations of the footprints (A–D) and handprint (E) of a small-bodied

quadrupedal dinosauromorph from the Early Triassic of Poland. These fossils are currently the oldest known fossil

evidence of the dinosauromorph lineage. Scale bars equal 1 cm. Images by Grzegorz Nied�zwiedzki and modified from

Brusatte et al. (2011a).
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are known from rocks that were deposited in Ar-
gentina at approximately the Carnian–Norian
boundary (c.228 million years ago) (Rogers et al.,
1993; Shipman, 2004; Brusatte et al., 2010b; Ezcur-
ra, 2010a; Langer et al., 2010; Martinez et al., 2011)
(Figs 1.8 and 1.9). However, it is almost certain that
dinosaurs arose several million years earlier. First,
the closest relatives of dinosaurs were clearly pres-
ent by at least 243 million years ago, as outlined
above, and it is reasonable to hypothesize that
dinosaurs originated around this time (Nesbitt et
al., 2010). Second, there are a number of provocative
footprints, which closely match the feet of primi-
tive dinosaurs, that have recently been described
from the Ladinian (c.242–235 million years ago) of
Europe and South America (Gand and Demathieu,
2005; Melchor and de Valais, 2006). Regardless of
the exact timing of dinosaur origins, which will
surely become clearer as new fossils are found, it is
undeniable that dinosaurs began to diversify quick-
ly once they originated. By the time the first dino-
saur body fossils appear in the fossil record,
representatives of the three major subgroups of
dinosaurs – the carnivorous theropods, long-necked

sauropodomorphs, and herbivorous and often
armored or crested ornithischians – are already
present (Sereno and Novas, 1992; Sereno et al.,
1993; Langer et al., 1999, 2010; Butler et al., 2007;
Martinez and Alcober, 2009; Brusatte et al., 2010b;
Ezcurra and Brusatte, 2011; Martinez et al., 2011).

Therefore, by the Late Triassic, the Age of Di-
nosaurs was in full swing, and over the course of
the next 50 million years dinosaurs would contin-
ue to diversify into new species and body types,
before ultimately becoming the dominant mid-to-
large size vertebrates in terrestrial ecosystems
globally in the Early Jurassic, about 176 million
years ago (Benton, 1983; Brusatte et al., 2008a,
2008b, 2010b) (Fig. 1.4). From this point on,
throughout the remainder of the Jurassic and the
Cretaceous, from approximately 175 to 65 million
years ago, dinosaurs truly were ‘‘ruling reptiles’’ in
every sense of the phrase. They lived in all corners
of the globe, including the Arctic highlands, and
reached some of the most stupendous sizes ever
seen in land-living animals. Some species devel-
oped absurdly long necks, others extravagant
horns and armor that would make a medieval

Figure 1.8 Skeletal reconstructions of four early dinosaurs from the Late Triassic to Early Jurassic: the theropod

Herrerasaurus, the theropod Dilophosaurus, the sauropodomorph Saturnalia, and the ornithischian Heterodontosaurus.

Illustrations by Frank Ippolito (American Museum of Natural History) and modified from Brusatte et al. (2010b).
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knight blush, and yet others grotesque skulls,
longer than an averageman is tall and packed with
dagger-like teeth, perfect for delivering bone-
crunching bites. This fantastic array of dinosaurs –
predators and herbivores, dwarves and 50-m long
behemoths and all sizes in between – continued to
evolve in concert with the slow drift of the con-
tinents and the roller-coaster wiggles of climate
change, until an unexpected visitor from outer
space smashed into the planet 65 million years
ago, snuffing out the Age of Dinosaurs and permit-
ting the survival of only one marginal, aberrant
dinosaur subgroup: the birds.

The Scientific Definition of
Dinosaurs

The above review liberally used terms like ‘‘true
dinosaur’’ and ‘‘close dinosaur cousin.’’ Vague
terminology like this can often be maddening,
and can sadly obstruct communication between
scientists. Thankfully, however, there is an ex-
plicit definition of what constitutes a dinosaur
(the ‘‘true dinosaurs’’). Dinosaurs are defined by

scientists as ‘‘members of the least inclusive clade
containing Triceratops horridus and Passer do-
mesticus (the living house sparrow)’’ (Padian and
May, 1993; Sereno, 1998; Sereno et al., 2005).
At first this definition may seem confusing, and
perhaps even counterintuitive, but in fact it is
quite straightforward.

Most modern biologists define groups of organ-
isms, such as dinosaurs or mammals or birds, based
on ancestry, not on the possession of certain char-
acteristics (e.g. de Queiroz and Gauthier, 1990,
1992; Sereno, 2005). An animal is a dinosaur if it
falls in a certain place on the family tree of life, in
this case that group of organisms that includes
Triceratops, the living sparrow (Passer), and all
descendants of their common ancestor. This hypo-
thetical common ancestor can be visually traced on
a family tree (properly called a cladogram, or a
phylogeny) of reptiles: simply findTriceratops, then
Passer, and then trace the branches leading to both
species down to their common meeting point
(Fig. 1.10). Any species that can also be traced down
to this common ancestor – in other words, any
species that descended from this ancestor – is by
definition a dinosaur.

Figure 1.9 Life reconstructions of early dinosaurs from the Late Triassic. Illustrations courtesy of Dr Jeff Martz, National

Park Service.
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The definition of Dinosauria given above is
called a phylogenetic definition, and it is a general
definition that can be applied to any cladogram.
Clearly, however, this definition needs a phylogeny
for context, and it is unintelligible without a clado-
gram to refer to. The first scientists to study dino-
saurs did not define them this way, which is
unsurprising given that these pioneering paleontol-
ogists were working in a pre-Darwinian world in
which evolution (and hence common ancestry)
was regarded as heresy. The man who named
Dinosauria, Richard Owen (1842), followed the
custom of the time and defined dinosaurs as those

animals possessing a certain set of anatomical fea-
tures, which included various traits relating to body
size, posture, and locomotion (see below). Owen
saw these features as essential characteristics – an
unchangeable blueprint that set dinosaurs apart
from other reptiles – but today we simply recognize
them as products of common ancestry, as traits that
all dinosaurs inherited from that distant ancestor
that unites Triceratops and Passer. These are so-
called synapomorphies: shared derived characters –
evolutionary novelties – that unite a group on the
tree of life.

This clarifies an important point: animals such as
dinosaurs arenot strictly defined by their anatomical
features, but everygroupon the treeof lifepossesses a
characteristic set of traits inherited from their com-
mon ancestor and thus absent in other organisms.
These features are said to diagnose dinosaurs, rather
thandefinethem.Ananalogycanbeseeninmedicine:
cancer is defined as a disease in which cells grow
uncontrollably (a process), but is diagnosed by symp-
toms such as headaches, swelling, or abnormal
breathing.Doctorsneverrigidlydefineadiseasebased
on symptoms, but a certain disease usually has a
characteristic set of symptoms, and by noticing and
studying these symptoms a doctor can pinpoint the
diseasethatiscausingthem.Dinosaurs, therefore,are
defined based on ancestry, but share a common set of
features, and by identifying and studying these fea-
tures scientists canbe sure that a certain specimenor
organism is truly a dinosaur.

Characteristic Features
of Dinosaurs

With the above semantics out of the way, we can
now focus on those features that distinguish dino-

Phylogenetic definitions may seem confusing, but they can be understood with analogies to our own family histories.

Some of my ancestors, for instance, immigrated to the United States from northern Italy. As the story goes, my great

grandfather, upon hearing distressing rumors of anti-Italian sentiment in his soon-to-be new homeland, decided to

change his surname from the obviously Italian ‘‘Brusatti’’ to the somewhat more ambiguous ‘‘Brusatte’’ when

registering as a new citizen. This name change can be thought of as the origin of a new group of organisms, in this

case the Brusatte family, and anybody who has descended from my great grandfather is by definition a Brusatte. It

doesn’t matter what we look like – whether we are tall, short, fat, thin, or bald – or when or where we live. We are

simply Brusattes by definition.
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Figure 1.10 A schematic illustration showing how a group

(such as Dinosauria) is defined in a phylogenetic sense.

Dinosauria is formally defined as ‘‘members of the least

inclusive clade containing Triceratops horridus and Pass-

er domesticus.’’ This definition requires a genealogical

tree, or phylogeny, to make sense. In this case, locate

Triceratops and Passer on the tree and then trace both

branches back to their common ancestral meeting point

(denoted by a circle). All species that also descended from

this common ancestor are dinosaurs by definition (those

species shown in black), whereas other species that fall

outside this group are not dinosaurs by definition (those

species shown in gray).
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saurs. After all, these anatomical features, and their
biological and ecological significance, are much
more interesting than the subtleties of cladograms,
and the mundane quibbles about whether a certain
species did or did not descend from a certain com-
mon ancestor. This criticism is not to trivialize
phylogenetic definitions – their strength is in their
explicitness and stability – but unfortunately te-
dious debates have raged over whether a certain
species is a proper dinosaur or falls just outside
of thegroupdefinedbyTriceratopsandPasser.These
academic quarrels can be maddening, because the
focus is on a technicality of nomenclature rather
than much more illuminating discussions of bio-
logy, function, andevolution.And inone sense these
debates miss the point, because even if an animal is
not quite a dinosaur by definition, it may still have
many features common to other dinosaurs, andmay
have resembled and behaved like true dinosaurs.

A prime example concerns a recently described
group of peculiarMiddle to Late Triassic archosaurs
calledthesilesaurids.Thereisnoquestionthatthese
animalswereverysimilar todinosaurs, as theyshare
several derived features with species that are un-
equivocally part of the Triceratops–Passer group.
But there is debate over whether they are true dino-
saurs: whether they descended from the common
ancestor of Passer and Triceratops, or whether they
are the closest relatives of true dinosaurs (i.e., are
immediately outside the Triceratops–Passer group)
(Dzik, 2003; Ferigolo and Langer, 2007; Irmis et al.,
2007a; Brusatte et al., 2010a; Nesbitt et al., 2010;
Nesbitt, 2011). This debate is indeed important for
that narrow group of specialists which focuses on
reptile phylogeny, and does have important ramifi-
cations for understanding patterns of character evo-
lution,but isof littleconcerneven formostdinosaur
paleontologists. Therefore, in this section, I take a
more catholic view of dinosaurs and focus not only
on those features that precisely diagnose Dinosaur-
ia, but also features that are seen in a handful of the
closest dinosaur relatives, which are not dinosaurs
by definition but likely were very similar to dino-
saurs in a biological sense. Throughout the remain-
der of this book the focus will be on true dinosaurs,
but close dinosaur cousins (‘‘stem dinosaurs’’) will
sometimes be discussed for context or to flesh out
exploration of biology, function, or large-scale evo-
lutionary patterns.

When outlining features common to all dino-
saurs, it is wise to begin with some historical
background. Dinosauria was first established as a
distinctive group by Owen (1842), who recognized
that three extinct genera of large reptiles –
Megalosaurus, Iguanodon, and Hylaeosaurus –
shared several unusual features that were unknown
in other reptiles, both living and extinct. These
included features of the hips, limbs, and body
posture, which generally indicated that dinosaurs
had a more upright stance than other reptiles (see
review in Cadbury, 2002). Discoveries of new fossils
continued at a frenzied pace during the remainder of
the 19th century, and by the dawn of the 20th
century paleontologists had recognized that not
only did all known dinosaurs share many features
– including several additional hallmarks revealed by
the new finds – but that they could be divided into
two major subgroups: the ‘‘lizard-hipped’’ saur-
ischians, which include theropods and sauropodo-
morphs, and the ‘‘bird-hipped’’ ornithischians
(Seeley, 1887). These groups are recognized to this
day as the twomajor subdivisions of dinosaurs. Over
the next several decades, however, scientists gradu-
allychanged their conceptionofdinosaurs. Formuch
of the 20th century, paleontologists considered saur-
ischians and ornithischians to be separate lineages,
which independently diverged long ago from sepa-
rate ‘‘thecodont’’ (primitive archosaur) ancestors.
Therefore, all the features common to saurischians
and ornithischians were not seen as the product of
common ancestry – characteristics that united all
dinosaurs relative to other animals – but rather as
insignificant nuances of the anatomy that evolved in
parallel in both groups. The very idea of a single,
distinctive dinosaur group had fallen out of favor.

This view began to change in the mid 1970s and
withina fewyearswaswidelydismissedasoutdated
and incorrect. A new generation of paleontologists,
motivated by new discoveries and conceptual ad-
vances, resurrectedOwen’s (1842) original notionof
a single, unique group of Mesozoic reptiles – Dino-
sauria – that could be distinguished from all other
organisms based on their possession of shared de-
rived characters. This revolution in thinking was
drivenbytwomajor factors.First, if saurischiansand
ornithischiansweredescended fromseparate ances-
tors, then the most primitive members of both
groups should look very different from each other.
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However, as new fossil finds of early saurischians
andornithischianswerediscovered inTriassic rocks
across theworld, thispredictionwasutterly rejected
(Welles, 1954; Crompton and Charig, 1962; Reig,
1963; Colbert, 1970). Instead, primitive theropods,
sauropodomorphs, andornithischianswere remark-
ably similar to each other, exactly as would be pre-
dicted if they diverged from a single common
ancestor. Second, the advent of an explicit, numeri-
cal methodology for inferring genealogical relation-
ships – cladistics – swept through the field of biology
in the 1970s and 1980s (Hennig, 1965, 1966). Cladis-
tic principles hold that a lengthy roster of shared
anatomical features between two groups is much
more likely to indicate close relationship than par-
allelevolution,anditwouldtakequiteabitofspecial
pleadingtoretainsaurischiansandornithischiansas
separate entities that evolved somanyeerily similar
features independent of each other.

Itwasmore plausible, therefore, that themyriad
similarities between saurischians and or-
nithischians meant that these two groups des-
cended from a common ancestor, and could be
united as a single, larger group: Dinosauria. This
view was persuasively articulated in a seminal
1974 paper by Robert Bakker and Peter Galton. In
doing so, Bakker and Galton (1974: 168–169)
highlighteda surprisingly long listof characteristic
dinosaur features,manyofwhichhadbeenrevealed
by new discoveries during that long dark period
when saurischians and ornithischians were as-
sumed to be nothing but distant, convergent rela-
tives. These features included an upright and fully
erectposture,anenlargeddeltopectoralcrestonthe
humerus (which anchors large shoulder and chest
muscles), a perforated hip socket for articulation
with theheadof the femur, awell-developed fourth
trochanter and lesser trochanter on the femur
(which anchor hindlimb muscles), and an ankle
joint in which the proximal tarsals (astragalus and
calcaneum) were ‘‘fixed immovably on the ends of
the tibia and fibula [resulting in a] simple unidirec-
tional hinge between the astragalus–calcaneum
and distal tarsals.’’ As is evident, many of these
features have to do with the posture, strength, and
range of motion of the forelimbs and hindlimbs:
compared with their closest relatives, dinosaurs
had amore upright stance and stronger,moremus-
cular legs, which moved in a more restricted fore–

aft direction, ideal for fast running and keen bal-
ance. Importantly, Bakker andGalton (1974) acute-
ly recognizedthatmanyof thesehallmarkdinosaur
features are also present in living birds, and thus
support a close relationshipbetweendinosaurs and
birds. This was not a new idea, but one that was
rapidly gaining traction in the field at the time. It
had been proposed as early as the 1860s (Huxley,
1868, 1870a, 1870b), but had largely been ignored
until the pioneering studies of John Ostrom in the
1960s and 1970s (Ostrom, 1969, 1973).

It is a great testament to the work of Bakker and
Galton (1974) that many of the features they de-
scribed as dinosaur trademarks are still considered
valid today. This is no small feat, as the exact
characteristics that diagnose a clade on the tree of
life, such as Dinosauria, are constantly changing as
new fossils are discovered and ideas are reinter-
preted. At one point in time a certain character,
such as a large deltopectoral crest, may only be
known in one group, such as dinosaurs. It is easy
to envision, however, how a single new fossil dis-
covery, such as a new close dinosaur cousin with a
large crest, could reveal that this feature is more
widely distributed. This has, in fact, happened to
several of Bakker and Galton’s diagnostic charac-
ters but, importantly, most of the features they
described are still only known in dinosaurs and a
handful of their closest cousins, and their general
argument that dinosaurs are distinguished from
other reptiles by their posture and hindlimb anato-
my still stands. But perhaps most important of all,
Bakker and Galton’s (1974) paper was a catalyst for
future studies, and authors continue to actively
debate exactly what characters unite dinosaurs.

Over the past four decades, beginning with Bak-
ker and Galton’s (1974) paper, approximately 50
characters have been identified as potential dino-
saur synapomorphies. Many of these have emerged
from detailed, higher-level cladistic analyses of
archosaur phylogeny (Benton, 1984, 1999, 2004;
Gauthier, 1986; Benton and Clark, 1988; Novas,
1989, 1992, 1996; Sereno, 1991a, 1999; Sereno and
Novas, 1994; Fraser et al., 2002; Ezcurra, 2006,
2010a; Langer and Benton, 2006; Irmis et al.,
2007a; Nesbitt et al., 2009b, 2010; Brusatte et al.,
2010a; Martinez et al., 2011; Nesbitt, 2011).
Of course, different phylogenies may imply differ-
ent patterns of character evolution, and the exact
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characters that diagnose Dinosauria often differ
depending on the phylogeny being considered. To
avoid the risk of gettingmired in a tedious catalogue
of different phylogenies, the discussion here uses
the recent phylogeny of Brusatte et al. (2010a) and
the review of dinosaur origins by Brusatte et al.
(2010b) as guides. This phylogenetic context is
graphically shown in Fig. 1.11.

Taking at first a reductionist view, seven fea-
tures are currently recognized as unequivocal
synapomorphies of Dinosauria. In other words,
these characters are only known in true dinosaurs,
and are absent even in the closest dinosaur cou-
sins. These bona fide dinosaur hallmarks are
known from across the skeleton, and include the
following.

1 Temporal musculature that extends anteriorly
onto the skull roof. The mandibular adductors
(temporal muscles) are among the fundamental
muscles ofmastication in vertebrates: when they
contract they elevate the lower jaw, allowing the
mouth to close. Dinosaurs have an unusually
large and extensive set of mandibular adductor
muscles, which expand anteriorly onto the top of
the skull (see Holliday, 2009 for review). Al-
though muscle tissue is rarely preserved in dino-
saur fossils, the location and size of the
mandibular adductors can be deduced based on
the position and size of a smooth fossa on the
skull roof, to which these muscles attached. In
most reptiles, including most archosaurs and
even close dinosaur kin such as Silesaurus, the

fossa is restricted to the parietal bone, and is only
expressed as a narrow depression in front of the
supratemporal fenestra (one of the main diapsid
skull openings, which will be described in more
detail below) (Dzik, 2003). In dinosaurs, however,
the fossa extends further anteriorly onto the
frontal bone, and is a much deeper and more
discrete depression (Fig. 1.12A,B). This indicates
that the mandibular adductor muscles were larg-
er and more powerful in dinosaurs than in close
relatives, and probably implies that dinosaurs
had a stronger bite than most other archosaurs.

2 Posterior process of the jugal bifurcates to artic-
ulate with the quadratojugal. The jugal bone
forms the lateral ‘‘cheek’’ region of the skull
underneath the eye and articulates posteriorly
with the quadratojugal bone. Together these two
bones define the ventral margin of the lateral
temporal fenestra, the second of the two main
diapsid skull openings. In all archosaurs other
than dinosaurs, including Silesaurus, the poste-
rior process of the jugal tapers and meets the
quadratojugal at a simple overlapping joint (Dzik
and Sulej, 2007). In dinosaurs, by contrast, the
posterior process bifurcates into two prongs,
which clasp the anterior process of the quadra-
tojugal (Fig. 1.12C,D). The biological significance
of these two conditions is uncertain, but it is
likely that dinosaurs had a stronger jugal–qua-
dratojugal articulation, and thismay be function-
ally associated with their larger mandibular
adductor musculature and inferred stronger
bite force.
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Figure 1.11 The genealogical relationships of ‘‘bird-line’’ archosaurs (Avemetatarsalia) based on the phylogenetic
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Figure 1.12 Distinctive features of dinosaurs. (A, B) Portions of the skulls of two theropod dinosaurs in dorsal view

(Dubreuillosaurus and Guanlong) showing the anterior extension of the fossa for the temporal jaw muscles onto the

frontal. (C, D) The bifurcated posterior process of the jugal, for articulationwith the quadratojugal (jugal and quadratojugal

of the theropod Allosaurus shown in articulation in C, only the jugal of the tyrannosaurid theropod Alioramus shown in D).

(E, F) The epipophysis, a bump-like projection of bone on the dorsal surface of the postzygapophysis of the cervical

vertebrae of the large theropod Aerosteon (E) and the tyrannosaurid Alioramus (F). Photographs (D) and (F) by Mick

Ellison; image (E) courtesy of Dr Roger Benson.
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3 Epipophyses on the cervical vertebrae. Epipo-
physes are projections of bone, which range from
small mounds to more elaborate flanges, that
protrude from the dorsal surfaces of the postzy-
gapophyses of the cervical vertebrae (those parts
of the vertebra that articulate with the following
vertebra) (Fig. 1.12E,F). These are present in all
dinosaurs, but not close relatives such as Mara-
suchus (Sereno and Arcucci, 1994) or Silesaurus
(Dzik, 2003; Piechowski andDzik, 2010). Various
muscles of the neckwould have attached to these
structures, as well as some muscles that may
have extended onto the back and thorax (Tsuihiji,
2005; Snively and Russell, 2007a, 2007b). The
primary function of these muscles is to extend,
rotate, and reinforce the neck and back.Although
these muscles would have been present in other
archosaurs, the epipophyses in dinosaurs would
have increased their available attachment area,
perhaps indicating that these muscles were
stronger or capable of a greater range of motion
(see Snively and Russell 2007a, 2007b for func-
tional considerations).

4 Elongate deltopectoral crest. The deltopectoral
crest is a ridge of bone on the humerus, the upper
bone of the arm, that anchors the deltoid muscle
of the shoulder and the pectoralis muscle of the
chest (Coombs, 1978a; Nicholls and Russell,
1985; Dilkes, 2000; Jasinoski et al., 2006). Its
primary purpose is to support the latter muscle,
whose contraction brings the arm closer to the
body. A discrete deltopectoral crest is present in
many animals, but it is especially prominent and
elongate in dinosaurs, in which it is expressed as
an offset flange that extends for 30–40% of the
length of the entire humerus (Fig. 1.13). In most
other archosaurs, including close dinosaurian
relatives such asMarasuchus (Sereno and Arcuc-
ci, 1994) and Silesaurus (Dzik, 2003), the delto-
pectoral crest is shorter, less offset, and restricted
to the proximal portion of the humerus. The large
deltopectoral crest of dinosaurs indicates that
forelimb motion, particularly adduction towards
the body, was especially powerful.

5 Open acetabulum in the pelvis. The acetabulum
is the joint surface on the pelvis that articulates
with the femur (thigh bone). In humans this is a
ball-and-socket joint: the globular head of the
femur fits into a deep depression on the pelvis.

A similar condition, although with a much shal-
lower socket and a less spherical head of the
femur, is present inmost reptiles, includingmost
archosaurs. In these animals, the acetabulum is
always a discrete socket, which is backed by a
medial wall of bone. Dinosaurs, by contrast, have
a very different morphology (Fig. 1.14). In all
primitive dinosaurs, and most species of more
derived dinosaurs, the acetabulum is ‘‘open’’ like
a window, because there is no medial wall. This
condition is readily apparent in even fragmentary
fossils, as a concave ventral margin of the ilium
(the most dorsal of the three pelvis bones) is a
surefire hallmark of an open acetabulum. The
closest relatives of dinosaurs, including Marasu-
chus and Silesaurus, have a ventral ilium that is
essentially straight, but punctuated by a small
concave divot (Sereno and Arcucci, 1994; Dzik,
2003). This is often referred to as an ‘‘incipiently
open’’ acetabulum, and is hypothesized to be a
transitional morphology that was later elaborat-
ed into the fully open condition of dinosaurs.

The opened and closed acetabular morpholo-
gies have clear functional significance (Fig. 1.15).
Many reptiles, including primitive archosaurs,
have a sprawling posture. In these sprawling
forms, of which crocodiles are a prime example,
the femur is angled outwards to a near horizontal
inclination, and during locomotion the full
weight of the body is transmitted medially, di-
rectly between the femur and the medial wall of
the acetabulum. Therefore, it is no surprise that

Figure 1.13 Distinctive features of dinosaurs. The humerus

of the Late Triassic theropod Liliensternus in lateral (A) and

anterior (B) views showing the expanded deltopectoral

crest.
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the acetabulumhas a bonymedialwall to provide
reinforcement and dissipate stress. Dinosaurs
and close relatives, however, have amore upright
posture in which the hindlimbs are positioned
directly underneath the body. This is facilitated

by a modified femur, which has a head offset
approximately 90� from the shaft, thus allowing
the shaft to reposition itself in a vertical orienta-
tion (Fig. 1.15). As a result, the brunt of the body
weight is transmitted between the top of the

Figure 1.14 Distinctive features of dinosaurs. (A, B) The pelvis of the basal theropod Elaphrosaurus in left lateral (A) and

oblique right lateral/posterior (B) views showing the articulation of the various bones of the pelvis and the distinctive open

acetabulum of dinosaurs. (C) The articulated pelvis of the ornithischian dinosaur Thescelosaurus showing the open

acetabulum and antitrochanter. Image (C) courtesy of the American Museum of Natural History Library (image #338613).

acet, acetabulum; anti, antitrochanter; gtr, greater trochanter; h, head; ltr, lesser trochanter.
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femur and only the very top surface of the ace-
tabulum, and is not deflected medially into the
acetabulum itself. This likely explains why the
bony wall, so important for stress reduction in
sprawling taxa, is absent in dinosaurs. It also
explains why, in comparison to crocodiles and
other sprawling taxa, dinosaurs and their closest
upright-walking relatives have a robust lip of
bone along the top of the acetabulum. And, per-
haps most reaffirming, this explains why a hand-
ful of aberrant crocodile-line archosaurs that
stood fully upright in a dinosaur-like fashion,
such as Effigia (Nesbitt and Norell, 2006) and
Poposaurus (Weinbaum and Hungerb€uhler,
2007; Schachner et al., 2011a), have an almost
identical open acetabulum in their pelvis.

6 Fourth trochanter of the femur asymmetrical.
The fourth trochanter is a ridge on the posterior
surface of the femur and is present in all arch-
osaurs. It anchors the caudofemoralis muscula-
ture, a large set of muscles that extends from the

tail to the femur and primarily acts to retract, or
pull back, the leg during locomotion. Many arch-
osaurs have either a subtle trochanter, indicating
weak caudofemoral muscles, or a symmetrical
and rounded trochanter. Dinosaurs, on the other
hand, possess an asymmetrical crest-like tro-
chanter in which the more distal portion of the
crest is expanded relative to the proximal portion
(Fig. 1.16D). This asymmetry is best seen in
lateral or medial views, where it is apparent that
the distal part of the trochanter forms a steeper
angle to the femoral shaft than themore proximal
trochanter. The functional significance of an
asymmetrical, as opposed to symmetrical, fourth
trochanter is unclear. In general, it is hypothe-
sized that the large trochanters of many archo-
saurs, including dinosaurs and their closest
relatives, were related to more powerful and
efficient limb motions, in comparison to other
species with delicate trochanters (Gatesy, 1990;
Farlow et al., 2000).

7 Articular facet for the fibula occupies less than
30% of the width of the astragalus. The astraga-
lus and calcaneum are the two proximal tarsal
bones in archosaurs, and they play an integral
role in hindlimb motion by forming the primary
articulation between the lower leg (tibia and
fibula bones) and the foot (Figs 1.17 and 1.18). In
crocodile-line archosaurs, as well as many other
reptiles, the astragalus and calcaneum are ap-
proximately the same size, and the primary line
of motion in the ankle is between these two
bones, which rotate against each other and fit
together like a peg and socket (Cruickshank and
Benton, 1985; Sereno and Arcucci, 1990; Sereno,
1991a). This suite of features is generally referred
to as a ‘‘rotary joint’’ or a ‘‘crurotarsal joint’’
(Fig. 1.18A,B).

However, dinosaurs and their closest relatives
are immediately recognized by a modified condi-
tion, in which the astragalus is much larger
than the calcaneum (Fig. 1.18C). In these taxa,
the astragalus is firmly braced against both the
calcaneum and the tibia and fibula, and these
four bones essentially form a single functional
complex with no rotary motion between any of
the individual elements (Fig. 1.17). Most strik-
ingly, the astragalus has a long, thin, tongue-like
flange called the ascending process that sits

Figure 1.15 Schematic of force vectors in a sprawling

animal (a crocodile) and an upright-walking dinosaur. The

gray arrows indicate the major forces created when the

foot impacts the ground during locomotion and the black

arrows indicate the direction that this force is transmitted

within the body of the animal (between the femur and

pelvis). Note that the main internal force in sprawling

animals is directed inward, explaining the bony medial

wall of the acetabulum (used to dissipate stress), whereas

that of the upright-walking dinosaur is directed mostly

upward, explaining why a bony medial wall is not neces-

sary to dissipate stress in these animals (but a robust lip of

bone above the acetabulum is necessary to dissipate

stress). Modified from Hutchinson and Gatesy (2000).

Used with permission from the Paleontological Society.

16 A N I N T R O D U C T I O N T O D I N O S A U R S



against the anterior surface of the distal tibia,
firmly uniting the two bones. As a result, the
primary line of motion is between the leg plus
proximal tarsals complex and the foot itself. This
is the so-called ‘‘hinge joint,’’ or ‘‘mesotarsal’’
condition of bird-line archosaurs, which clearly
differs fromthecrurotarsal conditionof crocodile-
line archosaurs.

Although these general ankle types – cruro-
tarsal versus mesotarsal – distinguish crocodile-
line archosaurs from bird-line archosaurs, true
dinosaurs do have a further unique condition of
the ankle that evenmesotarsal ‘‘stemdinosaurs’’
such as Silesaurus do not possess. In dinosaurs,
the fibula makes only a restricted contact with
the astragalus, such that the smooth articular
facet for the fibula on the astragalus is less than
30%of thewidth of the astragalus (Fig. 1.17B). In
functional terms, this means that the fibula of
dinosaurs is reduced and the tibia is the domi-
nant bone of the lower leg. This probably relates
to the general dinosaurian condition of upright

posture and fast locomotion, as a limb canmove
faster and more efficiently as a simpler struc-
ture, with less range of motion between individ-
ual bones and one dominant bone to the expense
of others.

In summary, true dinosaurs are distinguished
from all other reptiles by the seven features dis-
cussed above. There are also a number of additional
features that, while not strictly diagnostic of Dino-
sauria itself, are only seen in dinosaurs and a few of
their closest relatives: ‘‘stem dinosaurs’’ such as
Lagerpeton, Marasuchus, Silesaurus, and Asili-
saurus, which lived during the Early to LateTriassic
(Sereno and Arcucci, 1993, 1994; Dzik, 2003;
Nesbitt et al., 2010). Unsurprisingly, most of these
features are also indicative of upright posture, fast
locomotion, and a muscular reinforced skeleton.
The most distinctive and important of these fea-
tures include the following.

1 Three or more sacral vertebrae. The sacral verte-
brae articulate with the pelvis, fitting tightly

Figure 1.16 Distinctive features of dinosaurs. The left femur of the tyrannosaurid theropod Tarbosaurus in anterior (A),

medial (B), and proximal (C) views illustrating the diagnostic inturned femoral head and anterior trochanter of dinosaurs.

(D) The left femur of the small theropod Miragaia in posterior view illustrating the asymmetrical fourth trochanter of

dinosaurs.
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between the left and right ilium bones, and there-
fore are important in rigidly connecting the ver-
tebral column and the hindlimbs. Whereas many
archosaurs have only two sacral vertebrae, dino-

saurs and someof their closest relativeshave three
or more sacral vertebrae. In fact, some derived
dinosaurs have more than six sacral vertebrae.
The increased sacral count is reflective of a

Figure 1.17 Distinctive features of dinosaurs. The articulated ankle of the Late Triassic theropod Liliensternus (A) and the

Late Cretaceous ornithomimosaurian theropod Gallimimus (D) showing the characteristic mesotarsal ankle condition in

which the calcaneum is reduced to a small spool of bone that is firmly attached to the large astragalus. The ankle bones of

Liliensternus are also shown in proximal (B) and anterior (C) views, and the ankle of Deinonychus is shown in anterior (E)

view. Note that the arrow in (B) points to the calcaneum–astragalus contact: only a small portion of the astragalus

contributes to the fibular facet (another distinctive feature of dinosaurs). Image (E) taken by the author but copyright of the

Peabody Museum of Natural History.

Figure 1.18Mesotarsal vs. crurotarsal ankles. Crurotarsal ankles in a crocodile (A) and a phytosaur (an extinct member of

the crocodile-line of archosaur phylogeny) (B), and a mesotarsal ankle in the basal dinosauromorphMarasuchus (C). In

crurotarsal ankles the astragalus and calcaneum are approximately equal in size and articulate together at a mobile ball-

in-socket joint. Mesotarsal ankles, however, are characterized by a proportionally enlarged astragalus and a tiny

calcaneum, which articulate at a firm contact that permits no motion between them. Reproduced with permission from

Sereno (1991a).
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stronger, reinforced articulation between the
backboneandpelvis, andwouldhavehelped brace
the more muscular and swifter hindlimbs of
dinosaurs.

2 Elongate pubis and enlarged antitrochanter. The
pubis is themost anterior of the three bones of the
pelvis, and in dinosaurs and close relatives this
bone is extremely elongate relative to the shorter
squatter morphology in other archosaurs. A ma-
jor pelvic muscle, the puboischiofemoralis, orig-
inated along the pubis, and stretched onto the
ischium (the most posterior pelvic bone) and the
proximal part of the femur (Hutchinson and
Gatesy, 2000; Carrano and Hutchinson, 2002;
Hutchinson, 2001a, 2002). Therefore, a longer
pubis would have increased the attachment area
of this muscle, a consequence whose functional
significance is not immediately clear. It is likely,
however, that this muscle rearrangement was
related to the upright posture of dinosaurs and
the general strengthening of their legs (see
Fig. 1.14). Another plausibly related feature is
seen in the posterior part of the pelvis. The anti-
trochanter is a rough articular surface where the
greater trochanter of the femur, the spur that the
puboischiofemoralis muscle attaches to, makes
contact with the pelvis (Hutchinson and Gatesy,
2000; Hutchinson, 2001b, 2002). This contact
zone is limited to a narrow corner of the ischium
in most archosaurs, but in dinosaurs and close
relatives it is greatly expanded, and extends
across parts of both the ischium and ilium (see
Fig. 1.14). Once again, the precise functional
significance of the enlarged antitrochanter is un-
clear, but at the very least it is indicative of
a broader, and perhaps tighter, articulation
between the femur and pelvis. This may have
helped strengthen and rigidify the leg, and would
have restricted the range of motion of the femur
such that it primarily moved in a single plane,
which is important for fast-running animals.

3 Anterior trochanter on the femur. The pub-
oischiofemoralis muscles, which bring the hin-
dlimb forward and towards the body, attach to the
anterior surface of the femur, immediately below
the head that articulates with the pelvis (Hutch-
inson and Gatesy, 2000; Hutchinson, 2001b,
2002). This attachment site is generally smooth
in most archosaurs, but in dinosaurs and close

relatives is expanded into a rugose flange called
the anterior trochanter (see Fig. 1.16). Therefore,
dinosaurs and their kinwould havehad larger and
more powerful hindlimb muscles, consistent
with their upright posture and rapid locomotion.

4 Elongate, compact metatarsus with reduced lat-
eral and medial digits. All bird-line archosaurs,
including dinosaurs, stem dinosaurs, and ptero-
saurs, share a unique condition in which the
metatarsal bones of the foot are bunched together
and elongated (Gauthier, 1986) (Fig. 1.19). Fur-
thermore, dinosaurs and their closest relatives
have greatly reduced the size of the first and fifth
metatarsals and their corresponding digits – the
toes on the inside and outside of the feet – such
that the central three metatarsals dominate the
foot and form a simplified, paddle-like structure
(Fig. 1.19). In sum, these modifications allow the
metatarsus to act as a single unified structure,
which is essentially a thirdmajor long bone of the
hindleg (along with the femur and tibia). Unlike
the metatarsals of humans and many other ani-
mals, includingmost archosaurs, these bones did
not contact the ground during locomotion in
bird-line archosaurs. Instead, only the toes them-
selves would have touched the substrate. Similar
lengthening, strengthening, and simplifying of
the metatarsus is seen in living animals that run
rapidly, such as horses and gazelles. The bunched
metatarsus of bird-like archosaurs is so unusual,
and functionally significant, that it clearly regis-
ters in footprints of these species, including the
oldest known members of the clade from the
early Olenekian of Poland (Brusatte et al.,
2011a) (see Fig. 1.7). In these footprints, as well
as hundreds of other footprints from later in the
Triassic and throughout the Mesozoic, only the
toes are impressed in the sediment, and the digits
themselves are nearly parallel due to the bunched
construction of the foot (see also Ptaszynski,
2000; Carrano and Wilson, 2001).

With the above exhaustive list in mind, there
should be no confusion between dinosaurs and
other archosaurs. The dinosaur clade, as well as
slightly more inclusive clades that also include
‘‘stem dinosaurs’’ and pterosaurs, are strikingly
modified relative to crocodiles and other reptiles.
More than 10 distinctive features are knownonly in
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dinosaurs and their closest relatives, and possession
of these characters is a surefire indication that a
fossil specimen is a dinosaur. But these characters
are not merely typological badges of honor that
label specimens as dinosaurs, but also dynamic
features of the skeleton that had clear functional
and biological significance. Most of these charac-
ters are related to posture and muscle function:
dinosaurswalkedmore upright andwere faster than
their closest relatives, and they had particularly
strong jaw, neck, and forearm muscles and a rigid
skeleton ideal for withstanding the rigors of a fast,
active lifestyle.

The Major Dinosaur
Subgroups

All dinosaurs evolved from a common ancestor and
share a common set of skeletal features. With this
said, amereglanceatanydinosaurmuseumexhibit–
say, a Tyrannosaurus locked in aggressive battle
with the deadly horns of Triceratops – is a dazzling
reminder of just how different dinosaurs can be from
one another. This remarkable diversity of size,

shape, diet, ornamentation, and lifestyle is one
reason that the public is so fascinated with dino-
saurs, and is surely a primary reason why dinosaurs
were able todominate terrestrial ecosystems for over
100 million years.

As briefly touched on above, dinosaurs can prin-
cipally be divided into two major subgroups, the
‘‘lizard-hipped’’ saurischians and ‘‘bird-hipped’’ or-
nithischians, each of which can be further divided,
finer and more finely, into less inclusive subgroups
(see Fig. 1.21). This is, of course, because the family
tree of life is hierarchical: a human is a primate,
primates are one of many groups of mammals,
mammals are tetrapods, tetrapods are vertebrates,
vertebrates are one of numerous groups of animals,
and so on. Chapter 4 will provide a detailed over-
view of the dinosaur family tree, and a discussion of
the most comprehensive and up-to-date phyloge-
netic analyses used to construct it. First, however, it
is necessary to provide a summary outline of the
major dinosaur subgroups, to introduce the funda-
mental splits in dinosaur evolution and build a
framework for the remainder of this narrative.

One of the great ironies of dinosaur paleontology
is that the name Ornithischia is derived from the

Figure 1.19 Distinctive features of dinosaurs. The metatarsus of the ornithomimosaurian theropod Gallimimus in anterior

view (A), the metatarsus of the tyrannosaurid Tarbosaurus in proximal view (B), the metatarsus of early theropod

Elaphrosaurus in posterior view (C), and the feet of the small theropod Compsognathus (D). All illustrate the ‘‘bunched’’

morphology characteristic of dinosaurs, in which the individual metatarsals are clustered close together and not splayed

apart (as in crocodiles and other close dinosaurian relatives).
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Greek for ‘‘bird hip,’’ even though birds are actually
direct descendants of saurischian dinosaurs, and
thus technically members of the ‘‘lizard-hipped’’
clade itself! This confusion, however annoying, is
justified with a bit of historical context. When
Seeley (1887) first recognized and named the or-
nithischian clade, the idea that birds evolved from
dinosaurs, and particularly the more specific hy-
pothesis that they derived from small carnivorous
saurischians, was little more than a fringe specu-
lation. Seeley was one of the first scientists to
present a detailed classification of dinosaurs: an
attempt to make order out of the exasperating
diversity of shape, size, and diet among the ever-
expanding pantheon of dinosaur species. As a keen
anatomist, Seeley recognized a fundamental differ-
ence between two clusters of dinosaurs. Many
species, such as the large carnivore Allosaurus and
the long-necked herbivoreDiplodocus, had a pelvis
in which the pubis bone projected forward, just as
in most living reptiles (Fig. 1.20A). He referred to
these dinosaurs as saurischians: the ‘‘lizard-
hipped’’ group. A few other species, though, had
a bizarre condition in which the pubis was rotated
backwards, so that it paralleled the ischium
(Fig. 1.20B). These dinosaurs included the plated
Stegosaurus and herbivorous Iguanodon, and See-
ley collectively referred to them as ornithischians,

or ‘‘bird-hipped’’ dinosaurs, because living birds
have a similar pelvic configuration. Seeley, there-
fore, was not proposing that ornithischian dino-
saurs evolved from birds, but merely that their
most distinguishing feature – their retroverted pu-
bis bone – was similar to that of birds.

More than a century after Seeley’s (1887) initial
classification, ornithischians are today recognized as
an incredibly diverse group, which includes a whole
range of herbivorous species, many of which are
armored or ornamented, and which run the gamut
fromfleet-footed toplodding, dog-sized to larger than
elephants (Sereno, 1997, 1999; Weishampel, 2004)
(Fig. 1.21). Ornithischians are primarily united by
two sets of characteristics: those relating to the
‘‘bird-like’’ pelvismorphologyandothers closely tied
to herbivory. The pubis is retroverted, as originally
noted by Seeley (1887), and there is a novel flange of
bone, called the prepubic process, that projects for-
ward at the articular surface between the ilium and
pubis. Furthermore, there are additional sacral verte-
brae to brace the pelvis, and the anterior wing of the
pelvis (the preacetabular process) is long, thin, and
strap-like (Sereno, 1997, 1999; Weishampel et al.,
2004; Butler et al., 2007, 2008a; Irmis et al., 2007b;
Butler, 2010). Many of these pelvic features relate to
the reconfiguration of muscles and the accommoda-
tion of a larger gut, essential for herbivorous species

Figure 1.20 Saurischian and ornithischian pelves. (A) The pelvis of the theropod Tyrannosaurus, which exhibits the

saurischian condition in which the pubis projects forward. (B) The pelvis of a hadrosaurid, which exhibits the

ornithischian condition in which the pubic shaft projects backward (paralleling the ischium) and a novel prepubic

process projects forward. Images courtesy of the American Museum of Natural History Library (image #35423, 4267).
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that must ingest large quantities of plant matter.
Otheruniquecharactersrelatingtoherbivoryinclude
well-developed wear facets on leaf-shaped teeth, a
largeandstrongdentaryboneinthelowerjaw,andthe
inferredpresenceofcheeks,whicharevital for retain-
ing chewed food in the mouth (Norman, 1984;
Weishampel, 1984; Weishampel and Norman,
1989; Sereno, 1997, 1999; Butler et al., 2007).

The ornithischians that shared these characters
persisted from the Late Triassic until the end of the
Cretaceous, a span of some 165 million years. The
oldestornithischians,whichincludethepuzzlingand
frustratingly poorly preserved Pisanosaurus, are
known from the rock horizons in Argentina that
preserve the world’s oldest dinosaurs (Bonaparte,
1976; Sereno, 1991b; Butler et al., 2007, 2008a; Irmis
et al., 2007b). Although they were present from the
inception of the dinosaur clade, ornithischians re-
mained rare and marginal during the Late Triassic,
and only a handful of specimens are known from
across the globe (Bonaparte, 1976; Butler et al.,
2007; Irmis et al., 2007b; Butler, 2010). After the
end-Triassic extinction, however, ornithischians ex-
ploded in diversity (number of species), faunal abun-
dance, and geographic distribution, and became,
along with the long-necked sauropod dinosaurs, the
pre-eminent herbivores in most terrestrial ecosys-
tems across the world (Butler et al., 2007, 2008a;
Brusatte et al., 2008b). Many of the fundamental
ornithischian subgroups arose and diversified during

theJurassic:theplate-backedstegosaurs,thearmored
and tank-like ankylosaurs, and the beaked orni-
thopods (Galton and Upchurch, 2004a; Norman
et al., 2004a; Vickaryous et al., 2004; Maidment
et al., 2008;McDonald et al., 2010). One subgroup of
theornithopods,theduck-billedandfabulouslycrest-
ed hadrosaurids, flourished during the Cretaceous,
along with two other fantastically ornamented
ornithischian subgroups, the horned ceratopsians
and dome-headed pachycephalosaurs (Dodson et al.,
2004; Horner et al., 2004; Maryanska et al., 2004;
YouandDodson, 2004; Prieto-M�arquez, 2010a;Ryan
et al., 2010a). No ornithischians, however, were
able to endure theCretaceous–Paleogene extinction.

The other major subgroup of dinosaurs, the saur-
ischians, were also remarkably diverse, both in the
number of species that lived during the Mesozoic
and the variability in their size, anatomy, and diet
(Fig. 1.21). Of course, saurischians also survive
today as birds, meaning that this major subgroup
has persisted for the past 65million years in aworld
that is otherwise barren of dinosaurs. Seeley (1887)
differentiated saurischians from ornithischians
based on pelvic anatomy, but we now know that
the ‘‘lizard-like’’ condition of saurischians is a prim-
itive character that was retained from distant an-
cestors.After all, as its descriptivemoniker implies,
a lizard-like pelvis is present not only in saur-
ischians but also in crocodiles and many other
reptiles. This raises a problem. Because only shared,
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Figure 1.21 The general genealogical relationships of the major groups of dinosaurs.
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derived characters that are inherited from a com-
mon ancestor – in this case, the common ancestor
of saurischians to the exclusion of all other reptiles –
are useful in diagnosing a clade, scientists must
recognize discrete evolutionary novelties of saur-
ischians in order to retain this subgroup as a true
division of Dinosauria. Otherwise, saurischians
would simply be a nebulous assemblage of primitive
dinosaurs, not their own unique group united by
derived features. This is not a problem for or-
nithischians, because their highly peculiar pelvis is
clearly modified from the primitive reptilian con-
dition, and thus represents an undisputable evolu-
tionary novelty. Yet, do saurischians possess any of
their own novelties?

Fortunately, such characters do indeed exist, and
the roster of saurischian novelties is being continu-
ously refined as new fossils of Triassic dinosaurs
emerge. All saurischians share derived features of
the neck, hand, and feet (Sereno, 1997, 1999; Langer
and Benton, 2006; Nesbitt et al., 2009b;Martinez et
al., 2011). The neck is elongate, due to the increased
length of individual vertebrae, and the epipophyses –
the projections on the cervical vertebrae for muscle
attachment that are present in all dinosaurs – are not
limited to only the first few vertebrae as in
ornithischians, but arepresentalongtheentireneck.
The hand is long, nearly half the length of the arm,
and the first finger is especially large and projects
strongly medially relative to the remainder of the
hand. All together, these features allowed the hand
to function as a strong grasping organ, perfect for
clasping prey. The metatarsals of the feet lie against
each other in an overlapping, en echelon arrange-
ment, and do not simply abut each other as in
ornithischians and other archosaurs. Although
some of these shared novelties have been revealed
by new fossils, other discoveries have dismissed
several previously held saurischian features asmore
widely distributed among dinosaurs. For instance,
it was long considered that saurischians uniquely
possessed a subnarial foramen between the premax-
illa and maxilla, pneumatic openings and laminae
on the vertebrae, and hyposphene–hypantrum
articulations to reinforce the contact between
vertebrae. These features, and many others, are
now known to be present in some primitive
ornithischians (Butler et al., 2007), and sometimes
even in stem dinosaurs and crocodile-line archo-

saurs (Gower, 2001; Dzik, 2003; Nesbitt andNorell,
2006; Nesbitt, 2007; Weinbaum and Hungerb€uhler,
2007; Brusatte et al., 2010a).

The first saurischian fossils are also known from
the same Late Triassic Argentine units that yield
the first ornithischian fossils. In fact, the twomajor
saurischian subgroups – the carnivorous theropods
and long-necked herbivorous sauropodomorphs –
are already present by this time (Sereno and Novas,
1992; Sereno et al., 1993; Langer et al., 1999;
Bittencourt and Kellner, 2009; Martinez and
Alcober, 2009; Ezcurra, 2010a; Ezcurra and Brusatte,
2011; Martinez et al., 2011). Unlike ornithischians,
however, saurischians quickly diversified, became
ecologically dominant, and spread across the globe
soon after their origination. Theropods and sauro-
podomorphs are common fossils in Late Triassic
rocks around the world, and in many ecosystems
primitive sauropodomorphs were the most com-
mon, and the largest, herbivores (Benton, 1983).

Most Triassic sauropodomorphs were ‘‘prosauro-
pods,’’ an informal name for a nebulous grade of
primitive species that did not comprise their own
unique group distinguished by novel characters (Gal-
ton and Upchurch, 2004b; Upchurch et al., 2007;
Yates, 2007; Pol et al., 2011). Prosauropods were the
ancestors and closest relatives of the sauropods, the
distinctive long-necked, small-headed, plantguzzlers
typifiedbyBrachiosaurusandDiplodocus(Upchurch,
1995, 1998; Wilson and Sereno, 1998; Wilson, 2002;
Upchurch et al., 2004; Curry-Rogers and Wilson,
2005).Thesebehemoths,whichoriginated intheLate
Triassic but reached their zenith in the Late Jurassic
and Early Cretaceous, included the largest land ani-
mals to ever live. Compared to such giants, however,
the Triassic and Early Jurassic ‘‘prosauropods’’ were
much smaller and had shorter necks, and many spe-
cies were likely omnivorous and could alternate be-
tween walking on two or four legs (Barrett, 2000;
Barrett and Upchurch, 2007; Bonnan and Senter,
2007; Langer et al., 2007).

The earliest theropods were mostly small ani-
mals, dwarfed in comparison with their later, more
familiar Jurassic and Cretaceous cousins such as
Tyrannosaurus and Allosaurus (see Plates 1, 2, and
3). Most Triassic theropods belonged to a primitive
grade of small species, the ‘‘coelophysoids,’’ which
like the ‘‘prosauropods’’ was not a unique group
united by derived characters. These primitive ther-
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opods are exemplified by Coelophysis, a kangaroo-
sized species overshadowed by much larger croco-
dile-line predators when it was alive (Colbert, 1989;
Brusatte et al., 2008a). Some Triassic theropods,
however, grew up to 5–6m in length, and were
surely apex predators in their ecosystems (Huene,
1934). A sudden and pronounced increase in thero-
pod size is recorded across the Triassic–Jurassic
boundary, immediately after the extinction of
many crocodile-line archosaurs that filled top pred-
ator niches (Olsen et al., 2002), and throughout the
Jurassic and Cretaceous theropods would diversify
into a stupefying array of different subgroups. The
most familiar of these are probably the tyranno-
sauroids, typified by the iconic Tyrannosaurus rex,
and the dromaeosaurids, which include the sleek
scythe-clawed predators Deinonychus and Veloci-
raptor of Jurassic Park fame (see Plates 4–11). Re-
gardless of their size or when they lived, theropods
are united by a fairly conservative body plan: they
are bipedal predators, most of which could run
quickly and had a multitude of weapons, sharp
teeth and claws included, to take down prey. Only
some very aberrant, derived Late Jurassic and Cre-
taceous species, such as the beaked ornithomimo-
saurs, the toothless oviraptorosaurs, and the barrel-
chested therizinosauroids, would deviate from this
fast-running, predatory lifestyle; instead, these
theropods were omnivorous or, in some cases,
completely herbivorous (Kobayashi et al., 1999;
Barrett, 2005; Zanno et al., 2009; Zanno and Ma-
kovicky, 2011).

Birds: Living Dinosaurs

The most atypical theropods, however, are un-
doubtedly the birds. One of the great revelations
of dinosaur research, and perhaps the single most
important fact ever discovered by dinosaur paleon-
tologists, is that birds are descended from small
carnivorous theropods. This idea was originally
proposed by Thomas Henry Huxley, the acerbic
19th century advocate of evolution known as
‘‘Darwin’s Bulldog,’’ in the 1860s. This was a revo-
lutionary decade in science. Darwin had published
his Origin of Species in 1859, which persuasively
and decisively laid out the evidence for evolution
by natural selection. Rational thinkers had no

recourse: organisms evolved over great lengths of
time, and shared characteristicswere indicative of a
close genealogical relationship. The publicwas a bit
more skeptical, however, and pundits like Huxley
were on the lookout for so-called ‘‘missing links’’ –
transitional fossils that captured, like a freeze
frame, the evolution of one group into another –
that could viscerally demonstrate the reality of
evolution to the masses.

It did not take very long for a convincing ‘‘miss-
ing link’’ to appear. In 1861, a mere two years after
Darwin’s groundbreaking publication, quarry
workers in the Bavarian hillsides of Germany dis-
covered the fossilized bones of a peculiar bird
(Fig. 1.22A). This fossil had to be a bird: the fine
preservation revealed an unmistakable halo of
feathers around the body, it had a wishbone at the
front of its chest, and the wrists and feet were
almost identical to those of living birds. But some-
thing was amiss. This bird had teeth in its skull and
a long bony tail, features that are not present in any
living bird. And, even more puzzling, the skeleton
of this bird, especially the form of its tail and skull,
was eerily similar to another fossil discovered in the
same lithographic limestone beds: a small predato-
ry theropod called Compsognathus. To keen obser-
vers like Huxley this fossil was the Holy Grail: a
‘‘missing link’’ that possesses features of both di-
nosaurs and birds, and therefore captures an evolu-
tionary transition between the two groups.

This fossil bird was namedArchaeopteryx, and it
immediately became a public sensation and still
remains one of themost important and iconic fossils
in the history of paleontology (Chambers, 2002). In a
seriesof publications, andmore important inawhirl-
wind sequence of public lectures,Huxley ebulliently
argued that Archaeopteryx was proof positive that
birds were descended from dinosaurs (Huxley, 1868,
1870a, 1870b). In an ironic twist, the strikingly half-
bird,half-dinosaur skeletonofArchaeopteryxhelped
sway public perception in favor of evolution, but
Huxley’s specific idea that birds evolved from small
carnivorous dinosaurs fell out of favor among scien-
tists (Heilmann,1926). Itwasnotuntil the1960s that
a small, vocal group of paleontologists resurrected
Huxley’s ideas, buoyed largely by the discovery of
spectacular fossils of the very bird-like dinosaurDei-
nonychus (Ostrom,1969).Today, thehypothesis that
birds evolved from theropod dinosaurs – nay, that
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birds actually are theropod dinosaurs, since they are
firmly nested within the group – enjoys nearly uni-
versal acceptance in the scientific community (Gau-
thier, 1986; Padian and Chiappe, 1998; Chiappe and
Witmer, 2002; Chiappe, 2007).

The theory that birds descended from dinosaurs
is so widely accepted because it is supported by a
preponderance of evidence. Grand ideas demand
strong evidence, and the dinosaur–bird link, which
might be dismissed as too fanciful to be true by
some critics, foots the bill. Living birds share hun-
dreds of skeletal features with dinosaurs, andmany
characteristics that are unique to birds among liv-
ing animals – a wishbone, a long S-shaped neck, a
mesotarsal ankle joint, a wrist that enables the arm
to fold against the body, and a retroverted pelvis
being some of the most conspicuous – are also
present in bona fide Mesozoic dinosaurs such as
Tyrannosaurus and Velociraptor (see Padian and
Chiappe, 1998; Shipman, 1998; Chiappe and Wit-
mer, 2002; Chiappe 2007). Ditto for soft tissues:
sinuses in the skulls and internal chambers in the
vertebrae conclusively show that many dinosaurs
had an extensive system of air sacs, a critical com-
ponent of the bellows-like respiratory system un-

ique to modern birds, and proteins from a
Tyrannosaurus skeleton that miraculously sur-
vived the rigors of 66 million years of fossilization
share uncanny structural and molecular similari-
ties with proteins of living birds (Britt, 1993;
O’Connor and Claessens, 2005; Schweitzer et al.,
2005a; Organ et al., 2008; Sereno et al., 2008; Ben-
son et al., 2011). There is behavioral evidence as
well: spectacularly preserved dinosaur fossils have
been found in the characteristic sleeping and egg
brooding postures of living birds (Norell et al., 1995;
Xu and Norell, 2004), bone histology and texture
indicate that dinosaurs grew rapidly like living
birds (Padian et al., 2001; Erickson et al., 2007), and
medullary bone – a novel tissue that provides calci-
um for the shelling of eggs – is known only among
birds and dinosaurs (Schweitzer et al., 2005b).

Most extraordinary of all, thousands of spectac-
ularly preserved dinosaur specimens, all of which
have been discovered in northeastern China during
the past 20 years, are unmistakably sheathed in a
coat of feathers (Chen et al., 1998; Norell and Xu,
2005) (Fig. 1.22B,C; see Plates 5–7). Some of these
feathers, with their central quill and radiating
barbs, are identical to those of modern birds (Norell

Figure 1.22 The evolutionary relationship between dinosaurs and birds. (A) The iconic Berlin specimen of Archaeopteryx,

the oldest known bird; (B) the feathered non-bird dinosaur Sinornithosaurus, a dromaeosaurid closely related to

Velociraptor; and (C) the tail of the feathered non-bird theropod dinosaur Caudipteryx. All photos by the author.
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et al., 2002), and their preservation is so astounding
that one could easily be fooled into thinking that
they had just been plucked from a living, breathing
species. Intensive molecular sampling demon-
strates that many of these feathers preserve rem-
nants of the melanosomes, the pigment-containing
structures that give feathers their radiant (or in
some cases drab) hues (Li et al., 2010; Zhang et al.,
2010; Wogelius et al., 2011). And it wasn’t only the
closest relatives of birds that had feathers, but also
muchmore distant cousins such as the herbivorous
therizinosauroids (Xu et al., 1999) and,most incred-
ible, the tyrannosauroids (Xu et al., 2004). Emerging
evidence provocatively suggests that non-thero-
pods had feathers, as a number of basal ornithischi-
an specimens have also been found with a downy
coat (Mayr et al., 2002; Zheng et al., 2009), and it is
therefore possible that the common ancestor of
dinosaurs was a feathered species.

Birds, therefore, are surviving members of the
dinosaur clade. They are every bit as much a ‘‘dino-
saur’’ as Tyrannosaurus, Stegosaurus, or Brachio-
saurus, and their main distinction from other
dinosaurs, aside from their novel flying lifestyle, is
that they were able to survive the global meltdown
at the Cretaceous–Paleogene boundary. Among di-
nosaurs, birds are most closely related to dromaeo-

saurids (Velociraptor and kin) and the troodontids,
an intriguing subgroup of small, sleek, intelligent,
and perhaps omnivorous theropods (Makovicky
andNorell, 2004). These genealogical relationships –
the nesting of birds within theropod dinosaurs and
the particularly close relationships between birds,
dromaeosaurids, and troodontids – are consistently
recovered in phylogenetic analyses, and therefore
these branches of the dinosaur family tree are on
solid footing (Gauthier, 1986; Sereno, 1999; Norell
et al., 2001a; Clark et al., 2002; Senter, 2007; Turner
et al., 2007a; Csiki et al., 2010; Xu et al., 2011a).

The World of the Dinosaurs

It is difficult, if not impossible, to understand the
biology and evolution of dinosaurs without an ap-
preciation for the physical world they inhabited.
Disregarding birds, which will not be the subject of
this book, dinosaurs lived during the Mesozoic Era
(from about 252 to 65million years ago), an extraor-
dinary time in earth history that witnessed the
birth anddeath of a supercontinent and experienced
some of the highest temperatures and sea levels in
the geological record (Fig. 1.23). Indeed, as eloquent-
ly described by Sellwood and Valdes (2006), in an

Figure 1.23 Paleogeographic maps, showing the configuration of the continents and oceans during six intervals

throughout the Mesozoic history of dinosaurs. All images courtesy of Dr Ron Blakey (http://www2.nau.edu/rcb7/

globaltext2.html).
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important overview of Mesozoic climates that
should be referred to for more specific information,
‘‘the Mesozoic earth was, by comparison with the
present, an alien world.’’

Dinosaurs and their closest relatives originated
in the Triassic Period (c.252–201 million years ago;
see Sues and Fraser, 2010 for a general overview).
The physical geography of this time was remark-
able: most of the world’s land was sutured together
into a single landmass, the supercontinent Pangaea,
which was centered on the equator and surrounded
by a single giant ocean (Wegener, 1924; Smith et al.,
1994; Scotese, 2004) (Fig. 1.23). Climates on this
supercontinent were warm and arid, especially in
the continental interior of Pangaea, which was far
from the ameliorating effects of the coasts (Sell-
wood and Valdes, 2006). It is generally thought that
temperatures became warmer and more arid
throughout the Triassic, and by the time the first
dinosaurs evolved much of the planet may have
been covered in deserts (Tucker and Benton, 1982).
Climate change during the Triassic may not have
been gradual, however, as the rock record chroni-
cles an abrupt transition from somewhat cooler and
wetter conditions to substantially warmer and
more arid climates during the Norian, the lengthy
Triassic substage (c.228–208million years ago) dur-
ing which dinosaurs began their rise to dominance
(Simms and Ruffell, 1990). Moreover, the most
abrupt climatic change occurred at or near the
Triassic–Jurassic boundary. Global temperatures
and greenhouse gas levels spiked at this time, al-
most certainly the result of widespread volcanism
associated with the initial rifting of Pangaea, and it
is probably not coincidental that major extinctions
in the terrestrial andmarine realm occurred almost
synchronously (McElwain et al., 1999; Whiteside
et al., 2010).

Many of the extremes of Triassic geography and
climate would dampen during the ensuing Jurassic
Period (c.201–146million years ago). Pangaea began
to fragment during the Late Triassic, as an influx of
heat fromthe deep interior of the earth tore open rift
basins along what is currently the Atlantic coast of
North America and Europe. These basins grew
wider with time, and by the Middle Jurassic the
nascent Atlantic Ocean separated Pangaea into
northern and southern blocks (Fig. 1.23). The north-
ern landmass, called Laurasia, contained North

America, Asia, and Europe, the latter of which was
flooded by high sea levels and reduced to a series of
islands. The southern landmass, called Gondwana,
was a still-giant block of crust that included South
America, Africa, Australia, Antarctica, and India.
The Jurassic was still a time of warm climates, but
conditions were much wetter than during the arid
Late Triassic and, as a result, a great diversity of
plants (especially gymnosperms) were able to flour-
ish at all latitudes (Rees et al., 2000; Sellwood
and Valdes, 2006). The extreme peaks of Late Juras-
sic temperature are best illustrated by a simple
comparison: geological evidence indicates that
atmospheric carbon dioxide levels, a proxy for
temperature, were up to four times higher in the
Late Jurassic than in today’s world (Berner, 2006;
Fletcher et al., 2008).

The physical world continued to change, and to
assume a more modern feel, during the final stanza
of dinosaur evolution, the Cretaceous Period
(c.145–65 million years ago). Laurasia and Gondwa-
na, the two great remnants of Pangaea, further dis-
integrated during the Cretaceous, and by the end of
the period the continents were positioned, more or
less, in their current configuration (Smith et al.,
1994; Scotese, 2004) (Fig. 1.23). Continental rifting
was especially vigorous inGondwana:what began as
a single large landmass in the Late Jurassic fragmen-
ted into today’s characteristic southern continents
within a time frame of only a few tens of millions of
years. Most remarkably, India began the Cretaceous
as a wedge of crust between Africa and Antarctica,
but steadily moved northeast until it had just begun
colliding with Asia at the time the dinosaurs went
extinct. This collision, of course, would be fully
realized several million years later, with the Hima-
layas rising skyward as a consequence.

The Cretaceous world was still a hothouse, with
high global temperatures and little evidence for
polar ice caps, but temperatures fluctuated more
wildly than during the Triassic and Jurassic (see
Skelton et al., 2003). Temperatures were especially
high throughout the middle Cretaceous, probably
driven by intensive volcanism that belched large
volumes of carbon dioxide into the atmosphere.
High temperatures resulted in high sea levels, be-
cause little water was locked up in glaciers, and
warm shallow seas lapped the continents. During
the Late Cretaceous, for instance, North America
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was bisected by one such seaway, which stretched
from the Gulf of Mexico to the Arctic. Global
temperatures probably reached a peak approxi-
mately 100–120 million years ago, approximately
at the same time as amiddle Cretaceous extinction
event thought to have been caused by rapid stagna-
tion of the oceans (Jenkyns, 1980; Fletcher et al.,
2008). Whether dinosaurs and other terrestrial or-
ganisms were affected by this brisk interval of
climate change is uncertain. From this point on,
however, atmospheric carbon dioxide levels, and
thus global temperature, decreased throughout the
remainder of the Cretaceous (Fletcher et al., 2008).
Our modern climates, which are relatively cool
compared with other intervals in earth history,
come at the tail end of this long-term, 100-mil-
lion-year decline. This being said, although current
temperatures are cool compared with the Mesozo-
ic, human-induced climate change is a pressing
source of concern because of its rapid pace and its
potential to alter physical environments that hu-
mans have become accustomed to.

Conclusions

Dinosaurs are an iconic group of archosaurian rep-
tiles, whose living descendants include about
10 000 species of modern birds. Although the term
‘‘dinosaur’’ is part of the popular vocabulary, and is
often used to denote anything that is old, huge, or
frightening, the scientific concept of dinosaurs is
precise: dinosaurs are defined as the clade on the
familytreeof lifethatencompassesTriceratops, the

living sparrow (Passer), and all descendants of their
most recent common ancestor.This group, formal-
ly referred to as Dinosauria, is diagnosed by several
shared derived characters, or evolutionary novel-
ties, that all dinosaurs inherited from their com-
mon ancestor. Most of these features relate to
posture, locomotion, and musculature: dinosaurs
stood upright, were likely faster than their closest
relatives, and had a skeleton and associated mus-
culature that were well adapted to endure a fast
active lifestyle. Dinosaurs can be divided into two
major subgroups, the ‘‘lizard-hipped’’ saurischians
and ‘‘bird-hipped’’ ornithischians, each of which
can be further subdivided more finely into other
subgroups.Theprincipal saurischiansubgroupsare
the carnivorous theropods and long-necked sauro-
podomorphs, whereas familiar ornithischians in-
clude the armored ankylosaurs, plated stegosaurs,
duck-billed hadrosaurs, horned ceratopsians, and
dome-headed pachycephalosaurs. The evolution-
ary history of dinosaurs is a gripping narrative that
tookplaceagainstabackdropofdriftingcontinents,
climate change, andmass extinction events. Dino-
saurs originated in the Middle Triassic, gradually
becamemore diverse and abundant during the Late
Triassic, and were able to endure the end-Triassic
mass extinction that decimated many competitor
groups. During the Early Jurassic dinosaurs truly
became dominant on a global scale, and for the
remainder of the Mesozoic were the pre-eminent
vertebrates, both carnivore and herbivore, at mid-
to-large size in terrestrial ecosystems across
the globe.
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2 Hard Tissues

When most people imagine a dinosaur, the first image that comes to mind is

probably that of a skeleton. Dinosaur skeletons, especially the ominously athletic

frameof Tyrannosaurusor themonument-like chassis of a long-necked sauropod,

are always among the most popular exhibits in museums. As exhilarating as it

may be to imagine the colors of dinosaurs, and the skin, feathers, and muscles

that theymayhave sported, inmost casespaleontologists are only leftwith bones

and teeth (see Plates 1 and 4). Except in rare circumstances, only the hard

mineralized tissues of dinosaurs are able to withstand the rigors of fossilization.

It is no surprise, therefore, that most of our knowledge of dinosaur anatomy, and

by inference our understanding of dinosaur biology and evolution, is based on

careful consideration of bones and teeth. As frustrating as it may be for non-

specialists towade through the technical literature on dinosaurs,which is rifewith

descriptions of individual specimens and detailed comparisons of the bones of

different species, this is the primary data upon which the entire science of

dinosaur paleontology is built. This chapter will establish a framework of such

primary data, by providing a general overview of bones and teeth, a summary of

the dinosaur skeleton, and a more focused description of some of the most

unusual, and sublime, dinosaur hard parts.

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.
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Bones and Teeth:
A Vertebrate Innovation

Many organisms have hard parts, which are always
the most common parts to fossilize, but the com-
position, development, and function of these tis-
sues are remarkably variable. The spicules of
sponges, shells of bivalves and gastropods, and car-
apaces of insects are but a handful of examples.
Although these structures are all quite different,
they do share several common functions: protec-
tion, support, and a firm anchor for muscles and
other soft tissues.

Vertebrates have developed their own novel set
of hard tissues – bone, enamel, and dentine – that
together comprise the various hard structures of
the skeleton (see Smith and Hall, 1990; Donoghue
et al., 2002, 2006 for general reviews). Bone, which
as its name implies is the primary component of
bones, is a complex material comprising hardened
mineral, fibrous connective tissue (collagen), and
living cells (osteocytes) (Fig. 2.1). The mineral is
hydroxyapatite, a compound of calcium and phos-
phate, which differs from the calcium carbonate
mineralogy of the hard parts of most invertebrates
such as bivalves, corals, and echinoderms. Enamel
and dentine, which are the harder and softer com-
ponents of teeth, respectively, are also formed

primarily from hydroxyapatite. The difference be-
tween the two is principally related to the amount
of calcium phosphate that they contain: enamel
contains a greater percentage of hydroxyapatite
than dentine, and therefore it is harder, less brittle,
and can be formed into a sharper cutting surface.
As a result, enamel usually envelops the external
surface of a tooth, whereas dentine comprises the
inner, reinforcing core.

Although all bones have the same fundamental
composition, there are two general types of bone in
the vertebrate body – endochondral and dermal –
which differ in how they develop and grow (see
Romer, 1956 for a comprehensive overview of the
vertebrate skeleton). Endochondral bones begin
with a cartilage precursor, a scaffolding uponwhich
bony tissue is deposited. Dermal bones, on the
other hand, do not begin as cartilage, but rather
develop directly in the skin or other membranous
tissue. Because of their origin, these bones are often
referred to as ‘‘membranous bones.’’ The majority
of the skeleton is composed of endochondral bone,
including the vertebrae, limb bones, pelvis, and
braincase (the solid box that surrounds the brain
and primary sense organs of the skull). Much of the
skull, however, is composed of dermal bone, includ-
ing the major tooth-bearing elements of the jaws,
the cheek region, and the skull roof. Other conspic-
uous dermal bones include armor plates, spikes,
spines, and horns. Some bones, such as the scapula
(shoulder blade), are a composite of dermal and
endochondral ossifications.

Not only do different boneshave different origins
and developmental trajectories, but there is also a
variety of bone textures (seeChinsamy-Turan, 2005
for an overview). The internal arrangement of the
minerals and cells in a bone vary considerably,
largely due to where in the bone they are located,
how the bone grows, and how it responds to damage
and applied loads. After all, bones are not static
structures but growing tissues that dynamically
respond to stress and which can be ravaged by
disease or injury. The outer shell of a bone is usually
composed of so-called compact bone (or cortical
bone), which is hard, dense, and packed with hy-
droxyapatite, with only a minimum amount of
empty space for osteocytes and blood vessels
(Fig. 2.1). The interior of the bone, on the other
hand, is filled with cancellous bone (also known as

Figure 2.1 Diagram of a generalized long bone (such as the

femur or humerus) in cross-section. Schematic from Wi-

kipedia Commons, modified by Anne Curthoys.
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trabecular or spongy bone), amuch lighter andmore
porous material through which blood vessels flow
freely (Fig. 2.1). The great strength and rigidity of
compact bone lend support to the skeleton,whereas
the more permeable cancellous bone facilitates the
free movement of blood, cells, and nutrients and
therefore its primary role is not to provide support
but to regulate metabolic activity and provide a
substrate for the creation of new blood cells (in
many animals, including humans, the cancellous
bone is filled with marrow). Whereas compact and
cancellous bone are functionally distinct, two addi-
tional bone textures are the result of differences in
growth rate. Woven bone is composed of a chaotic
arrangement of hydroxyapatite crystals and colla-
gen, indicative of rapid growth, whereas the slower-
growing lamellar bone has a more uniform, parallel
microstructure.

The Vertebrate Skeleton

With an appreciation of the composition, micro-
structure, and growth of the primary tissues of the
vertebrate skeleton, it is nowpossible tomove on to
the bones and teeth themselves. Just like the tissues

that comprise them, bones and teeth are innova-
tions of vertebrates, or animalswith a backbone (for
a general review of vertebrate anatomy, see Romer,
1956; Carroll, 1988; Benton, 2005; Kardong, 2008).
The first vertebrates, fish, were fully marine organ-
isms and had a bony skeleton optimized for swim-
ming. One subclade, the digit-bearing tetrapods,
ventured onto the land during the Devonian
(c.395 million years ago; Nied�zwiedzki et al.,
2010), and their skeletons changed dramatically as
a consequence (Clack, 2002) (Fig. 2.2A). No longer
passively supported by the buoyancy of water, tet-
rapods needed a more rigid skeleton to hoist their
body weight, provide leverage for locomotion, and
impart protection to vulnerable soft tissues and
sense organs. Consequently, the limbs and girdles
becamemore robust, the ribcage transformed into a
rigid frame, a distinct neck developed to support the
head, and the bewildering array of bones in the fish
skull was reduced to a more countable number.

Dinosaurs, as well as humans and all animals
with limbs and digits, are part of the great tetrapod
radiation, and because they evolved from a singular
common ancestor during the Devonian they all
share the same general skeletal design (Fig. 2.2).
The most conspicuous elements of the tetrapod

Figure 2.2 Skeletal reconstruction of an early tetrapod (Ichthyostega) and a dinosaur (the theropod Allosaurus) showing

homologous parts of the skeleton. Ichthyostega image modified from Ahlberg et al. (2005) and Allosaurus image� Scott

Hartman.
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body plan are a head balanced on a discrete neck;
individual vertebrae that together comprise the
neck, backbone, and tail; and four limbs, each of
which is supported by a bony girdle and bears digits
at its terminus. Because dinosaurs and other tetra-
pods evolved from a common ancestor, correspond-
ing regions of the skeleton are said to be
homologous (Fig. 2.2). That is, these structures are
not independent objects, but can trace a shared
origin to the common ancestor of the group. For
instance, the upper arm bone of a dinosaur and that
of a human are homologous: both are the exact
same type of structure, positioned in the same
place, and this structure would have been present
in the common ancestor of dinosaurs and humans
(which we can reasonably deduce from the fossil
record and our understanding of vertebrate
genealogy).

However, not all similar-looking and similarly
positioned structures are homologous. The beak of
a turtle and that of a parrot may appear similar and
serve a similar function, but because the common
ancestor of these two species – a carnivorous reptile
– did not have a beak, then they cannot be homolo-
gous. Instead, such structures are called analogous.
Conversely, not all homologous structures may
appear similar to each other. The forelimb of a bird
and that of a mole look nothing alike, but all of the
individual bones were present in their common
ancestor. These structures are indeed homologous,
but have since beenmodified for different function-
al usages. This discussionunderscores amajor point
of emphasis: the distinction between homology and
anatomy is only possible if one knows something
about the genealogy (phylogeny) of the organisms in
question, so it canbe assessedwhether the common
ancestor of two species would have possessed the
potential homologous structure in question.

The Dinosaur Skeleton

The concept of homology greatly simplifies descrip-
tion of the vertebrate skeleton. Because all tetra-
pods have the same basic body plan, and share the
same general sets of bones, all homologous bones
inherited from the tetrapod common ancestor are
given the same name. The femur in Tyrannosaurus
is the same element as the femur in Brachiosaurus

or in a human, and this not only eases description,
but also facilitates discrete comparisons between
different species. Therefore, it is possible to give a
brief overview of the dinosaur skeleton as a whole –
the basic bones common to each dinosaur, and their
location and general function – before delving into
the anatomical nuances of each major subgroup.

The readermaywish to supplement this descrip-
tion with additional references. Unfortunately, the
literature is so deficient in general, authoritative
compendia of dinosaur skeletal anatomy that
the textbook of Romer (1956) still remains one of
the best single sources of information. The individ-
ual chapters in the second edition ofTheDinosauria
(Weishampel et al., 2004) are invaluable sources for
the anatomy of specific dinosaur clades, whereas
the more popular summaries of Holtz and Brett-
Surman (1997), Fastovsky and Weishampel (2005),
and Novas (2009) are also helpful. And, as with any
topic relating to dinosaurs, it is instructive to un-
derstand the anatomy of birds and crocodiles: living
dinosaurs and the closest extant dinosaur relatives,
respectively. The standard reference for avian oste-
ology is Baumel and Witmer (1993), whereas
Iordansky (1973) and Langston (1973) are classic
primers on crocodilian skull anatomy. Contempo-
rary vertebrate anatomy textbooks, such as those
byHildebrand andGoslow (1998), Liemet al. (2008),
Kardong (2008), and Pough et al. (2008), are also
exceedingly useful.

The Dinosaur Skull

The skull is not a single bone but a complex of over
20 separate ossifications, someofwhich are dermal,
others of which are endochondral, and some of
which fuse together during growth (Figs 2.3–2.7).
At first glance the skull may appear to be a befud-
dling amalgam of complexity, but there is an un-
derlying pattern to the various bones and openings
that comprise the dinosaur cranium. First, almost
all the bones in the skull are paired; that is, there
are corresponding elements on the left and right
sides, inmirror-image positions. Second, individual
bones meet at sutures which, unless fused, are
usually discernible. Third, the bones of the skull
can generally be divided into five complexes: (i) the
upper jaw and cheek region, formed primarily of
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Figure 2.3 The skull of the basal sauropodomorph (‘‘prosauropod’’) Plateosaurus in left lateral view, with major bones and

cranial openings labeled. Scientific illustrations executed by Carol Abraczinskas and courtesy of Carol Abraczinskas and

Dr Paul Sereno, University of Chicago.
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Figure 2.4 The skull of the basal sauropodomorph (‘‘prosauropod’’) Plateosaurus in posterior (occipital) (A), dorsal (B), and

ventral (palatal) (C) views. Major bones and cranial openings are labeled in the accompanying figure (Figure 2.5).

Scientific illustrations executed by Carol Abraczinskas and courtesy of Carol Abraczinskas andDr Paul Sereno, University

of Chicago.
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Figure 2.5 The skull of the basal sauropodomorph (‘‘prosauropod’’) Plateosaurus in posterior (occipital) (A), dorsal (B), and

ventral (palatal) (C) views, with major bones and cranial openings labeled. Scientific illustrations executed by Carol

Abraczinskas and courtesy of Carol Abraczinskas and Dr Paul Sereno, University of Chicago.
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dermal bone; (ii) the skull roof, composed entirely of
dermal bone; (iii) the braincase, composed almost
entirely of endochondral bone; (iv) the palate, most-
ly of dermal origin; and (v) the lower jaw, formed of
both dermal and endochondral bone. Within these
major complexes are not only bones (and some-
times teeth), but also discrete and functionally
important openings between bones. Some of these
openings, such as the orbit (eye socket) and external
naris (nostril), are consistent landmarks that can be
easily recognized and thus useful in orienting and
comparing skulls of all different shapes and sizes
(Figs 2.3–2.5).

Upper jaw and cheek region
The most striking features of the upper jaw and
cheek region, which comprises the sides of the
upper portion of the skull, are teeth and several
prominent skull openings (fenestrae) (Figs 2.3–2.5).
There are two tooth-bearing bones in this part of the
skull: the premaxilla at the front tip of the snout and
the maxilla immediately posterior to it. Together,
the teeth of both bones forma smoothly continuous
tooth row, which occludes with that of the lower

jaw. In some dinosaurs, however, teeth are
completely absent, and the premaxilla (and some-
times themaxilla) is sheathed in a keratinized beak.
The horned ceratopsians take this condition to an
extreme, as they not only posses a beak but also a
novel unpaired bone, the rostral, which caps the
front of the paired premaxillae.

The premaxilla not only bears teeth but also
forms the anterior margin of the external naris, the
large opening which would have held the fleshy
nostril in life. Oftentimes the maxilla also makes a
contribution to the naris, as well as a number of
additional cranial fenestrae. Most conspicuous of
these is the antorbital fenestra, a large window-like
opening between themaxilla and the lacrimal bone.
This fenestra, which is surrounded by a smooth
fossa that is often deeply impressed into the maxil-
la, lacrimal, and other surrounding bones, is a hall-
mark synapomorphy of archosaurs. As will be seen
later, it housed an enormous sinus system (Witmer,
1997a). The fenestra is usually large in saurischian
dinosaurs, but is often reduced, and sometimes
completely closed, in some ornithischians. In some
derived theropod dinosaurs there are additional,

Figure 2.6 Dinosaur braincase anatomy. The braincase of the tyrannosaurid theropod Alioramus in dorsal (A), left lateral

(B), and posterior (C) views. Photographs � Mick Ellison.
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smaller openings associated with the antorbital
fenestra. These orifices, the promaxillary and max-
illary foramina, pierce the maxilla and are located
within the fossa, anterior to the fenestra. They, too,
were part of the same complex network of sinuses.

Posteriorly, the maxilla makes contact with two
large bones, the lacrimal and the jugal. The lacrimal
forms the bony strut between the antorbital fenes-
tra and the orbit, and therefore comprises the ante-
rior border of the eye socket itself. It houses the
lacrimal ducts that deliver tears to the eyes, and in
some dinosaurs sports a conical crest at its apex,
where it rises above the orbit and the skull roof.
The jugal bone is the cheek bone, and is usually a
broad element that forms much of the lateral wall
of the skull and borders the orbit ventrally. The
majority of the posterior margin of the eye socket is
made up of the postorbital, which inmost species is

a T-shaped bone but in the ceratopsians is modified
into the characteristic brow horn.

Together, the postorbital and jugal demarcate
the anterior margin of yet another major skull
opening, the lateral temporal fenestra (often re-
ferred to as the infratemporal fenestra). This expan-
sive opening, along with another fenestra on the
skull roof (the supratemporal fenestra), is one of two
characteristic cranial windows that characterize
the diapsid reptiles, a major tetrapod subclade that
includes archosaurs, lizards, and snakes. The func-
tion of the lateral temporal fenestra is a matter of
debate, but it is thought that it helped lighten the
skull and provide increased attachment areas for
themuscles that closed the jaws, which attached in
this region (see review in Holliday, 2009). The
posteroventral corner of the fenestra is formed by
the quadratojugal bone, whereas its posterodorsal

Figure 2.7Dinosaurmandible (lower jaw) anatomy. The articulated lower jaw of the tyrannosaurid theropod Tyranosaurus

in lateral (A) andmedial (B) views.Modified fromBrochu (2003) and reproducedwith permission. Note that original image

shows many pathologies, which have been removed for clarity here.
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corner is surrounded by the squamosal. Both of
these bones make extensive contact with the quad-
rate, one of the primary bones of the palate, which
forms the articulation between the upper skull and
lower jaw.

Skull roof
The eight bones of the dinosaur skull roof shield the
top of the head (Figs 2.3–2.5). Most of these bones
are only visible in dorsal view, and all are paired
elements that often fuse as an individual grows.
Most anteriorly, the elongate nasal forms the ma-
jority of the top of the snout, and defines much of
the dorsal and posterior margins of the external
naris. The nasals make broad contact posteriorly
with the frontals, which usually form a wide skull
table, demarcate the dorsal border of the orbit, form
the roof ofmuchof the brain and olfactory tract, and
anchor powerful jawmuscles. Wedged between the
nasal, frontal, and lacrimal of many dinosaurs is a
tiny element, the prefrontal, which often sends a
finger-like prong ventrally to help form the anterior
margin of the orbit. Farthest posteriorly, the re-
mainder of the skull roof is composed of the par-
ietals,which overliemuch of the braincase and lend
additional protection to the brain and sense organs.
The parietal also anchors the jaw muscles (along
with the frontal), and located between the parietal,
postorbital, and squamosal is the supratemporal
fenestra. This fenestra is usually bordered anterior-
ly by a broad and deep fossa, which provided further
attachment area for the jaw muscles. The parietal,
along with the squamosal, is modified into the
fantastic cranial frills of ceratopsians and skull
domes of pachycephalosaurs.

Braincase
Surely the most complex portion of the skull, the
braincase is almost entirely endochondral in ori-
gin, and therefore develops from a cartilage pre-
cursor early in development. More than 20
individual bones can constitute the braincase of
dinosaurs, depending on the species, and most of
these bones gradually fuse as the animal matures
(Figs 2.4–2.6). Therefore, recognizing individual
bones, much less the details of their shapes and
articulations with other bones, is often challeng-
ing. Adding to this difficulty is the fact that bones
of the braincase are geometrically complex: they

are not simple plates likemanybones of the cheeks
and skull roof, many are filled with internal si-
nuses, and they are often pierced by foramina for
nerves, blood vessels, and air sacs. However, un-
derstanding braincase anatomy is critical, as it
offers key insight into the sensory capabilities,
intelligence, behavior, and metabolism of dino-
saurs. Internal braincase anatomy is becoming
increasingly well understood due to the wide-
spread use of computed tomography (CT), which
will be discussed later. For the time being, the
focus here will be on external braincase anatomy,
using the general descriptions of Romer (1956) and
Currie (1997) as a guide. Adventurous readers may
wish to follow up this description with published
studies of particularly well-preserved specimens
(e.g., Brusatte and Sereno, 2007; Sampson and
Witmer,2007;Evansetal.,2009;WitmerandRidgely,
2009; Brusatte et al., 2010c; Bever et al., 2011).

Beginning at the posterior end of the braincase, it
is most helpful to start with a landmark. The fora-
men magnum is the large opening on the posterior
surface of the braincase, through which the spinal
cord enters the skull (Fig. 2.6). It is bordered ven-
trally by a spherical knob, the occipital condyle,
whose smooth articular surface contacts the
first vertebra of the neck. Four major bones com-
bine to form the posterior, or occipital, surface of
the braincase. The occipital condyle is usually
composed primarily of the basioccipital bone, a
midline element, but its upper corners are often
constructed from pedicle-like extensions of the
exoccipital-opisthotics, of which there are paired
left and right elements. As its name suggests, this
bone is the fused composite of the exoccipital and
opisthotic bones of more primitive reptiles, which
are always completely joined into a single element,
without any conspicuous sutures, in adult dino-
saurs. Each exoccipital-opisthotic iswidely exposed
on the occipital surface of the braincase, where it
anchors important muscles and ligaments of the
neck, and its most prominent feature is the wing-
like paroccipital process that expands laterally to
contact the squamosal and the quadrate. Openings
for three major cranial nerves (X, XI, XII) that
control swallowing and digestion are enclosed
within this bone. The final bone of the occipital
surface is the midline supraoccipital, a single ele-
ment that forms the dorsal border of the foramen
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magnum and rises dorsally to contact the parietals
across a broad suture. Oftentimes the supraoccipi-
tal is bisected by a rugosemidline ridge, fromwhich
arose neck muscles.

The lateral wall of the braincase is formed by
three primary bones: the prootic, basisphenoid, and
laterosphenoid (Fig. 2.6). In many species the exoc-
cipital-opisthotic, which is primarily exposed in
posterior view, also makes a large contribution to
the lateral wall. The posteriorly and laterally facing
portions of this bone are separated by a web-like
strut, the crista tuberalis, which effectively divides
the lateral and posteriorwalls of the braincase itself.
Immediately anterior to this strut is the fenestra
ovalis, which houses the stapes bone and leads into
the inner ear. In front of this opening, the exocci-
pital-opisthoticmakes broad contact with the proo-
tic, which is pierced by foramina for the two
fundamental cranial nerves (V and VII) that control
the muscles of the face. Much of the prootic is
hollowed by internal sinuses in many dinosaur
species, and a rugose prominence on its lateral
surface anchored muscles that opened the lower
jaw. Beneath the prootic is the basisphenoid, whose
most prominent feature is a pedicle-like process,
the basipterygoid process, that articulates with the
pterygoid bone of the palate. The basisphenoid is
also invaded by an internal sinus in many dino-
saurs, and accommodated the internal passage of
the carotid artery. Finally, the laterosphenoid is a
small bone,which is present as an ossified structure
only in archosaurs, located immediately anterior to
the prootic.

A few other bones also contribute to the brain-
case. The parasphenoid, the only dermal element of
the braincase, is a long tapering wedge that is
indistinguishably fused with the anterior part of
the basisphenoid. It formsmuch of the ventral floor
of the braincase, along with the basisphenoid and
basioccipital, and extends anteriorly into the orbital
region. Here, at the most anterior point of the
braincase, it helped support a midline membrane
that stretched to the skull roof bones dorsally to
divide the orbital region into separate left and right
chambers for the opposing eyeballs. Usually this
membrane is fleshy but it can ossify into a structure
called the interorbital septum. Finally, anterior to
the laterosphenoid is a series of bones that develop
from the cartilages of the orbital region. These

bones, which include the orbitosphenoid, sphe-
nethmoid, and mesethmoid, are only sometimes
ossified and often not preserved in fossil specimens
(Ali et al., 2008). They help protect the anterior part
of the brain and the cranial nerves that control
vision and olfaction.

Palate
Oneof themost poorly understood and infrequently
studied components of the dinosaur skeleton, the
palate comprises a series of bones that liewithin the
skull, above the teeth of the upper jaw (Figs 2.4
and 2.5). Together, these bones effectively separate
the oral cavity, and therefore ingested food, from
the vulnerable soft tissues of the antorbital and
nasal sinuses and the orbital region. Furthermore,
they provide broad attachment sites for the jaw
muscles that power mastication. Because of their
location within the skull, and because of the deli-
cate nature of most of these bones, it is no surprise
that the palatal elements are rarely preserved as
fossils, and in those rare cases that they are, are
usually studied only superficially. However, the
advent of CT scanning technology should permit
more detailed understanding of the dinosaur palate
in the near future.

The palate consists of six bones, five of which
have a mirrored duplicate on the other side of the
skull (Figs 2.4 and 2.5). The single unpaired bone,
the vomer, is a midline element at the very front of
the palate and forms a strut between the opposing
maxillae. On either side of the vomer are the inter-
nal choanae – the interior nostrils that are continu-
ous with the external naris – which are particularly
large and elongate in dinosaurs. Posteriorly the
vomer makes contact with the opposing palatines,
each of which is usually composed of three or four
discrete processes that articulate with the maxilla
and jugal laterally and the vomer and pterygoid
medially. The palatine defines the posterior margin
of the internal choanae, as well as the anterior
margin of a separate palatal opening, the suborbital
fenestra, which is located between the palatine and
themore posteriorly positioned ectopterygoid. This
latter bone is a small, hooked element that makes
broad contact with the jugal laterally to firmly
brace the palate against the lateral wall of the skull.
The posterior edge of the ectopterygoid forms the
anterior corner of yet another palatal opening, the
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subtemporal fenestra, which is essentially the floor
of the lateral temporal fenestra. Both the ectopter-
ygoid and palatine articulate medially against the
pterygoid, a complex bonewith a bewildering three-
dimensional geometry, due to numerous processes
that project in many directions to articulate not
onlywith other bones of the palate but alsowith the
braincase. The two pterygoidsmeet on themidline,
but diverge posteriorly to enclose a slit-like open-
ing, the interpterygoid vacuity, between them.

The two remaining bones of the palate are endo-
chondral in origin, both remnants of the upper jaw
in primitive vertebrates that have become reduced,
moved posteriorly, and changed their primary func-
tion in more derived tetrapods. The quadrate is the
larger, and more functionally important, of these
two bones. It comprises much of the posterior
region of the skull, and lies lateral to the braincase.
Ventrally it has smooth condyles for articulation
with the articular bone of the lower jaw, and there-
fore is a primary component of the jaw joint in
dinosaurs. Its dorsal head is a spherical structure
that forms a rotary joint with the squamosal,
permitting a wide range of motion in the posterior
portion of the skull, likely useful in dissipating
stress during feeding. Anteriorly, the quadrate has
a broad thin flange that firmly articulates with the
pterygoid. The second endochondral bone of
the palate, the epipterygoid, is a small triangular
plate that lies against the lateral wall of the brain-
case. It therefore contributes to the articulation
between these two major portions of the dinosaur
skull.

Lower jaw
Unlike the simple mandible of humans and other
mammals, the lower jaw of dinosaurs is composed
of a complex of bones, most of which are dermal in
origin (Figs 2.3 and 2.7). Some of these bones are
exposed only on the lateral surface of the lower jaw
and others are visible only medially. The primary
bone, and the only tooth-bearing element, is the
dentary. The left and right dentaries meet at a
symphysis at the very front of the jaw, but then
diverge posteriorly. In ornithischian dinosaurs, but
not saurischians, there is a novel unpaired bone –
the predentary – that caps the dentary anteriorly.
Behind the dentary, in all dinosaurs, are two addi-
tional dermal bones that are exposed laterally, the

surangular on top and the angular underneath, both
of which are the site of jaw muscle attachment.
Between the dentary, surangular, and angular of
most species is a window-like opening, the external
mandibular fenestra, that is a trademark character
of archosaurs. At the far posterior end of the lower
jaw,medial to the tips of the surangular and angular,
is the articular, the sole endochondral element of
the mandible. It has a smooth, saddle-shaped artic-
ular surface that receives the condyles of the quad-
rate, and therefore helps form the joint between the
upper and lower jaws.

On the medial surface of the lower jaw, immedi-
ately in front of the articular, is a deep fossa on the
medial surfaces of the dentary, angular, and suran-
gular. This depression, the adductor fossa, houses
many of the muscles that close the jaws. The fossa
is actually a discrete chamber, not simply a depres-
sion, because it is bounded medially by a separate
dermal bone that is only visible in medial view, the
prearticular. Two additional dermal bones sheath
the medial surface of the dentary anterior to the
prearticular. The largest of these, the splenial, cov-
ersmost of themedial dentary, and thus is often the
most widely exposed bone of the lower jaw in
medial view. Above the splenial is a long, thin,
bow-shaped bone, the supradentary–coronoid com-
plex, which shields the tooth roots medially. As its
name suggests, this bone is formed by the fusion of
what are two separate bones in more primitive
reptiles: the elongate supradentary, which forms
the majority of the fused element, and the triangu-
lar coronoid, a small region that braces the contact
zone between the dentary and surangular medially.

Teeth
Many primitive reptiles have teeth that arise from
not only the upper and lower jaws, but alsomany of
the dermal bones of the palate. In all but the most
primitive dinosaurs, however, only the premaxilla
and maxilla of the upper jaw and the dentary of the
lower jaw bear teeth. There is a tremendous differ-
ence in the size and shape of teeth across dinosaurs,
mostly due to variation in diet. Regardless, no
matter their diet, all dinosaur species had teeth
that were composed of an outer sheath of enamel
and an inner core of dentine, and which were con-
tinuously replaced during the lifetime of an
individual.
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The carnivorous theropod dinosaurs have rela-
tively simple blade-like teeth, ideal for cutting
through the flesh of their prey (Fig. 2.8A). These
teeth are usually thin in themediolateral direction,
recurved at their tip, and bear serrations. The serra-
tions are located on discrete carinae, which are
sharp enamel ridges located at the front (mesial
edge) and back (distal edge) of the teeth. Most
theropods with this type of tooth have a distinctive
pattern of sculpturing on the external enamel, in
which band-like ‘‘wrinkles’’ extend across the lat-
eral and medial surface of the tooth, from carina to
carina (Sereno et al., 1996; Brusatte et al., 2007). The
function of these bands is uncertain, but they may
have helped strengthen the otherwise thin and
fragile tooth during feeding. Although this general
description fits most theropod teeth, there is subtle
variation inmorphology depending on the theropod
subgroup in question, and interested readers are

encouraged to consult the general reviews of Currie
et al. (1990) and Smith et al. (2005) for more infor-
mation. It is also important to note that several
derived theropod subgroups lost teeth entirely,
whereas the herbivorous therizinosauroids conver-
gently developed teeth similar to those of other
plant-eating dinosaurs.

The teeth of herbivorous species depart radi-
cally from the simpler morphology of carnivores
(Fig. 2.8B,C). Most sauropodomorphs and or-
nithischians have teeth that generally resemble
a leaf, as they are expanded apically away from the
root and bear a set of coarse denticles at their apex,
which were used to crop and grind plant matter.
Some basal sauropodomorphs, however, have
teeth that generally resemble those of living igua-
nas, which may have been well suited for an
omnivorous diet (Barrett, 2000). On the other
hand, some derived sauropods, such as Diplodo-
cus, have much thinner pencil-like teeth, which
seem to be suited for cropping softer vegetation
such as ferns and shrubs (Fiorillo, 1998; Upchurch
and Barrett, 2000; Sereno et al., 2007; Whitlock,
2011a). On the ornithischian side of the family
tree, ceratopsians and ornithopods convergently
developed an unusual condition in which enamel
was limited to one side of the tooth only, whereas
the opposing surface was covered in softer dentine
(see Norman and Weishampel, 1985). This facili-
tated a built-in self-sharpening mechanism: as the
dentine was worn away quicker than the harder
enamel, a sharp cutting edge was formed and
continuously sharpened. Other ornithischian sub-
groups evolved their own variations on the general
leaf-shaped morphology of the group (see Galton
and Upchurch, 2004a; Marya�nska et al., 2004;
Vickaryous et al., 2004).

Finally, new research indicates that the internal
structure of the tooth enamel is also incredibly
variablewithin dinosaurs. These differences, which
relate to the shape and orientation of the individual
crystals of enamel, may in some cases have func-
tional significance, and in othersmay simply reflect
morphology that was passively inherited from a
common ancestor (Sander, 1999; Stokosa, 2005;
Hwang, 2005, 2010, 2011). The identification of
thesemicroscopic differences, which inmany cases
are striking, was only recentlymade possible by the
use of scanning electronmicroscopy (SEM), asmore

Figure 2.8 Dinosaur teeth. (A) A tooth of the carnivorous

theropod Alioramus in lateral and distal (posterior) views,

exhibiting the serrations and recurved shape typical of

theropod teeth (photographs�Mick Ellison). (B) A tooth of

the herbivorous sauropod Bothriospondylus in lateral

view, exhibiting the blunt and spatulate crown shape that

is typical of many sauropods (photo courtesy of Dr Jeffrey

Wilson, Dr Mike D’Emic and the Mus�eum National

d’Histoire Naturelle, Paris). (C) Teeth of a pachycephalo-

saurid (top) and basal ornithischian (bottom), exhibiting the

characteristic leaf-shaped morphology of ornithischians

(photos courtesy of Dr Thomas Williamson and Dr Richard

Butler, respectively).
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traditional polarizing light microscopy is inade-
quate to register anything but the simplest varia-
tion in enamel. Further SEM studies of dinosaur
teeth, in the same vein as those cited above and a
recent analysis ofMesozoic crocodylomorph enam-
el (Andrade et al., 2010), promise to shed new light
on dinosaur feeding habits and transform the often-
imprecise identification of fragmentary dinosaur
teeth (Hwang, 2010).

The Dinosaur Axial Skeleton

All parts of the dinosaur skeleton aside from the
skull are generally referred to as the ‘‘postcranial
skeleton’’ (Fig. 2.9). The postcranium is further
divided into two major complexes: the axial skele-
ton,which comprises the vertebrae and ribs, and the
appendicular skeleton, which includes the girdles
and limbs. The focus first is on the axial skeleton.

Vertebrae
The fundamental component of the axial skeleton is
the vertebral column,which is composed of individ-
ual bones, the vertebrae, that stretch throughout the
neck, trunk, and tail (Figs 2.10–2.12). Different re-
gions of the vertebral column have different names:
those elements in the neck are cervical vertebrae,
those in the back dorsal vertebrae, the small set of
vertebrae between the opposing pelvic girdles are

the sacrals, and those in the tail are the caudal
vertebrae. In general, each individual vertebra is
constructed from two parts: the solid, spool-shaped
centrum is the main body of the bone, on top of
which sits themore complex neural arch (Fig. 2.10).
The neural canal, which housed the spinal cord,
passes between the centrum and neural arch (see
Romer, 1956 and Makovicky, 1997 for a general
overview).

The anterior and posterior surfaces of the cen-
trum contact the preceding and following vertebra,
respectively. These articulations are further
strengthened by interlocking prongs of bone on the
neural arches: the paired prezygapophyses, at the
front of the neural arch, clasp the postzygapophyses
at the posterior end of the arch of the preceding
vertebra (Fig. 2.10). The strength of these articula-
tions, and their degree of interlocking, regulate how
much motion is possible between individual verte-
brae, and thus the extent towhich the backbone can
bend. The neural arches of the cervical, dorsal, and
anterior caudal vertebrae sport a laterally directed,
wing-like projection called the transverse process
on each side. These thin flanges expand at their tip
into a rugose diapophysis for articulation with one
head of the rib. The other head of the rib usually
makes contact with a stalk-like swelling of the
centrum called the parapophysis. Finally, the neu-
ral arch is usually crowned with a single, thin,
midline flange called the neural spine, which in

Figure 2.9 Dinosaur postcranial anatomy. A skeletal reconstruction of the Early Jurassic ornithischian Eocursor, with

major regions of the skeleton indicated. Reconstruction � Scott Hartman.
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some dinosaurs is greatly expanded so that the back
can support a hump or sail (Bailey, 1997).

Saurischian dinosaurs are immediately distin-
guished from ornithischian dinosaurs by several

unusual features of the vertebral column, most of
which are seen on the cervical and anterior dorsal
vertebrae (Fig. 2.10). Many of the various processes
of the neural arch and centrum are linked to each

Figure 2.10Dinosaur vertebral anatomy. A cervical vertebra of the large theropodAerosteon in left lateral (A), anterior (B),

posterior (C), and dorsal (D) views. Photos courtesy of Dr Roger Benson.

Figure 2.11 Dinosaur vertebral anatomy. A montage of different types of vertebrae from the same individual of the

tyrannosaurid theropod Alioramus, including cervical (A), dorsal (B), anterior caudal (C), and posterior caudal (D)

vertebrae, all shown to scale. Photographs � Mick Ellison.
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other by bony struts called laminae (Wilson, 1999).
These laminae, which often have astoundingly
complex names and whose morphology is highly
variable among species, probably relate to both an
increased area for muscle attachment (Schwarz
et al., 2007) and, more importantly, a pneumatic
bird-like system of air sacs that invaded the
vertebrae (Britt, 1993, 1997; O’Connor and Claes-
sens, 2005; O’Connor, 2006; Sereno et al., 2008).
These air sacs,which are described inmore detail in
Chapter 3, are clearly the cause of another distin-
guishing feature of saurischians: deep fossae and
foramina, often referred to as ‘‘pleurocoels’’ or
‘‘pneumatic foramina,’’ that pierce the lateral
surfaces of the centrum and lead into a complex
network of internal chambers (Britt, 1993). Provoc-
atively, recent research indicates that both laminae
and pneumatic foramina are present in some non-
dinosaurian archosaurs (see below), which suggests
that, like the saurischian pelvis, pneumaticity may

be a more primitive reptilian character that was
simply retained in saurischians, whereas orni-
thischians are truly unique in losing air sacs and
their concomitant bony indicators.

Most dinosaurs have approximately 9–10 cervi-
cal vertebrae, although some subgroups,most prom-
inently the long-necked sauropods, increased their
cervical count, both by adding new vertebrae and by
converting dorsal vertebrae to cervicals (Upchurch,
1995; Makovicky, 1997; Wilson, 2002; Upchurch
et al., 2004; M€uller et al., 2010) (Fig. 2.12A). The
ancestral dinosaur had a gracile S-shaped neck,
which was enabled by the parallelogram-shaped
morphology of the individual cervicals, in which
the anterior face of the centrum is elevated relative
to the posterior face (Gauthier, 1986; Sereno, 1991a;
Benton, 1999; Brusatte et al., 2010a). Many dino-
saurs retained this primitive condition, but some
groups such as the stegosaurs and sauropods devel-
oped a straighter neck, without any offset of the

Figure 2.12 Dinosaur vertebral anatomy. (A) The long neck of the sauropod Brachiosaurus. (B, D) The proximal (B) and

middle (D) portions of the tail of the ornithomimosaurian theropod Shenzhousaurus. (C) The sacrum of the mid-sized

theropod Megalosaurus.
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cervical articular faces. In most dinosaurs the cervi-
cal neural arches are relatively modest in their
morphology, and the zygapophyses, transverse pro-
cesses, and neural spines are small. In sauropods,
however, the cervical neural arches are extravagant
in their complexity. The zygapophyses are large, the
neural spines are often bifurcated, and a panoply of
laminae weaves across the bone, making nearly
every conceivable linkage between the array of bony
processes on the arch.

The dorsal vertebrae provide strength and rigidi-
ty to the trunk of dinosaurs. The ancestral dinosaur
probably had about 15 dorsals, and although there is
variation in the dorsal counts of more derived dino-
saur subgroups, most species do not deviate too far
from the ancestral condition (see Makovicky, 1997
for general overview). Many gradual changes occur
across the neck and back of most dinosaurs, defin-
ing a smooth transition from the cervical to the
dorsal vertebrae (Fig. 2.11). The centrum becomes
less elongate anteroposteriorly, the anterior and
posterior articular faces lose their offset, the neural
spines expand in height, the transverse processes
become stouter and swing outward to become po-
sitioned fully laterally, and the parapophyses mi-
grate from the centrum onto the neural arch. Along
with this general pattern are morphologies specific
to various dinosaur subgroups. Saurischian dino-
saurs often have a set of accessory articulations
below the zygapophyses, the hyposphene and hy-
pantrum, which strengthen the union between ad-
joining vertebrae (Apestegu�ıa, 2005). Sauropods
retain elongate centra and their neural arches are
reduced to a perplexingmaze of laminae (Upchurch
et al., 2004). Some sauropods, as well as some
theropods, develop remarkably tall neural spines,
probably to support a sail (Bailey, 1997). The dorsal
vertebrae of stegosaurs are immediately recognized
by their tall neural arches, which in anterior or
posterior view resemble a normal dinosaur neural
arch that has been stretched like taffy (Galton and
Upchurch, 2004a).

The sacral vertebrae fulfill the crucial function
of linking the backbone to the pelvis, and are
therefore instrumental in supporting body weight
and strengthening the trunk region (Fig. 2.12C).
The common ancestor of dinosaurs had either two
or three sacrals, and most primitive dinosaurs
possessed three. However, several more derived

dinosaur subgroups independently increased their
sacral counts, usually through the addition of ad-
joining vertebrae from the back or tail (Makovicky,
1997). Most stegosaurs, ankylosaurs, sauropods,
theropods, and primitive ornithopods have be-
tween four and seven sacrals, but some ceratop-
sians have up to 10 and some hadrosaurids up to 12
(Dodson et al., 2004; Horner et al., 2004). The
functional significance of these drastically en-
larged sacral counts is unclear, but at the very least
they added stability to the pelvis and helped
rigidify the backbone. In some species the sacrals
are invariably fused together into a single elongate
rod, whereas in others individual vertebral centra
and arches are still discernible. Contact between
the sacral vertebrae and pelvis is achieved by the
transverse processes of the individual vertebrae
and their associated sacral ribs, which usually are
fused together into an amorphous mass.

Approximately 50 caudal vertebrae comprised
the tail of the ancestral dinosaur, but more derived
dinosaur groups achieved a remarkable variability
in the number, size, and shape of individual caudal
vertebrae, along with the length, range of motion,
and morphology of the tail itself (Fig. 2.12B,D).
There is a general decrease in caudal number
throughout theropod evolution, which reaches its
most extreme condition in the pygostyle of birds, a
stout misshapen remnant of the tail formed by the
fusion of the few remaining vertebrae.Although the
tail of primitive dinosaurs was quite flexible, many
groups developed a more rigid structure. Derived
theropods such as dromaeosaurids evolved elongate
prezygapophyses, which extend as reinforcing bony
rods along the sides of 10–12 adjoining vertebrae
(Ostrom, 1969). Many ornithischian dinosaurs os-
sified the tendons along their tails, providing a
functionally similar, but anatomically distinct,
condition to that of dromaeosaurids (Organ and
Adams, 2005). Some sauropods, on the other hand,
possess an even longer andmoremobile tail.Diplod-
ocus and its closest relatives have a greater number
of tail vertebrae than other sauropods, and the most
distal ones are modified to form a whip-like struc-
ture (Myhrvold and Currie, 1997). Other sauropods,
and many ornithischians such as stegosaurs and
ankylosaurs, sport spikes, armor, or clubs at the
ends of their tails (Galton and Upchurch, 2004a;
Upchurch et al., 2004; Vickaryous et al., 2004).
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Ribs
One of the primary functions of the vertebral
column is to support the ribcage, which provides
a rigid trellis to protect the internal organs. Most
dinosaurs have ribs emerging from the cervical,
dorsal, and sacral vertebrae, the latter of which
help form the articulation between the sacrals and
the pelvis. However, caudal vertebrae rarely sup-
port ribs, but sauropodomorphs and ornithischians
have short stout ribs on the first few caudals. Most
dinosaur ribs are composed of a proximal ‘‘head’’
that is divided into two separate processes, the
capitulum and tuberculum, for articulation with
the parapophysis and diapophysis of the associated
vertebra, respectively. Distal to the head, the shaft
of the rib usually tapers to a thin point. Cervical
ribs are always smaller andmore gracile than those
of the dorsal series, and in saurischians are ex-
tremely thin, delicate, and elongate, as they paral-
lel the contours of the neck itself. Dorsal ribs are
larger, longer, and more robustly built, and their
shaft is usually outwardly convex to enclose a
barrel-shaped chest cavity. In many saurischians
air sacs extend into the ribs, and therefore they are
internally hollowand pierced bypneumatic foram-
ina on their surfaces. In some derived theropods, as
well as some ornithischians, the shaft of the rib
develops a plate-like flange, the uncinate process,
which overlaps the adjacent rib (Fig. 2.13). These
en echelon structures, which overlap in a series
like shingles on a roof, lend further rigidity to the
ribcage and may have been instrumental in sup-
porting trunk muscles and powering an efficient,
avian-like breathing apparatus (Codd et al., 2008;
Codd 2010).

Chevrons
The bases of the caudal vertebrae sport a series of
small bones that project downward to form the
ventral surface of the tail itself (Fig. 2.12B,D). These
are the chevrons, or haemal arches, each ofwhich is
composed of fused left and right laminae that en-
close a large opening between them. When aligned
together in articulation, the fenestrae of individual
chevrons form a series along the tail, the haemal
canal, which enclosed various nerves and blood
vessels that innervated the tail muscles and con-
trolled tail motion. The shapes of individual chev-
rons often vary across the length of the tail, as
well as among different dinosaur subgroups. Some
are simple spikes or plates that project ventrally,
others have a kink that affords the overall bone an
L-like shape, and still others are elongate in the
anteroposterior direction and thus resemble a boat.
Chevrons are usually absent in the distal portion of
the tail, and in dromaeosaurids are thin and elon-
gate, in the same style of the prezygapophyses, to
lend strength and rigidity to the tail.

Gastralia
Perhaps the least studied and understood compo-
nent of the axial skeleton is the gastral cuirass, an
interlocking series of thin dermal bones – gastralia –
along the ventral surface of the belly (Claessens,
2004) (Fig. 2.14). These bones are often called ‘‘der-
mal ribs’’ or ‘‘belly ribs,’’ but are not technically ribs
because they do not attach to the vertebrae. The
presence or absence of gastralia is perplexingly
variable across living and extinct tetrapods: they
are present inmost saurischian dinosaurs, aswell as
living crocodilians, but are absent in most living

Figure 2.13 Uncinate processes of the ribs. The non-avian theropods Velociraptor (A) and Oviraptor (B) with arrows

pointing to uncinate processes. (C) is an image of an extant razorbill for comparison. Courtesy of Dr Jonathan Codd.
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reptiles and have never been discovered in or-
nithischians. Although at first glance the cuirass
resembles a complicated web of interwoven slivers
of bone, there is underlying order to the gastral
skeleton (Fig. 2.14). The cuirass is divided into
discrete rows, each of which contains four rod-like
bones: twomedial elements that contact each other
on themidline, often in an overlapping fashion, and
lateral elements that abut the outside edge of each
medial bone. The conjoined left and right medial
elements of each row usually overlap, in en echelon
fashion, the medial elements of the two adjacent
rows anteriorly and posteriorly. Therefore, all indi-
vidual gastralia are connected to each other, per-
mitting the cuirass to function as a single unit. In
some dinosaurs, especially theropods, the gastralia
may have been a primary control on the shape and
size of the trunk cavity, andmay have helped power
the avian-like respiratory system (see Claessens,
2004 for a full review).

The Dinosaur Appendicular
Skeleton

The final major division of the dinosaur skeleton is
the appendicular portion (see Fig. 2.9). Included

within the appendicular skeleton are the pectoral
(shoulder) and pelvic (hip) girdles, as well as the
limbs anddigits that attach to them.Twoadditional
bones of the pectoral region, the clavicle and ster-
num, are also listed among the roster of appendicu-
lar bones, although they are rarely preserved as
fossils. The underlying geometry of the forelimbs
and hindlimbs is identical – one proximal bone,
followed by twomore distal bones, and cappedwith
a series of palmar bones and digits – but the form of
the pectoral and pelvic girdles is dramatically
distinct.

Pectoral girdle
The dinosaur shoulder girdle is composed primarly
of two bones, the scapula and coracoid, with con-
tributions from the clavicle and sternum, when
present (Figs 2.15 and 2.16). The scapula and cora-
coid are endochondral bones, and together they
contribute to the joint surface for the humerus of
the upper arm (Fig. 2.15). The scapula ismuch larger
than the coracoid and usually takes the shape of an
elongate blade, which lies directly outside, and
parallels the contours of, the ribcage. The coracoid,
on the other hand, is a stouter and more plate-like
element, usually shaped like a semicircle or square,
that is appressed to the scapula anteriorly and

Figure 2.14 Dinosaur gastralia. (A) Schematic showing an articulated gastral cuirass of a theropod dinosaur in ventral

view, with lateral and medial gastral elements labeled. (B) A portion of the gastral cuirass of the tyrannosaurid

Albertosaurus in dorsal view showing the imbricating nature of the medial elements. (C) Photograph of the gastral

cuirass of the theropod Allosaurus in dorsal view. Modified from images in Claessens (2004) and reproduced with

permission.
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Figure 2.16 The dinosaur furcula. Amontage of furculae in theropod dinosaurs, including the oviraptorosauroid Citipati (A),

the dromaeosauridBambiraptor (B), and the tyrannosauridDaspletosaurus (C). (A) and (C) courtesy of Dr Sterling Nesbitt;

(B) � Mick Ellison.

Figure 2.15 Dinosaur shoulder girdles: the scapula and coracoid. The conjoined coracoid and scapula of the large

theropod Aerosteon in lateral (A) and medial (B) views, and a close-up of the glenoid region for articulation with the

humerus in lateral oblique view (C). The articulated coracoid, scapula, and forelimb in skeletal mounts of Carnotaurus (D)

and Tyrannosaurus (E). Images (A–C) courtesy of Dr Roger Benson.
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ventrally. Along the ventral surface of where the
two bones meet is the smooth, deeply impressed
surface of the glenoid, which receives the head of
the humerus. Various tuberosities of bone near the
glenoid, on both the scapula and coracoid, sup-
ported muscles of the shoulder and forearm.

The sternum and clavicle are both dermal ele-
ments and are critical components of the shoulder
girdle of living birds, which is highly modified to
support the large muscles and complex tendons
required for flight (Baumel andWitmer, 1993). Both
elements are uncommonly encountered in fossil-
ized dinosaur skeletons, but this likely reflects the
fact that they were unossified or extremely fragile,
not that they were truly absent. Some dinosaurs
have been foundwith paired left and right clavicles,
the normal condition in tetrapods (including hu-
mans). Theropods, however, have a unique mor-
phology in which the two clavicles are fused into a
single structure, the V-shaped furcula (Bryant and
Russell, 1993; Nesbitt et al., 2009c; Vickaryous and
Hall, 2010) (Fig. 2.16). A furcula is present in all
living birds, in which it is thought to act as a spring
that stores kinetic energy, and braces the left and

right shoulder girdles, during flight (Jenkins et al.,
1988). In dinosaurs, the sternum is usually a thin
platy element along the midline of the chest that is
attached to the adjacent dorsal ribs by a series of
cartilaginous extensions, the sternal ribs (Dodson
and Madsen, 1981). Living birds exhibit a distinc-
tive sternum: large, robust, and keeled ventrally.
This morphology, which is not present in even the
most bird-like dinosaurs, is intimately related to
themechanics of flight, because the principal flight
muscles, which are enormous in birds, are attached
to the sternum.

Forelimb
The forelimb is composed of a series of bones:
the humerus proximally, followed by the radius and
ulna, and then the carpal bones of the wrist, the
metacarpals of the palm of the hand, and the indi-
vidual manual digits themselves (see Christiansen
1997a, for an overview) (Figs 2.17 and 2.18). The
humerus is usually the largest andmost robust bone
of the arm, and it anchors important muscles that
control the majority of arm motion. The humerus
meets the two forelimbbones, the radius andulna, at

Figure 2.17 Dinosaur hand anatomy. (A) Photo and interpretive drawing of the forelimb and hand of the basal

sauropodomorph (‘‘prosauropod’’) dinosaur Seitaad. (B) Line drawing of the right hand of the primitive theropod

Herrerasaurus. Images in (A) courtesy of Dr Mark Loewen and modified from Sertich and Loewen (2010); image in

(B) drawn by Anne Curthoys based on illustration in Sereno (1994). For abbreviations in (A) refer to Sertich and

Loewen (2010).
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the elbow joint. The ulna, which is usually larger
than the radius, often has a pronounced olecranon
process, which extends behind the elbow joint as a
lever that attaches to large muscles that extend the
armoutwards. In derived theropods, aswell as living
birds, the ulna anchors large feathers, whose attach-
ment sites are represented by small bumps (‘‘quill
knobs’’) along the ulna (Turner et al., 2007b).

The articulation between the forelimb and the
hand is complex: several individual carpal bones of
the wrist, which are variable in number and size
among species, connect these two important regions
of the arm (Fig. 2.17). In large quadrupedal dinosaurs

like sauropods and ornithopods, the carpal bones are
usually large, strong, andblocky.However, inbipedal
dinosaurs that do not require the forelimb to support
body weight, the carpals are usually small and often
unossified. Derived theropods have a flexible wrist
that can move in a wide arc, due to the pulley-like
configuration of the carpal bones, and this condition
reaches an extreme in birds, which can fold their
wrists and hands against the body (Vazquez, 1992;
Sullivan et al., 2010).

The hand, or manus, of dinosaurs is composed of
a set of metacarpals and their corresponding digits,
each of which is formed of multiple individual

Figure 2.18 Dinosaur hand anatomy. A montage of different manual morphologies in dinosaurs, including the compsog-

nathid theropod Juravenator (A), the ornithopod Iguanodon (B), the titanosaurian sauropod Rapetosaurus (C), the

ornithomimosaurian theropod Gallimimus (D), the tyrannosaurid theropod Tyrannosaurus (E), the stegosaurid ornithis-

chian Stegosaurus (F), and a living turkey (G). Images courtesy of Dr Jeffrey Wilson, Dr Mike D’Emic, and the Field

Museum of Natural History (C), Dr Susannah Maidment (F), and Dr Corwin Sullivan (G).
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phalanx bones (Figs 2.17 and 2.18). These are num-
bered I–V, with I themostmedial (thumb) and V the
most lateral (pinky). The form of the metacarpals
and digits differs substantially depending onwheth-
er a species is bipedal or quadrupedal (Fig. 2.18).
Bipedal dinosaurs such as theropods and some
ornithischians have small gracile hands, which are
often modified into grasping devices for gripping
onto either prey or plant material, depending on
diet. In theropods, there is a general reduction in
digit number across phylogeny: basal species have
four or five digits, whereas most theropods possess
only three digits (Gauthier, 1986; Padian and
Chiappe, 1998). Some aberrant species, such as the
two-fingered tyrannosaurids and the bird-like alvar-
ezsauridswith their single stout finger, exhibit even
further reduction (Perle et al., 1993; Brochu, 2003;
Xu et al., 2011b). Most theropod hands are capped
with sharp claws, even the stubby arms of Tyran-
nosaurus and kin, which were clearly useless in
prey capture (Lipkin and Carpenter, 2008). Quadru-
pedal dinosaurs, on the other hand, usually possess
larger and more robust hands, whose terminal pha-
langes are sometimes modified into hooves.
The individual metacarpals and digits are usually
shorter, heftier, and arranged in a tight arc, all of
which is useful in providing support for bodyweight

(Bonnan, 2003; Senter, 2010). In concert with differ-
ences in hand shape and size, quadrupedal dino-
saurs generally have longer forelimbs than bipedal
dinosaurs, althoughmore derived theropods exhibit
a trend of forelimb lengthening that reaches its
apogee in the large wings of birds (Christiansen,
1997a; Middleton and Gatesy, 2000).

Pelvic girdle
The dinosaurian pelvis is composed of three differ-
ent bones – the ilium, pubis, and ischium – which
sometimes fuse with each other and whose relative
sizes and shapes are highly variable among species
(see Figs 1.14, 1.20, 2.19 and 2.20). The ilium is the
largest bone of the pelvis and is located dorsally,
above the pubis and ischium. The left and right ilia
are separated on themidline by the sacral vertebrae,
although in some species the two ilia make contact
at their dorsalmargin. Inmost species the ilium is an
elongate blade-like bone, with two processes ven-
trally for articulation with the pubis and ischium.
The most salient feature of the ilium is usually a
robust curved ridge on the lateral surface, immedi-
ately above the acetabular joint (the ball-and-socket
articulation between the pelvis andhindlimb).Here,
the three bones of the pelvis come together to form a
window-like socket for the femur, and the ridge on

Figure 2.19 Dinosaur pelvic anatomy. Photo (A) and line drawing (B) of the pelvis of a theropod dinosaur from the middle

Cretaceous of Africa. Photo and drawing by the author, under the guidance of Carol Abraczinskas. For more information

see Sereno and Brusatte (2008).
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the iliumreinforces this regionbyprovidinga tighter
fit for the femur and dissipating stress caused by
locomotion.

The pubis and ischium are longer and more
gracile than the femur, and generally resemble rods
more than a blade (Fig. 2.20). The pubis is the
anterior bone of the pelvis; in saurischians it pro-
jects both forward and downward from the ilium,
whereas in ornithischians it is retroverted and pro-
jects backward and downward, paralleling the is-
chium. Both the pubis and ischium have an
expanded plate-like region proximally, which ar-
ticulates with the ilium. These regions, referred to
as the obturator plates, also make broad contact
with each other: the pubic obturator plate has a long
contact with that of the ischium immediately be-
low the acetabulum, further assisting in buttressing

the hip–limb joint. Distally the pubis and ischium
taper into a long shaft. In some dinosaurs, most
prominently large theropods like Tyrannosaurus,
the very distal tip of one or both bones is expanded
into a bulbous or foot-like swelling, referred to as
the pubic, or ischial, boot. In ornithischians the
pubis and ischium lay against each other due to
the retroversion of the pubis, which also develops a
novel flange, the prepubic process, projecting for-
ward from the obturator plate immediately in front
of the acetabulum.

Hindlimb
As with the forelimb, an orderly sequence of bones
comprises the dinosaurian hindlimb. The femur, or
thigh bone, is the most proximal element, followed
by the tibia and fibula, an array of tarsals (including

Figure 2.20 Dinosaur pelvic anatomy. (A) The acetabular region of the ornithomimosaurian theropod Gallimimus in right

lateral view; (B) the articulated pubis and ischium of the small theropodMiragaia in left lateral view; (C) the pubis of the

large theropod Aerosteon in left lateral view; (D) the pubis of the small theropod Coelurus in left lateral view; (E) the pubis

of the primitive theropod Liliensternus in left lateral view; (F) the ischium of the large theropod Allosaurus in left lateral

view; (G) the ischium of the tyrannosaurid theropod Alioramus in left lateral view; (H) the ischium of Liliensternus in left

lateral view. Image (C) courtesy of Dr Roger Benson; image (D) taken by the author but copyright of Peabody Museum of

Natural History; image (G) � Mick Ellison.
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the astragalus and calcaneum), metatarsals, and
individual digits. The numbering of the digits, I
being the most medial and V the most lateral, is
identical to that of the hand. For a summary of
dinosaur hindlimb anatomy and evolution, see
Christiansen (1997b).

The femur is the largest, strongest, and most
robust bone in the hindleg, although sometimes
the tibia (shin bone) is longer in fast-running species
(Fig. 2.21). The femur has a discrete head that
projects medially relative to the shaft and is capped
by a ball-like articular surface, which fits into the
acetabulum of the pelvis. Several trochanters, or
protuberances of bone for muscle attachment, are
located immediately distal to the head, and an-
chored the most important muscles for hindlimb
motion. The shaft of the femur is often bowed
anteriorly in fleet-footed dinosaurs, but is straight
and columnar to support the extremebodyweight of
sauropods and other colossal species. Distally, the
femur joins the tibia and fibula at the knee joint.
Dinosaurs, best as we know, did not have a separate
kneecap bone like the patella ofmammals. The tibia
is much larger than the fibula in most dinosaurs,
and this discrepancy reaches an extreme in derived
theropods andbirds, inwhich the fibula is reduced to
a toothpick-like splint.

The tarsus of dinosaurs is composed of two
different sets of bones: the larger and more func-
tionally important proximal tarsals (astragalus and
calcaneum) and a smaller series of flat disk-like
distal tarsals that cap the proximal surface of
the metatarsals (see Figs 1.17, 2.22 and 2.23).
The astragalus is the most conspicuous bone of the
tarsus: it is much larger than the calcaneum, forms
the majority of the functional joint between the leg
and foot, and has a tongue-like ascending process
that is appressed to the anterior surface of the tibia.
The calcaneum is a small crescent-shaped bone
positioned lateral to the astragalus, and it primarily
cups the distal end of the fibula. As described in
Chapter 1, the astragalus and calcaneum are firmly
united with the tibia and fibula, and the four bones
together form a single complex. The functional
ankle joint is between this complex and the foot
itself, which is a second complex composed of the
distal tarsals, metatarsals, and digits.

The size and morphology of the foot are highly
variable among dinosaurs, but are correlated to
general conditions of posture (bipedal vs. quadru-
pedal) and speed (fast vs. slow) (Fig. 2.23). Slower,
heavier, quadrupedal dinosaurs have metatarsals
and digits that are well suited for supporting the
weight of the body. The individual metatarsals

Figure 2.21 Dinosaur femur anatomy. The right femur of the large carcharodontosaurian theropod Neovenator in anterior

(A), lateral (B), posterior (C), medial (D), proximal (E), and distal (F) views. Images courtesy of Dr Roger Benson.
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are short, robust, and arrayed in a wide arc, and
often all five digits are large and weight-bearing.
The terminal phalanges are frequently modified
into hooves, as is seen in the hands, but in
sauropods the medial two or three digits bear
conical claws, whose function is debatable. Faster
bipedal dinosaurs, such as most theropods, have
extremely elongated metatarsals that are closely
appressed to each other, which functionally com-
prise a third major long bone of the leg (along
with the femur and tibia). Furthermore, in these
species only the central three metatarsals and
digits are large. Digit I is tiny, non-weight-bear-
ing, and shifted to a medial position such that it
does not contact the substrate during walking,
whereas digit V is often reduced to nothing more
than a small tapering metatarsal, without any
digits.

Bizarre Structures

In addition to the general body plan described
above, many dinosaurs possess so-called ‘‘bizarre

structures’’: sublime features of the skeleton that
have captivated generations of museum-goers and
long piqued the interest of scientists (I here use the
term ‘‘bizarre structures’’ following its usage by
Padian and Horner, 2011 in their influential re-
view). The fantastic horns and frills of ceratopsians,
extravagant cranial crests of hadrosaurids, and ta-
ble-sized plates of stegosaurs are prime examples.
Understanding the biological function of these
structures, however, is fraught with difficulty, but
is nonetheless a frequent subject of debate. The
most common hypotheses hold that horns, frills,
spikes, and other bizarre structures were weapons
for defense against predators or ornaments used to
attractmates, scare off rivals, or brand an individual
as amember of its species. Testing these scenarios is
difficult at best, and in most cases probably impos-
sible. Many scientists make broad comparisons
with living analogues, and often will argue that
dinosaurs may have behaved like living species
with similar aberrant structures, but it is always
important to remember that no living species are
perfect analogues for Mesozoic dinosaurs. More
sophisticated analytical techniques, such as

Figure 2.22 Dinosaur hindlimb and foot anatomy. (A) Line drawing of the metatarsus and foot of the primitive ornithischian

Lesothosaurus. (B) Photo and interpretive drawing of the metatarsus and foot of the ‘‘prosauropod’’ Seitaad. Image (A)

by Anne Curthoys, based on Thulborn (1972); image (B) courtesy of Dr Mark Loewen and modified from Sertich and

Loewen (2010).
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computer modeling, histological thin sectioning,
and isotopic analysis, have been used to study the
anatomy and composition of bizarre structures in
detail, but can rarely pinpoint a specific functional
usage with certainty. And of course, it is possible,
and perhaps probable, that these structures per-
formed many functions at the same time.

An astute reviewof bizarre features in dinosaurs
was recently published by Padian and Horner
(2011). They argue that species recognition may
have been the primary function of many of these
structures, but are candid in discussing the diffi-
culties of testing functional hypotheses and the
possibility that structures served multiple func-
tions simultaneously. Indeed, they conclude, we
may never know the exact reason why the horns of

ceratopsians evolved, or the exact function that
stegosaur plates served, but this does notminimize
the grandeur of these features or eliminate the
need to study their anatomy. Here, in the conclud-
ing section of this chapter, I will describe several of
the more salient bizarre structures of dinosaurs,
and review some likely explanations for their
function.

Ceratopsian horns and frills
The skulls of Triceratops and other ceratopsian
dinosaurs are immediately recognizable due to
their extraordinary size and fantastic array of cra-
nial ornaments (Farlow and Dodson, 1975; Dodson
et al., 2004; Ryan et al., 2010a) (Fig. 2.24). The skulls
of derived Late Cretaceous ceratopsids could reach

Figure 2.23 Dinosaur foot anatomy. Montage of different pedal morphologies in dinosaurs, including the carcharodon-

tosaurian theropod Neovenator (A), the dromaeosaurid theropod Balaur (B), the hadrosaurid ornithischian Edmonto-

saurus (C), the compsognathid theropod Juravenator (D), the titanosaurian sauropod Rapetosaurus (E), and the

ceratopsian ornithischian Centrosaurus (F). Images � Mick Ellison (B), and courtesy of Dr Albert Prieto-M�arquez

(C), Dr Jeffrey Wilson, Dr Mike D’Emic, and the Field Museum of Natural History (E), and Dr Thomas Williamson (F).
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over 2m in length, larger than in any other known
terrestrial vertebrate, living or extinct. The back of
the skull is expanded into a broad frill, composed of
greatly enlarged parietal and squamosal bones,
which varies from about 60% to slightly more than
100% of the length of the remainder of the skull.
The peripheral edges of the frill are peppered with
nubbins of dermal bone, the epoccipitals, which in
some species are elaborated into a variety of horn-
like projections, which are variably straight or
curved. True horns, composed of a bony internal
core that was covered with keratin in life, are
usually present on the snout (on the nasal bone)
and above the eyes (on the postorbital bones). The
nasal horn, which is normally a single midline
structure, reaches lengths of over 50 cm in some
species. The postorbital horns, which are located
on both sides of the skull, could be even larger, and
in the gaudiest species stretched up to a meter in

length. Althoughmost ceratopsids had horns, some
species modified the nasal horn core into a gnarly
rugose boss, which likely supported a thick pad
of keratin-rich skin instead of a conical horn
(Hieronymus et al., 2009).

Understandably, such ostentatious features have
long generated wonder among both scientists and
the public, and have attracted almost limitless
speculation about their likely functions. Farlow
and Dodson (1975), using ungulate mammals as a
comparative modern analogue, suggested that the
horns and frills of ceratopsians could have served a
variety of functions, but were probably most useful
in courtship and agonistic behavior toward rivals
and predators. Noting how the frill and horns dra-
matically changed shape as an individual grew from
a juvenile into an adult, Sampson et al. (1997)
and Sampson (1999) argued that sexual display was
a more probable function. Barrick et al. (1998)

Figure 2.24 Bizarre structures: the ceratopsian skull. Montage of skulls showing a diversity of horn and frill morphologies:

(A) Utahceratops; (B) Kosmoceratops; (C) Centrosaurus; (D) Chasmosaurus; (E) Nedoceratops. Images (A) and (B)

courtesy of Dr Andrew Farke and modified from Sampson et al. (2010); images (C) and (D) courtesy of Dr Andrew Farke;

image (E) courtesy of Dr Andrew Farke and modified from Farke (2011).
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performed a clever experiment by comparing the
composition of oxygen isotopes (a proxy for body
temperature) of bone in the frill and the core of the
body.Their results suggested that the broad frillwas
something of a heat dump, which radiated excess
body heat to the environment and thus helped to
regulate body temperature, much like the floppy
ears of elephants. Happ (2010) took this argument
one step further, and suggested that the horns
themselves were also used to radiate heat. Howev-
er, his primary evidence was the presence of vascu-
lar surface texture, which he took as a sign of dense
blood vessel networks that could bring excess heat
to the surface of the horns. However, these vessels
more likely supplied the growing kertain exterior of
the horn, and would have had only a passing role in
thermoregulation (see Horner and Marshall, 2002).

Perhaps the most common explanation for the
bizarre skull of ceratopsians, especially the horns, is
defense. Most ceratopsids lived in North America
during the final 20 million years of the Late Creta-
ceous, a time and place swarming with bone-
crunching tyrannosaurid predators. One of the
most popular exhibits in many museums is a re-
constructed ‘‘death match’’ between Tyrannosau-
rus andTriceratops, and indeed these two dinosaurs
were among themost common species in the latest
Cretaceous of North America. A fossilized Tricera-
tops frill with bite marks closely matching the size
and spacing of Tyrannosaurus teeth is unequivocal
evidence that the two did, at least occasionally,
engage in combat (Happ, 2008). Perhaps the horns
and frill of ceratopsids often functioned as defensive
weapons, used for protection from bites and to
strike back at predators when attacked. Similarly,
perhaps the horns were used as agonistic weapons
to wrestle with conspecific competitors over mates
or resources.

Several lines of evidence suggest that this is
plausible. A computerized biomechanical study,
using finite element techniques often employed by
engineers to test the strength of roads and bridges,
indicates that the broad and vaulted morphology of
the frill imparted structural rigidity and strength,
which may have provided reinforcement during
battles with prey or conspecifics (Farke et al.,
2010). A hands-on experiment using scale models
of dueling Triceratops demonstrated that the size,
shape, and position of the horns were ideal for

interlocking during intraspecies wrestling matches
(Farke, 2004) (Fig. 2.25A). Finally, the empirical fact
that Triceratops individuals did battle with each
other is supported by abundant pathologies (lesions
and rugose scars) on the frills of some fossils, in the
same position aswhere the horns of a rivalwould be
wedged during a tussle (Fig. 2.25B). Of course, al-
though persuasive, this evidence does not ‘‘prove’’
that the horns and frills of ceratopsids functioned,
either always or only, as weapons. Sexual display,
species recognition, and thermoregulation may
have also been important functions, and there are
probably many other alternative functional expla-
nations yet to be dreamed up by paleontologists.

Pachycephalosaur skull domes
The skulls of pachycephalosaurs, a peculiar sub-
group of ornithischians closely related to the cera-
topsians, areperhapsevenmoreastonishing thanthe
crania of their horned-and-frilled cousins (Fig. 2.26).
In most species, the frontal and parietal bones are
fused, thickened, and vaulted into an extravagant
dome. Some species incorporate other surrounding
bones, such as the postorbital and squamosal, into
the dome, which is so enlarged and solid that the
supratemporal fenestra is completely closed. All
pachycephalosaurs sport a variety of bony excres-
cences along the margins of the dome, and in the
largest andmost derived species these are elaborated
into a fantastic array of horns, spikes, and flanges
(Goodwin et al., 1998; Marya�nska et al., 2004).

The function of the pachycephalosaur skull has
spawned much speculation and debate among re-
searchers.No living animal possesses a domed skull
remotely resembling that of pachycephalosaurs,
but analogies to big horned sheep and other social
mammals suggest that the vaulted and thickened
cranium may have been used as a ramming device
during intraspecific scuffles over mates or territory
(Colbert, 1955; Galton, 1970). More quantitative
biomechanical analyses indicated that the pachy-
cephalosaur skull was ideal for such behavior (Sues,
1978), and debate has long focused on whether
individuals battered each other head to head, or
whether an individual would strike a rival on the
flank (Alexander, 1989; Carpenter, 1997; Marya�ns-
ka et al., 2004).

More recently, however, Goodwin and Horner
(2004) examined the histological microstructure
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Figure 2.26 Bizarre structures: the pachycephalosaurian skull. Montage of skulls showing a diversity of dome and

ornamentation morphologies: (A) Prenocephale; (B) Pachycephalosaurus; (C) Stegoceras; (D) ‘‘Dracorex’’ (considered by

many to be a juvenile Pachycephalosaurus). Images (A) and (C) courtesy of Dr David Evans; images (B) and (D) courtesy of

Dr Thomas Williamson.

Figure 2.25 Bizarre structures: the ceratopsian skull and its possible functional usage. (A) Scale models of Triceratops

showing how the horns may have interlocked during an intraspecific wrestling match. (B) Pathologies on specimens of

Triceratops, placed at the regions where trauma would be expected if the horns of a rival Triceratops were the cause of

damage. (A) Imagesmodified from Farke (2004).� 2004 The Society of Vertebrate Paleontology. Reprinted and distributed

with permission of the Society of Vertebrate Paleontology. (B) Images courtesy of Dr Andrew Farke (imagesmodified from

Farke et al. 2009).
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of the pachycephalosaur dome and noted that its
external surface is composed of brittle compact
bone that is not well suited for enduring impact
(Fig. 2.27). Heavily vascularized bone with radiat-
ing collagen fibers, which Galton (1970) and
others argued would have helped dampen stress
and cushion the brain during head butting, is
merely fast-growing bone of juveniles, which be-
comes less spongy and stress-resistant as the in-
dividual matures. Moreover, the radiating pattern
of fibers would likely have deflected stress into
the brain, exactly the opposite of what would be
required in a head-butting animal. Therefore,
Goodwin and Horner (2004) argued that the fabu-
lous dome of pachycephalosaurs was likely an
ornament used for display, species recognition,
or to attract mates.

But this study is not the final word.Motivated by
Goodwin and Horner’s (2004) histological work,
Snively and Cox (2008) constructed finite element
computer models that tested how skull domes with
various shapes and histological microstructures
would have performed during a hypothetical head-
butt. Perhaps surprisingly, they found that the do-
mes could withstand high impact forces, with more
vaulted domes better suited for enduring stress.
More recently, Snively and Theodor (2011) con-
structed additional computer models, based on CT
scans of well-preserved skulls, which indicated that
at least some pachycephalosaurs were as competent
at head-butting as living head-rammers such as
duikers and bighorn sheep. The function of pachy-
cephalosaur domes therefore remains an open ques-
tion, and it is possible that they served multiple
functions, including both display and use in head-
butting. More sophisticated computer modeling,

further histological examination, and a better
appreciation of the soft tissues that surrounded the
pachycephalosaur dome will surely refine our un-
derstanding of this bizarre structure.

Hadrosaurid cranial crests
Yet another group of plant-eating ornithischians, the
‘‘duck-billed’’ hadrosaurids, boast their own flavor of
bizarre cranial anatomy (Fig. 2.28).Thedermalbones
of the face aremodified into a crest, which is usually
small and solid in hadrosaurines, one major hadro-
saurid subgroup (also known as saurolophines), but
elaborated into a gaudy, internally hollow extrava-
gance in the other main subgroup, the lambeosaur-
ines. In the latter taxa, the crest is composed
primarily of the premaxilla andnasal, with contribu-
tions from surrounding bones, and it encloses an
enlarged internal nasal cavity. Its shape varies dra-
matically among species, and ranges from the small
hatchet-like quiff of Lambeosaurus to the bucket-
shaped helmet of Corythosaurus and the ornate
trombone-like tube of Parasaurolophus (Hopson,
1975; Horner et al., 2004).

The dizzying array of hadrosaurid crests has at-
tracted an equally stupendous assortment of expla-
nations for their function. Most of these were
outlandish: suggestions of the crest being used for
head-butting, snorkeling through water, or as a cra-
nial reservoir for air storage were easily dismissed
(Weishampel,1981).Threemorereasonablehypoth-
eses, however, have been prominently discussed.
These includea function inolfaction, soundproduc-
tion, or visual display. Ostrom (1962) argued that
lambeosaurine crests housed a hypertrophied nasal
capsule, which would have resulted in a greater
sense of smell. Recentwork, which largely relies on

Figure 2.27 Bizarre structures: the pachycephalosaurian skull. Histology of a pachycephalosaurid skull dome. All images

from Horner and Goodwin (2009), Proceedings of the Royal Society B: Biological Sciences.
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details of internal anatomyreconstructedby sophis-
ticatedCTscanningtechnology, shedsseriousdoubt
on this hypothesis. Surprisingly, Evans (2006) illus-
trated that much of the nasal cavity of lambeosaur-
ineswaslocatedoutsidethecrest, indicatingthatthe
convoluted internal passages of the crest could not
have improved the sense of smell. Moreover, Evans
et al. (2009) demonstrated that the olfactory tracts
and bulbs of the lambeosaurine brain were minis-
cule, utterly inconsistent with a heightened sense
of smell.

The two other reasonable functions, vocal reso-
nance anddisplay, arewell supported by anatomical
evidence and currently favored by most paleontol-
ogists. Wiman (1931) was one of the first to draw
parallels between the tubular crests of some
lambeosaurines and the shapes of various musical
instruments, and later authors have used mathe-
matical and computer models to demonstrate that
some hadrosaurids could indeed produce a throaty
low-frequency call akin to that of a trombone
(Weishampel, 1981; Sullivan and Williamson,

1999). Furthermore, Weishampel (1981) and Evans
et al. (2009) have shown that the ear of lambeosaur-
ines, studied in the latter case usingCT technology,
was capable of hearing such low-frequency sounds.
Therefore, it is reasonable to hypothesize that lam-
beosaurines used their crests to produce sound that
was heard by other members of their species, per-
haps rivals or potentialmates. Thephysical shape of
the crest was probably also useful in attracting
mates, intimidating rivals, or identifying its bearer
as a member of a particular species. This idea was
first seriously argued by Hopson (1975), who sug-
gested that the crest had a dual role in sound
production and display. More recent authors, such
as Padian and Horner (2011), continue to lend favor
to this hypothesis.

Scutes and osteoderms
Three major groups of dinosaurs, the stegosaurs,
ankylosaurs, and sauropods, possess a variety of
bony plates and scutes embedded in the skin
(Figs 2.29 and 2.30). These dermal bones are called

Figure 2.28 Bizarre structures: the hadrosaurian skull. Montage of skulls showing a diversity of crest morphologies: (A)

Corythosaurus; (B) Parasaurolophus; (C) Brachylophosaurus; (D) Lambeosaurus. Images courtesy of Dr David Evans.
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Figure 2.29 Bizarre structures: the plates and spikes of stegosaurids. Montage of stegosaur armor showing a diversity of

morphologies: (A) the mounted skeleton of Kentrosaurus in anterior view; (B) the large plates over the back

of Stegosaurus; (C) the spikes on the tail of Stegosaurus; (D) the flank spine of Gigantospinosaurus; (E) a plate of

Stegosaurus; (F) a tail spike of Stegosaurus. Images (A) and (D–F) courtesy of Dr SusannahMaidment; photos (B) and (C)

by the author but copyright of Peabody Museum of Natural History.

Figure 2.30 Bizarre structures: the osteoderms and armor of ankylosaurs. (A) Gastonia in lateral oblique and anterior

views; (B)Mymoorapelta in lateral oblique and dorsal views. Skeletal reconstructions by Robert Gaston, photography by

Francois Gohier (www.francoisgohier.com).
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osteoderms, and they are particularly prevalent in
the stegosaurs and ankylosaurs, to the extent that
extensive dermal armor is recognized as an impor-
tant derived character uniting these two subgroups
into their own larger clade (Thyreophora). In some
cases, such as the triangular plates that line the
back of stegosaurs, osteoderms can bemodified into
remarkably extravagant structures (see below).

Of the three armored dinosaur groups, ankylo-
saurshave themost extensiveosteodermsacross the
skeleton and the greatest variety of osteoderm size
andmorphology (Fig. 2.30). Comprehensive reviews
of ankylosaur osteoderms have been recently pre-
sented by Vickaryous et al. (2004) and Hayashi et al.
(2010). In most ankylosaurs, osteroderms cover
much of the skull, neck, back, and tail. One of the
distinguishing features of ankylosaurs is that novel
dermal ossifications, including rugose projections
above the orbit and at the posterior corners of the
skull, coalesce with the bones of the skull to form a
single, solid cranium. Much of the postcranial skel-
eton is sheathed in osteoderms, which are generally
arrayed in multiple elongate rows, arranged either
anteroposteriorly or mediolaterally. These extend
from the neck, across the back and pelvis, to the tip

end of the tail, and in some species osteoderms also
envelop the belly. Oftentimes the large plate-like
osteodermsof theneck fuse toeachother, forming in
some species a semicircular strap that partially cuffs
the neck. Scutes along the back often develop into
large conical spines, whereas those near the pelvic
region fuse into a broad apron, called the sacral
shield. However, themost remarkable modification
is seen in the tail, where osteoderms fuse with
vertebrae and ossified tendons to form a globular
tail club (Fig. 2.31).

The osteoderms of stegosaurs and sauropods
are more limited and less variable than those of
ankylosaurs, and in the latter group only a handful
of species actually possess them. Stegosaurs
remarkably transform their dorsal osteoderms
into a fabulous series of plates and spikes (Fig. 2.29).
Only a very few stegosaurs retain any trace of
osteoderms along their flanks, which are not only
present in ankylosaurs but also in a handful of
primitive thyreophorans that fall into neither the
stegosaur or ankylosaur subclades (Galton and
Upchurch, 2004a). Some stegosaurs, such as Stego-
saurus, possess a complex of small interlocking
ossicles embedded in the throat region, which

Figure 2.31 Bizarre structures: the tail club of ankylosaurs. (A) Schematic illustration of the tail and tail club of an

ankylosaur; (B) a montage of different club morphologies in ankylosaur species; (C) a digital model of an ankylosaur tail

club used in a computerized engineering analysis (see text). Images courtesy of Victoria Arbour; (A) and (B) modified from

Arbour (2009) and (C) modified from Arbour and Snively (2009), and reproduced with permission.
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forms a gular shield under the neck (Carpenter,
1998). In sauropods, members of the derived tita-
nosaurian subclade possess two different kinds of
osteoderms: large ovoid plates and smaller ossicles,
the latter of which pack close together to cover
much of the back and flank region (Bonaparte and
Powell, 1980). There is limited, but provocative,
evidence that some other sauropods may have
sported keratinized spikes along their neck and
back, but this remains to be validated by additional
discoveries (Czerkas, 1992).

Thegrowthandpotential functionofosteoderms,
including ankylosaur tail spikes, has been studied
using several techniques. The histology, or micro-
structural anatomy, of ankylosaur, stegosaur, and
sauropod osteoderms has been analyzed in detail
(Scheyer and Sander, 2004; Main et al., 2005; Cerda
and Powell, 2010; Hayashi et al., 2010). Although
osteoderms are often thin elements, their micro-
structure is optimized for strength. The outer cortex
is composed of dense compact bone, whereas the
more porous interior is strengthened by a networkof
collagen fibers that provides an internal scaffolding.
Inmany ankylosaurs, the interior fibers are oriented
in such a way that the osteoderm can endure large
stresses from all possible directions (Scheyer and
Sander, 2004). Therefore, osteoderms were akin to
a coat of armor, ideal for protecting ankylosaurs, and
in some cases sauropods and stegosaurs, from pred-
atory attacks or other injuries to the soft tissues.

The tail clubs of ankylosaurs, on the other hand,
were likely used as offensive weapons, akin to a
mace (Fig. 2.31). Arbour (2009) and Arbour and
Snively (2009) utilized finite element analysis and
mathematical modeling techniques to assess two
important qualities of any potential offensive arma-
ment: the amount of force that it could impart and
the amount of impact force it could endure before
breaking. By building a biomechanical model with
parameters such as the estimated mass of the tail-
swingingmuscles, the flexibility of the tail, and the
density of the caudal vertebrae, Arbour (2009)
determined that the tail clubs of the largest anky-
losaurs were powerful enough to shatter bone. By
constructing three-dimensional finite element
models of various tail clubs, which were subjected
to a battery of stresses and strains in computer
simulations, Arbour and Snively (2009) concluded
that most clubs were strong enough to tolerate the

high stresses of impact. Therefore, it is plausible
that tail clubs were used as a retaliatory weapon to
ward off predators. However, other functions are
also possible, such as display.

Stegosaur plates and spikes
A special category of modified osteoderms, and
probably their most fantastic manifestation among
dinosaurs, are the plates and spikes of stegosaurs
(Fig. 2.29). All stegosaurs possess two rows of plates
and/or spines along the neck, back, and tail, which
exhibit a bewildering variety in number, size, and
morphology among species (Galton and Upchurch,
2004a; Maidment et al., 2008). Most stegosaurs
have a series of triangular plates along the back and
neck, transitioning into amore spike-likemorphol-
ogy across the posterior part of the back and tail.
This condition is typified by Kentrosaurus, which
has 14 or 15 plates in each row, along with a single
elongate spike projecting backward from each
shoulder.Huayangosaurus, perhaps the only stego-
saur that retains the flank osteoderms of other
thyreophorans, has a set ofmuch smaller and short-
er plates and spikes. The most extreme modifica-
tions are seen in themost familiar of the stegosaurs,
Stegosaurus, which has a set of densely packed
small plates along its neck, an imbricating array of
table-sized plates along its back, and two sets of
robust conical spikes at the tip of its tail (Carpenter,
1998; Galton and Upchurch, 2004a).

The function of these extraordinary structures
has been debated since the first fossil discoveries of
stegosaurs in the 1870s. Only with the advent of
more modern quantitative techniques, however,
has this debate veered away from unbridled specu-
lation. Some of the first rigorous analyses suggested
that stegosaur plates were likely used for thermo-
regulation, either to dump excess heat or to aid in
warming the body, like solar panels (Farlow et al.,
1976; Wheeler, 1978). A major step forward was
taken by Buffr�enil et al. (1986), who analyzed the
histological microstructure of several specimens.
They argued that the lightweight nature of the
plates and their hollow internal structure made it
very unlikely that they were used as armor or
offensive weapons. However, extreme vasculariza-
tion of the outer layer of bone suggested that the
platesmay have acted as thermoregulatory devices,
by allowing blood to be either warmed or cooled as
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it coursed through the network of vessels and
fanned out across the broad plate surface (see also
Farlow et al., 2010).

Although a reasonable hypothesis, this idea was
dismissed as unlikely byMain et al. (2005) based on
more extensive histological research, buoyed by an
additional 20 years of understanding of dinosaur
bone growth and histology. These authors also
noted the extreme vascular nature of the outer core
of the plates, but found it more likely that a dense
network of blood vessels was needed to supply an
external keratin sheath, and to provide nutrients for
rapid bone growth. Although they could not
completely discount a thermoregulatory function
for the plates,Main et al. (2005) suggested that a role
in species recognition and display was more likely,
and any physiological benefits were a mere byprod-
uct.More recent histological work byHayashi et al.
(2009) confirms that the plates of stegosaurs grew
remarkably fast, lending support to Main et al.’s
(2005) functional interpretation of the vascularized
surface texture.

The tail spikes of stegosaurs are quite different in
shape than the plates, so perhaps they had a differ-
ent function. It has often been speculated that these
spikes – sometimes evocatively referred to as the
‘‘thagomizer’’ based on a joke that originated in a
Gary Larson cartoon –were used for self-defense, to
strike back at predators or other threatening spe-
cies. A study by McWhinney et al. (2001) supports
this hypothesis, as they identified several cases of
trama-related pathologies on fossilized stegosaur
tail spikes. Furthermore, a single spectacular fossil
– a caudal vertebra of anAllosaurus puncturedwith

a hole that matches in size and shape to the tail
spike of a Stegosaurus – also lends evidence to this
idea (Carpenter et al., 2005). Finally, a recent com-
puter modeling study by Mallison (2011) showed
that the tail spikes of Kentrosauruswere capable of
both moving rapidly in a wide arc and delivering
extreme force upon impact, lending evidence to the
hypothesis that they were used as weapons.

Conclusions

Almost all known fossils of dinosaurs are bones
and teeth, and therefore our understanding of di-
nosaur anatomy, biology, and behavior depends
primarily on the interpretation of these hard tis-
sues. The skeleton of dinosaurs follows the normal
tetrapod bauplan, and consists of a skull composed
of numerous individual bones, a vertebral column
partitioned into different regions, and four sets of
girdles and limbs. Dinosaurs exhibit great variety
in their skeletal anatomy, but in general many of
the differences between species are due to their
diet (carnivory vs. herbivory), body size (large vs.
small), and posture (quadrupedal vs. bipedal). Per-
haps the most incredible features of the dinosaur
skeleton are several co-called ‘‘bizarre structures,’’
including the horns of ceratopsians and elaborate
cranial crests of hadrosaurids, whose anatomy and
function have long enamored paleontologists. De-
bates over the purpose of these sublime features
are prime examples of how careful consideration of
hard-part anatomy is used to infer the biology of
long-extinct taxa.
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3 Soft Tissues

The vast majority of dinosaur fossils are bones and teeth, but in order to

understand how dinosaurs functioned as living animals it is necessary to have

some appreciation for soft tissues as well. Like their living relatives, dinosaurs

would have been covered in skin (and in many cases feathers), powered by

muscles, and in possession of a suite of internal organs that regulated digestion,

breathing, and metabolism. Understanding these soft parts, however, is no easy

task. Occasionally, exceptionally preserved fossils may contain traces of skin,

muscle, integument, or even the internal organs (Kellner, 1996; Briggs et al.,

1997; Dal Sasso and Signore, 1998; Martill et al., 2000; Norell and Xu, 2005).

Other specimens have been trumpeted as preserving proteins and other

microscopic soft tissues (Schweitzer et al., 2005a, 2007a, 2007b; Schweitzer,

2011). Although provocative and often greatly informative, these remarkable

specimens are not the norm. Inmost cases, the presence andmorphology of soft

tissues must be inferred by reference to both the anatomy of hard parts, which

often anchor soft tissue, and the soft tissue anatomy of living relatives.While this

method can be notoriously imprecise, a careful and conservative reconstruction

of soft tissues can give critical insight into how dinosaurs moved and fed, and

what they may have looked like as living, breathing creatures.

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.

� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Inferring Soft Tissues:
The Extant Phylogenetic
Bracket

Bones are not simply objects, but components of a
dynamic skeletal system that is integrated with
other anatomical systems such as the muscles,
viscera, and skin. Fossil bones therefore have the
potential to provide information about soft tissues
that are rarely themselves preserved as fossils.
Muscles and tendons are fastened to bones, often
in a predictable way, and the shape of the skeleton
determines the size and position of organs. Even the
integument can have a close correspondence with
bone: some feathers anchor to certain bones, and
skin and keratin often intimately overlie the bone
surface, leaving a characteristic texture. This un-
locks a powerful and tantalizing possibility: the
long-decayed soft tissues of dinosaurs may be in-
ferred by reference to their bones. However, this
procedure must be exercised with caution. Soft
tissues are difficult to reconstruct, and it is all too
easy to fall into a habit of guessing where a muscle
or organ may have been positioned based only on
superficial consideration of bone anatomy (see dis-
cussion of the pitfalls of soft tissue reconstructions
in Witmer, 1995a; Holliday, 2009). What is clearly

needed is an explicit, standard, and conservative
rationale for inferring soft tissues by reference to
the evidence at hand.

The extant phylogenetic bracket (EPB), indepen-
dently outlined by Bryant and Russell (1992) and
Witmer (1995a), has emerged as a clear framework
for reconstructing soft tissues in extinct animals by
reference to both hard tissues and knowledge of the
anatomy of living relatives (Fig. 3.1). The EPB is not
a foolproofmethodor absolute algorithm that tells a
researcher what soft tissues were present in an
extinct organism, but rather a means of making
reasonable hypotheses and assessing the strength of
competing inferences. The goal of the EPB is to
identify structures on the bone, so-called osteologi-
cal correlates, that are causally related to a certain
type of soft tissue. For instance, a trochanter on the
femur may be an attachment site for a hindlimb
retractormuscle, or bony bumps on theulnamaybe
an anchor point for feathers. It is not enough to
simply guess that such structures are intimately
related to soft tissue; this must be demonstrated by
reference to living organisms. But out of the entire
panoply of life, which living organisms should
be studied?

The EPB focuses on the two closest living rela-
tives of the extinct species in question, or if these
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Figure 3.1 A schematic diagram illustrating how the extant phylogenetic bracket (EPB) operates in practice. The EPB

approach uses features of hard-tissue anatomy (preserved in fossils and living animals), interpreted in a phylogenetic

context, to make inferences about the soft tissues that may have been present in fossils. If a soft tissue is anchored to a

specific hard-tissue structure in the two closest living relatives of a fossil species, and if the fossil species has the hard-

tissue structure in question, then it can reasonably be inferred that the fossil species possessed the soft tissue. If,

however, a hard-tissue structure is present in the living and extinct animals, but one or neither of the living relatives

possesses the soft tissue in question, then that soft tissue is inferred with relatively less confidence in the fossil species.

See text for more explanation.
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are unknown or unavailable, then progressively
more distant relatives. These relatives, or out-
groups, ‘‘bracket’’ the extinct taxon on the phylog-
eny. If both living relatives have a certain soft tissue
that is causally related to a discrete osteological
correlate, then the presence of this soft tissue can be
inferred in the extinct species (if it also has this
bony correlate) with a high degree of confidence.
Why is this the case? Because the soft tissue in
the living organisms can be hypothesized to have
evolved in their common ancestor, and since the
extinct organism is bracketed by the living species
then it also falls into the clade that originated with
this ancestor. There are other cases in which an
osteological correlate may be present in one out-
group taxon but absent in the other. In this situa-
tion, the associated soft tissue could very well be
present in the extinct organism, but this hypothesis
is less secure than an inference derived from two
outgroup taxa, because it is not clear that the soft
tissue in question originated in the common ances-
tor of the group. Andwhat if a potential osteological
correlate–soft tissue relationship is unknown in
any outgroup? This does not disprove the possibili-
ty that dinosaurs possessed the soft tissue in ques-
tion, but its inferred presence is weak. As can be
seen, the EPB does not provide absolute answers – it
doesn’t demand that a certain tissue be present in a
certain extinct organism – but explicitly outlines
how much confidence can be placed in soft tissue
reconstructions based on reference to living
species.

The EPB method is straightforward, but may
seem abstract at first. A few simple examples, out-
lined by Witmer (1995a, 1997a), should help clarify
how to use the EPB in practice (also consult Fig. 3.1
for a visual explanation). Did Tyrannosaurus have
eyeballs? It is reasonable to guess that it did, but it is
better to make an explicit assessment based on
tangible evidence. The closest living relatives of
Tyrannosaurus are birds and crocodiles: these are
the two outgroups that provide the phylogenetic
bracket. In both birds and crocodiles numerous
features of the bony skull are causally associated
with supporting the eyeball, including a fenestra on
the lateral side of the cranium surrounded by the
postorbital and lacrimal bone (the orbit). Tyranno-
saurus also possesses this cranial fenestra, and
therefore we can hypothesize, with a high degree

of confidence, that it possessed an eyeball.
The fenestra is not absolute proof of an eyeball in
Tyrannosaurus – perhaps it sported a novel probos-
cis or enclosed an enlarged salt gland – but themost
reasonable hypothesis is that it served the same
function as in birds and crocodiles. What about
another feature: could the mighty Tyrannosaurus
have sported a beak at the front of its skull? Its
premaxilla is peppered with numerous neurovas-
cular foramina, which in birds are known to inner-
vate the rapidly growing keratin beak. Crocodiles,
however, do not have a beak, and therefore the
inference of a beak in Tyrannosaurus is less secure.
In other words, we place much more confidence in
the inference of an eyeball than we do in the recon-
struction of a beak.

In sum, the EPB is an explicit framework for
anatomical comparison and hypothesis testing.
Discrete comparisons are made with living rela-
tives, causal relationships between hard and soft
tissues are evaluated, and soft tissue reconstruc-
tions in extinct animals are assessed with varying
degrees of confidence depending on whether two,
one, or zero outgroups possess the hypothesized
tissue in question. We will never know with cer-
tainty whether a dinosaur possessed a certain mus-
cle in a certain location, but we can hypothesize
that thismusclemay be present based on a putative
osteological correlate and comparison to living re-
latives. The EPB does have its limitations – imagine
the difficulty of inferring soft tissues from human
bones with only bats and whales as comparative
outgroups – but it is a standard rationale for making
reasonable soft tissue reconstructions.

Dinosaur Muscles

One of the most active areas of current dinosaur
research is myology: the reconstruction and study
ofmuscles (Fig. 3.2). Paleontologists have long been
interested in dinosaur musculature, and muscle
reconstructions were commonly published along-
side descriptions of skeletons for much of the 20th
century. Many of these reconstructions, most im-
portantly those by legendary paleontologist Alfred
Romer, were based on meticulous comparisons
with the skeletons of living animals, which provid-
ed a guide for the reconstruction of muscles and
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other soft tissues in dinosaurs. More recently, with
the advent of the EPB, muscle reconstruction has
become more of a testable exercise, grounded in
explicit consideration of osteological correlates and
specific comparisons to living birds and crocodiles.
Several important studies on dinosaur muscles,
especially those of the skull and hindlimb, have
been published in recent years, but most of these
focus on theropods. One of the great opportunities
for future research is to extend these studies to the
remainder of the skeleton and to other groups of
dinosaurs, especially aberrant species such as the

enormous sauropods and armored ankylosaurs.
Here, I present a brief review of the major muscles
of the dinosaur skeleton, with citations to impor-
tant studies in the emerging field of dinosaur
myology.

Skull and jaws
The various muscles of the skull are instrumental
in feeding, and knowledge of the size, position, and
morphology of these muscles is critical to under-
standing the dietary habits of dinosaurs. Fortunate-
ly, the bones of the dinosaur skull are rich in
osteological correlates, which when interpreted in
the EPB framework can indicate the presence, at-
tachment areas, and size of the individual muscles
(Holliday and Witmer, 2007) (Fig. 3.3). A compre-
hensive, well-illustrated summary of dinosaur jaw
muscles was recently provided by Holliday (2009),
and this should be consulted for further details. In
general, the dinosaur skull musculature comprised
three major groups (Fig. 3.4). First, the temporal
muscles stretched from the skull roof to the lower

Figure 3.2 A reconstruction of the muscles of the large-

bodied theropod dinosaur Allosaurus. Reconstruction

� Scott Hartman.

Figure 3.3 Osteological correlates of skull muscles in dinosaurs. Arrows point to various features on the skull roof of the

hadrosaurid Edmontosaurus (A) and the bird-like theropod Troodon (B) and lower jaws of the small ornithischian

Thescelosaurus (C) and the bird-like theropodDromaeosaurus (D) that anchor temporal muscles (jaw adductor muscles).

The identification of these attachment sites is based on comparisons with living birds and crocodiles, which form the

extant phylogenetic bracket for dinosaurs. Images courtesy of Dr Casey Holliday.

68 S O F T T I S S U E S



jaw, some branches passing through the lateral
temporal fenestra and others extending across it
laterally. These acted primarily to raise the lower

jaw, and thus are often referred to as the ‘‘jaw
adductor’’ muscles. These muscles were countered
by the mandibular depressor muscle, which closed

Figure 3.4 Dinosaur skull muscles. Reconstructed temporal and palatal muscles, which adduct (close) and depress the

jaw, reconstructed on the skulls of the hadrosaurid Edmontosaurus, the sauropod Diplodocus, and the theropod

Majungasaurus. Images on the left depict superficial muscles and those on the right deeper muscles that are obscured by

the superficial muscles in lateral view. Modified from Holliday (2009), and reproduced with permission.
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the jaw. Second, the palatal muscles stretched be-
tween the numerous bones of the palate and the
lower jaw. Third, the orbitotemporal muscles ex-
tended from the braincase to the palate, filling
much of the internal space of the orbital cavity and
the lateral temporal fenestra. One suchmuscle, the
pterygoid levator, likely enabled portions of the
palate to move during feeding.

Neck
Themuscles of the neck serve two important func-
tions: to support the head and to power themotions
of the neck itself (Figs 3.5 and 3.6). These muscles
have been reconstructed in several groups of dino-
saurs using the EPB approach, and the studies of
Tsuihiji (2004, 2005, 2007, 2010), Schwarz et al.
(2007), and Snively and Russell (2007a, 2007b) are
particularly illuminating and should be consulted
for further details. The neck muscles can generally
be divided into five major functional categories.
The head dorsiflexor muscles raise the head when
they contract, and their attachment sites on the
occipital surface of the skull are particularly large
and broad in species with large and heavy heads,
such as ceratopsians and tyrannosaurids. In the
former group these muscles attach to the expanded
parietosquamosal shelf, whereas in tyrannosaurids
they are fastened to the expansive nuchal crest
(Snively and Russell, 2007a, 2007b; Tsuihiji,
2010). The head ventroflexion muscles lower the
head, the neck dorsiflexors and ventroflexors raise
and lower the neck, respectively, and the neck

lateroflexors allow the neck to move from side to
side. Assistance in raising the neck and head, as
well as additional support for the head, is provided
by the nuchal ligament, which runs across the tips
of the cervical neural spines (Tsuihiji, 2004).

Thorax
The muscles of the trunk and thorax are the most
understudied component of the dinosaurian mus-
cular system (Fig. 3.7). These muscles are generally
divided into two categories: the epaxial muscles,
which extend along the back and upper part of the
chest, and the more ventrally positioned hypaxial
muscles, which stretch along the lower part of the
chest and the belly. Together, these muscles helped
support the trunk, facilitated motion of the dorsal
vertebral column, and played a role in locomotion
and breathing. Certain specialized trunk muscles
that attach to the uncinate processes of the ribs in
birds function in moving the sternum and ribs
during breathing, and it is likely that the closest
dinosaurian relatives of birds would have had a
similar arrangement of these muscles (Codd et al.,
2005, 2008; Codd, 2010). For an overview of thorac-
icmuscles in dinosaurs, and further information on
their morphology in specific taxa, the studies of
Organ (2006) and Schwarz-Wings (2009) are partic-
ularly useful.

Pectoral girdle and forelimb
Several muscles sheath the pectoral girdle and fore-
limb of dinosaurs, andwould have served important

Figure 3.5 Dinosaur neck muscles (connecting to the back of the dinosaurian skull). The occipital surface of the skull of

Tyrannosaurus shows the hypothesized attachment sites of several neck muscles, most of which function in raising and

lowering the head (A). The insert (B) uses arrows to denote specific attachment sites (osteological correlates) where a

particular muscle, m. spinalis capitis, attached. Modified from Tsuihiji (2010), and reproduced with permission.

70 S O F T T I S S U E S



roles in moving the forearm, anchoring the pectoral
girdle to the trunk, and assisting inmoving the chest
during breathing (Fig. 3.8). Thesemuscles have been
reconstructed for many individual dinosaur species,
but often based on limited comparisons with living
relatives and without a phylogenetic framework to
guide inference testing (Ostrom, 1974; Coombs,
1978a; Norman, 1986; Dilkes, 2000; Carpenter and
Smith, 2001).On thecontrary, themore recent study
of Jasinoski et al. (2006) explicitly uses the EPB to
infer pectoral muscles in dromaeosaurid theropods
(see also Langer et al., 2007). This paper, and an
earlier but excellentoffering byNicholls andRussell
(1985) with nascent echos of what would later be
codified as the EPB, are both recommended formore
comprehensive reading.

In the most general terms, the muscles of the
shoulder and forelimb are divided into adductors,
which bring the limb toward the body, and abduc-
tors, which extend the arm away from the body.

The main forelimb abductor is the deltoid, a large
triangular muscle that extends from the deltopec-
toral crest of the proximal humerus to the lateral
surface of the scapula. Within the forelimb, the
flexion of the forearm relative to the humerus is
powered by the biceps, which runs along the inside
surface of the arm, from the humerus to the radius
and ulna. Adduction of the arm occurs via contrac-
tion of the pectoralis, the dense mass of chest mus-
cleswhich stretch fromthedeltopectoral crest of the
humerus to the sternum (breast bone). These mus-
cles are especially large in birds, as they provide the
primary thrust for the flight stroke. The arm itself
straightens due to the action of the triceps, themain
intra-arm extensor muscle that extends from the
humerus to the olecranon process on the ulna (the
elbow joint).

One additional pectoral muscle deserves com-
ment. The supracoracoideus was likely small in
most dinosaurs, but in living birds is a large muscle
that underlies the pectoralis and fans across the
surface of the sternum. Perhaps counterintuitively,
this muscle is the primary arm abductor in birds, as
the deltoid muscle is greatly reduced. However, it
makes little geometrical sense to have the arm
abductor located directly on the underside of the
chest, as a muscle in this position would normally
adduct the forearmwhen it contracts. Indeed, this is
exactly what occurs after contraction of the pector-
alis. Therefore, a large tendon extends from the
supracoracoideus muscle, through a bony canal
between several bones of the pectoral girdle, and

Figure 3.6 Dinosaur neck muscles. Reconstructed neck muscles in the theropod Allosaurus (A) and the sauropod

Diplodocus (B). Image (A) courtesy of Dr Eric Snively and image (B) courtesy of Dr Daniela Schwarz-Wings and modified

from Schwarz et al. (2007).

Figure 3.7 Dinosaur thorax muscles. Schematic showing

major muscles of a sauropod thorax in left lateral (A) and

anterior (B) views. Reproduced with permission from

Schwarz-Wings (2009).
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Figure 3.8 Dinosaur shoulder and forelimb muscles. Pectoral bones of the dromaeosaurid theropod Saurornitholestes

(A, B, D, E), with osteological correlates for muscle attachments and inferred muscle origins (shaded) and insertions (not

shaded). (C) Muscle reconstruction of the shoulder girdle, with major muscles denoted with large labels and arrows and

detailed names of muscles following Jasinoski et al. (2006). Arrows superimposed onto muscles indicate mean direction

of muscle action. Please consult Jasinoski et al. (2006) for details of the reconstruction and names of the individual

muscles and osteological structures corresponding to the small labels. Modified from Jasinoski et al. (2006), and

reproduced with permission.
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attaches onto the head of the humerus. The con-
traction of the supracoracoideus is transmitted
across this tendon, and as a result the arm is ex-
tended away from the body. This sequence of mus-
cle and tendon activity powers the recovery stroke
in flying birds.

Pelvic girdle and hindlimb
The pelvic and hindlimb muscles are usually the
largest and most massive in the body, because they
play an integral role in both body support and
locomotion (Fig. 3.9). This is especially true in
bipedal dinosaurs, in which the entire body is sup-
ported by the hindlegs. Large muscles require firm
attachments to the bones that support them, and
consequently the various tubercles, trochanters,
and other muscle attachment scars on the pelvis
and hindlimbs are exceptionally large and discrete.
This allows for more confident and straightforward
comparison to corresponding muscle attachment

sites in birds and crocodiles. It is no surprise, there-
fore, that themyology of the dinosaurian pelvis and
hindlimb has been studied in great detail using the
EPB framework (Gatesy, 1990, 2002; Hutchinson,
2001a, 2001b, 2002; Carrano and Hutchinson,
2002).Of these studies,Hutchinson’s (2002) general
overview of dinosaur hindlimb muscle structure,
function, and evolution is particularly illuminat-
ing, and should be consulted for further details.

Although complex at first glance, the various
muscles of the pelvis and hindlimb can be divided
into a handful of functional categories. Most of the
major muscles function in moving the hindlimb
itself, and many of these extend from the broad
lateral blade of the ilium and attach to the femur,
the largest and strongest bone in the leg. The prin-
cipal femoral protractors, which bring the leg for-
ward, and abductors, which swing the leg outward,
originate from the preacetabular blade of the ilium.
They extend to the anterior and lateral surfaces of

Figure 3.9 Dinosaur pelvic and hindlimb muscles. Photos and line drawings of the ilium (A, left lateral view) and femur

(B, lateral view) of the theropod Tyrannosaurus, showing major muscle attachment sites. (C) Reconstructed muscle

attachments to the pelvis and hindlimb of Tyrannosaurus, based on an EPB study. Modified from Carrano and Hutchinson

(2002), and reproduced with permission.
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the proximal femur, and attach to the prominent
lesser trochanter and surrounding regions. Muscles
controlling femoral adduction, or movement of the
leg toward the bodymidline, are someof the smaller
muscles of the pelvic region, and span from the
ischium to the posterior and medial surfaces of the
femoral shaft. Finally, the femoral retractors, which
pull the leg backward, originate along the tail, pass
through the broad and smooth brevis fossa on the
ventral surface of the postacetabular ilium, and
attach to the flange-like fourth trochanter on the
posterior surface of the femur. As outlined by
Gatesy (1990), these muscles, which are prominent
in crocodiles and most dinosaurs, were reduced
during the evolution of birds, in concert with the
shortening and fusion of the tail. In birds, hindlimb
retraction is usually powered by other muscles
associated with knee flexion, because the tibia, not
the small and largely immobile femur, is the most
prominent bone in their hindlimb.

Several additional muscles, located more distal-
ly on the leg, control motion of the shank, metatar-
sus, and digits. One of the largest of these muscles,
the ambiens, extends from the rugose ambiens
process on the anterior surface of the pubis and
attaches to the expansive cnemial crest on the

anterior surface of the tibia. Another prominent
muscle, the iliofibularis, stretches all the way from
the lateral surface of the ilium to a bulbous tubercle
on the fibula. Furthest distally, a complex of small
thinmuscles regulated themotion of the individual
digits of the foot.

Dinosaur Skin

Perhaps surprisingly, several fossils of dinosaur skin
are known, including examples from most of the
major dinosaur subgroups (Czerkas, 1997)
(Fig. 3.10). The vast majority of these specimens
are impressions of the skin imprinted into the
sediment. Because this often occurs as an animal’s
foot impacts the ground, dinosaur footprints are a
common source of skin impressions (Currie et al.,
1991; Gatesy et al., 2005; Kim et al., 2010). In some
rare cases, however, the skin itself is mineralized
and directly fossilized, and in exceptional circum-
stances skin microstructure and even original mo-
lecular material may be preserved (Martill, 1991;
Manning et al., 2009). This remarkable style of
preservation is most famously seen in a number
of dinosaur ‘‘mummies,’’ almost all of which are

Figure 3.10 Dinosaur skin and integument. (A) Various skull bones of the ceratopsian Centrosaurus exhibit highly

vascularized surface texture characteristic of a keratinous covering in life. (B) Skin impressions of the hadrosaurid

Edmontosaurus. Image (A) modified from Hieronymus et al. (2009), and reproducedwith permission; image (B) courtesy of

Tyler Lyson.

74 S O F T T I S S U E S



specimens of hadrosaurids from the Late Creta-
ceous of North America (Czerkas, 1997; Manning
et al., 2009).

The external patterning of dinosaur skin is vari-
able but is broadly analogous to that of many living
reptiles (Fig. 3.10B). The fabric of the skin is com-
posed of individual scales, which are usually either
round or polygonal in shape, that pack tightly to-
gether and often interlock like the individual leath-
er panels that form the outer surface of a soccer ball.
Two general categories of scales are present inmost
skin impressions: small densely packed scales that
form a ‘‘ground pattern,’’ within which are inter-
spersed larger, more variably shaped scales, some of
which are dome-shaped or even conical. The great
variety of dinosaur skin patterning is reviewed by
Czerkas (1997), Christiansen and Tschopp (2010),
and Kim et al. (2010), and readers should consult
these sources for further information.

Oftentimes dinosaur skin impressions and the
texture and microstructure of the bones indicate
the presence of keratinized integumentary tissue.
Exceptionally preserved osteoderms of the basal
thyreophoran Scelidosaurus and plates of a Late
Jurassic stegosaurid have been discovered sur-
rounded by a halo of soft tissue impressions, whose
microstructure matches that of keratin (Martill
et al., 2000; Christiansen and Tschopp, 2010). Simi-
larly, two ornithomimosaur fossils from the Late
Creataceous show evidence of a horny ramphothe-
ca covering the edentulous tip of the snout, similar
in shape and microstructure to the beak of many
living vertebrates (Norell et al., 2001b; similar pres-
ervation is also seen in some hadrosaur fossils).
Abundant evidence from external bone surface tex-
ture and interior histological microstructure indi-
cates that ceratopsian frills and pachycephalosaur
domes were sheathed in keratin (Horner and Mar-
shall, 2002), and recently Hieronymus et al. (2009)
used an EPB framework to identify a discrete set of
osteological correlates that indicate the presence of
keratin on bone (Fig. 3.10A). They concluded that
the gnarly nasal bosses of some ceratopsians, such
as Pachyrhinosaurus, were enveloped with a thick
pad of cornified skin, and that the more traditional
horns of other ceratopsians were almost surely
encased in keratin as well.

Some examples of dinosaur skin show evidence
of peculiar structures that would be difficult or

impossible to identify if bones were the only
sources of information. Czerkas (1992) described
a series of triangular spikes along the caudal verte-
brae of a remarkably preserved specimen of the
sauropod Diplodocus, and these were composed of
keratinized material without a bony core. Similar
structures are known in some hadrosaurid speci-
mens, and like many of the ‘‘bizarre structures’’ of
the bony skeleton were likely used for display
purposes (Czerkas, 1997). Fine preservation in the
microbialmat deposits of Las Hoyas, Spain indicate
the presence of a throat pouch, or dewlap, in
the ornithomimosaur Pelecanimimus (Briggs et al.,
1997). It is tantalizing to speculate aboutwhat other
integumentary structures, completely unknowable
by reference to bones only, are waiting to be re-
vealed with new discoveries of fossilized skin.

Dinosaur Feathers

One of the greatest revelations in the history of
dinosaur research is that some dinosaurs – perhaps
all dinosaurs – sported feathers (see Plates 5–7). The
hypothesis that birds evolved from theropod dino-
saurs was a provocative and revolutionary idea
when first proposed by Huxley in the 1860s. A
wealth of corroborating evidence, most notably the
strikingly bird-like skeletons of Deinonychus and
Velociraptor, gradually won over a once-skeptical
paleontological community, and by the 1980s it
was widely recognized that birds were living dino-
saurs. This genealogical hypothesis demanded a
bold prediction: feathersmost likely evolved before
birds originated, and consequently some dinosaurs
were probably feathered. Therefore, it was expected
that, someday, a remarkably preserved dinosaur
fossil would be found covered in feathers.

These specimens finally came to light in the late
1990s, with the discovery of two spectacular ske-
letons of the small theropod Sinosauropteryx from
the Jehol Group, a sequence of Early Cretaceous
rocks in Liaoning, China (Ji and Ji, 1996; Chen et al.,
1998). These skeletonswere encircledwith ahalo of
thin hair-like filaments, preserved in fine-grained
lithographic limestone deposited in lakes that were
occasionally inundated with volcanic ash that im-
mediately killed and buried all animals in the vi-
cinity. In the nearly two decades since the discovery
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of Sinosauropteryx, hundreds of specimens of other
feathered dinosaurs, ranging from primitive thero-
pods to some of the closest relatives of birds, have
been found in the tan, lacustrine, Jehol Group lime-
stones of Liaoning (Zhou et al., 2003;Norell andXu,
2005). This region is now regarded as one of the
world’s premier fossil sites, heralded by scientists
as a unique (and very fortunate) window into the
fine details of dinosaur soft tissue anatomy that are
exceedingly difficult to preserve. Indeed, feathers
andother soft tissues that are commonly retained in
Jehol specimens, and fossils froma fewother sites in
China (Daohugou and Yanliao), are almost univer-
sally unknown in all other dinosaur fossils.

The auspicious ‘‘Feathered Dinosaurs of Liaon-
ing,’’ as they are commonly trumpeted in the pop-
ular press, have given paleontologists
unprecedented insight into the origin, evolution,
and development of feathers (Fig. 3.11). The feath-
ers of living birds are complicated structures com-
posed of keratin and exhibit a great amount of
diversity. A typical feather is composed of a hollow
calamus at its base, which usually attaches to skin
or bone, a central rachis, and small barbs that
project from the rachis to form the vanes (Stetten-
heim, 2000). Other feathers, such as the soft and
fluffy down feathers, are much simpler but follow
this same basic plan. Not all dinosaurs, however,
possessed such complex structures. As might be
expected, primitive theropods possessed simple
feather-like integument and progressively more
derived species – those that are closer and closer
relatives to birds – developed more intricate feath-
ers composed of a discrete calamus, rachis, and
barbs. The variety of dinosaur feathers, and the
inferred sequence of feather evolution on the line
toward birds, is expertly summarized in a recent
review by Xu and Guo (2009). Some of the more
salient details of dinosaur feather morphology and
evolution are described below, but this review pa-
per, and the review of Prum and Brush (2002),
should be consulted for further information.

It is likely that most, if not all, theropod dino-
saurs were covered in feathers (Fig. 3.11). Nearly
every well-preserved theropod specimen from the
Jehol Group, as well as the Daohugou and Yanliao
faunas, sports some type of feathery integument.
Themost primitive theropods inwhich feathers are
unequivocally preserved are the basal coelurosaurs

Sinosauropteryx, a compsognathid, and Dilong, a
tyrannosauroid (Chen et al., 1998; Xu et al., 2004).
Their integument is simple in morphology and
composed primarily of thin hollow filaments that
range from a few millimeters to about 4 cm in
length (Currie and Chen, 2001). More derived ther-
opods, such as the therizinosauroid Beipiaosaurus,
have larger and more complex filaments that were
branched at their tips (Xu et al., 1999). Progressively
more derived theropods, including oviraptorosaurs
such as Caudipteryx and dromaeosaurids such as
Sinornithosaurus, exhibit a greater degree of
branching that is not limited solely to the tip and
includes discrete branches arising along the length
of a central filament. Finally, a handful of very close
avian relatives, including some oviraptorosaurs,
dromaeosaurids, and troodontids, possess truly
pennaceous feathers that are differentiated into a

Figure 3.11 Dinosaur feathers. Generalized schematics of

nine major morphotypes of feathers in dinosaurs (ranging

from simple filaments to complex vaned feathers indistin-

guishable from those of living birds). The cladogram in-

dicates the major feather morphotypes possessed by each

major dinosaur group. Image courtesy of Dr Xu Xing and

modified from Xu and Guo (2009).

76 S O F T T I S S U E S



central rachis and vanes composed of barbs (Norell
et al., 2002; Xu et al., 2003, 2009a). Some of these
feathers are basically identical in shape and size to
those of modern birds, and are known to attach
firmly to the bones of the forelimb just like in living
avians (Turner et al., 2007b). Other feathers, how-
ever, exhibit their own unusual morphology, such
as the elongate and branched ‘‘ribbons’’ of Epidex-
ipteryx (Zhang et al., 2008), illustrating that there
was great variety among the feathery integument of
theropods.

Given that many theropods are now known to
possess feathers of varying size, shape, and com-
plexity, a new question beckons: how far back in
dinosaur history did feathers originate? Emerging
evidence intriguingly suggests that feathers were
not a theropod innovation, but were also present in
ornithischian dinosaurs, and perhaps even non-di-
nosaurs. This is a fascinating and active area of
research, and new specimens are continuously
pushing the origin of feathers further down the
dinosaur family tree. A thin ridge on the ulna of
the large allosauroid theropod Concavenator was
recently interpreted as bony support for forearm
feathers, akin to the quill knobs of living birds
(Ortega et al., 2010). Although this identification
is questionable, and the ridgemay instead represent
a muscle attachment site, if feathers were truly
present in Concavenator then they must have
evolved even earlier in theropod evolution than
previously thought. More convincing are the thin,
elongate, and presumably hollow filaments of the
ornithischians Psittacosaurus (Mayr et al., 2002)
and Tianyulong (Zheng et al., 2009). These struc-
tures are nearly identical to the filaments of Sino-
sauropteryx and Dilong, and the most reasonable
conclusion is that these forms of integument are
homologous. If this is the case, then feathers can be
traced down the dinosaur family tree all the way to
the common ancestor of Dinosauria, meaning that
dinosaurs originated from a feathered species. But
perhaps feathers can be traced even deeper in the
phylogeny: filamentous integument has been re-
ported in a few specimens of pterosaurs, the flying
reptiles that are close relatives to dinosaurs
(Bakhurina and Unwin, 1995; Kellner et al., 2009).
It isunclear if these structuresarehomologous to the
integument of ornithischians and theropods, but if
so, then perhaps even the common ancestor of all

archosaurs was feathered. There is no doubt that
new discoveries will greatly clarify this picture in
the near future.

The realization that many dinosaurs were feath-
ered raises another important question: what func-
tion did feathers serve in these animals? Although
the feathers of living birds are often assumed to be
an adaptation for flight, the presence of feathers in
obviously non-flying dinosaurs such as Sinosaur-
opteryx, Dilong, and Sinornithosaurus is prime
evidence that these structures must have evolved
for another reason. It was not until the evolution of
birds themselves, or perhaps their closest dinosau-
rian relatives, that feathers developed the more
complex morphology and aerodynamic arrange-
ment necessary for powered flight. It is likely that
the simpler feathers of theropods, and likely or-
nithischians as well, functioned primarily in dis-
play and thermoregulation. Of these, display was
probably more important. The haphazard distribu-
tion of filaments across the skeleton of many feath-
ered theropods would not have provided an evenly
distributed blanket to retain body heat. Instead,
many of these filaments are concentrated around
the head and along the back and tail, and are often
modified into a fantastic array of shapes and sizes. It
is likely, although not certain, that the diversity of
feathery integument in early dinosaurs served the
same purpose as the diversity in horn morphology
among ceratopsians or crest shape in hadrosaurids:
display, species recognition, or mate attraction.

Some of the most remarkable and fascinating
research in contemporary dinosaur paleontology
focuses on the color of extinct dinosaurs, inferred
by microscopic examination of preserved feathers.
Determining the color of dinosaurs, a long-
standing subject of speculation and unbridled artis-
tic license, was thought by most researchers to be
impossible. Even the most delicately preserved
dinosaur fossils were long ago stripped of their
original soft tissues, leaving only the vaguest exter-
nal traces of color such as dark and light bands that
give little information on what the living animal
would have actually looked like. The key to deter-
mining color, as it turns out, is in detailed micro-
structural analysis using the powerful technique of
scanning electron microscopy (SEM). In living
birds, microscopic structures in the feathers called
melanosomes are packed with melanin, the pig-
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ment that grants feathers their exorbitant range of
hues (Vinther et al., 2008, 2010). Melanosomes of
different shapes and arrangements are diagnostic of
certain types of melanin, and hence a certain color.
Two research groups used SEM technology to ana-
lyze the feathers of several Mesozoic dinosaurs and
were able to identify unequivocal melanosomes
that are indicative of certain colors (Li et al.,
2010; Zhang et al., 2010). For instance, the forelimb
feathers of the troodontid Anchiornis were black
and white and the tail of Sinosauropteryx was
chestnut in color.

These discoveries are not mere novelties that
will simply enable artists to draw dinosaurs in a
more realistic fashion, but provide firm evidence
that the feathers of dinosaurs had a fantastic variety
of colors, lending support to the hypothesis that
they were primarily display structures. Further-
more, the presence of unequivocal melanosomes,
which are a very particular structure only found in
certain types of tissues, provides incontrovertible
proof that the integumentary structures of dino-
saurs are true feathers, not simply degraded
collagen fibers as some vocal critics had long been
trumpeting (Lingham-Soliar, 2003; Lingham-Soliar
et al., 2007).

Air Sacs

Postcranial air sacs
The fanciful vertebral laminae and fossae of sauris-
chian dinosaurs can be so outlandish that it is
difficult to imagine them serving any functional
role. However, similar features are present in living
birds, and are intimately related to a peculiar style
of respiration (Duncker, 1971). Birds possess a
‘‘flow-through’’ lung in which the majority of air
streams through the gas exchange tissues of the
lung only in a posterior to anterior direction
(Fig. 3.12). This is a fundamentally different system
from themammalian lung, throughwhich air flows
back and forth in a tidal cycle of inhalation and
exhalation. Birds inhale and exhale, of course, but
because air can flow in only one direction through
most of the lung, it is necessary for inhaled air to be
partitioned and storedwithin the body cavity. Some
inhaled air immediately passes through the lungs
during inhalation, and then flows into a series of

balloon-like receptacles in front of the lungs, the
anterior air sacs, before leaving the body during
exhalation (Fig. 3.12). The remainder of the inhaled
air flows first from the trachea into a series of
posterior air sacs, which retain the air until exhala-
tion, when it is passed through the lungs and back
out through the trachea (Fig. 3.12). As a result of this
complex system, oxygen-rich air flows through the
lung during both inhalation (from the trachea) and
exhalation (from the posterior air sacs). In essence,
the series of air sacs, which are unique to birds and
unnecessary in mammals and other animals with
more traditional lungs, act as a set of bellows that
partition and store air, help to maintain the rigidity
of the thorax, and control airflow such that fresh air
is able to continuously pass across the exchange
tissues of the lungs (Fig. 3.13). It has long been
thought that this intricate style of breathing is
extremely efficient, because oxygen is captured
throughout the breathing cycle, and therefore helps

Figure 3.12 Schematic diagram illustrating themotion of air

through the lungs and air sacs of a bird during inhalation

and exhalation. Note that air moves across the gas-

exchange tissues of the lungs only in an anterior direction,

during both inhalation and exhalation. See text for further

explanation. Original artwork modified from an image in

the public domain.
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power themetabolically expensive activity of flight
(Perry, 1983; Brown et al., 1997; Maina, 2000).

The air sacs themselves are akin to balloons:
they are soft, thin-walled, compliant structures that
inflate and deflate during the ventilatory cycle.
Often, small finger-like projections of the air sacs
invade bone and occupy internal cavities in the
vertebrae, shoulder girdle, forelimb, pelvis, and
even the hindlimb. The reasons for this invasive
process, called pneumatization, are poorly under-
stood. The air sac projections that invade the skel-
eton are not pliant and do not help ventilate the
lung, and it is thought that skeletal pneumatization
may often be ameans of lightening the skeleton and
saving energy by replacing heavy andmetabolically
expensive bone with air. There are usually telltale
signatures on the bone that unequivocally indicate
the presence of air sacs. These include foramina on
the external bone surface, which provide the entry
for the air sac to invade the bone, the internal
chambers within the bone itself, and fossae and
laminae on the external surface that are indicative
of an air sac nestling up against the outside of the
bone. Important reviews of the morphology of air
sacs and their bony correlates in living birds have
been expertly provided by Duncker (1971) and
O’Connor (2004, 2006, 2009), and these should be
consulted for further information.

The presence of clear osteological correlates of
air sacs in living birds enables the recognition of
these soft tissue structures in extinct dinosaurs
through identification of fossae, foramina, and lam-
inae on the vertebrae (and, in some cases, other

bones) (Figs 3.13 and 3.14). Only saurischians pos-
sess these bony signatures and, as far as current
evidence suggests, they are completely absent in all
ornithischians (Britt, 1997; Benson et al., 2011).
Primitive saurischians, such as coelophysoid ther-
opods and ‘‘prosauropods,’’ have relatively simple
pneumatic fossae and foramina that are usually
restricted to the anterior cervical vertebrae (Britt,
1993, 1997; O’Connor and Claessens, 2005; Wedel,
2007; Benson et al., 2011). In living birds, foramina
and fossae of similar size and position are associated
with the cervical air sacs, which are among the
anterior set of bellows as described above
(O’Connor and Claessens, 2005). However, more
derived theropods and sauropodomorphs develop
increasingly complex pneumatic features across
the entire cervical and dorsal column (Wedel,
2003a, 2003b; O’Connor and Claessens, 2005;
O’Connor, 2006; Sereno et al., 2008; Benson et al.,
2011). Pneumatic foramina and fossae are often
larger, laminae are more intricate, and sometimes
unequivocal foramina are present in the ribs, caudal
vertebrae, pelvis, and shoulder girdle. Foramina and
fossae within the posterior dorsal vertebrae and
pelvic girdle of living birds are associated with the
thoracic air sacs, some of the largest and most
prominent air sacs in the posterior series (O’Connor
and Claessens, 2005).

The inferred presence of air sacs in many dino-
saurs, which is a strong deduction based on clear
osteological correlates that can be examined in the
EPB framework, has important implications for
understanding dinosaur anatomy and physiology.

Figure 3.13 Diagrams showing the position and general morphology of pneumatic air sacs in a living bird (A) and the

extinct large theropod Majungasaurus (B). Image (A) courtesy of Dr Paul Sereno and Carol Abraczinskas and modified

from Sereno et al. (2008); image (B) courtesy of Dr Patrick O’Connor and modified from O’Connor and Claessens (2005).
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At the simplest level, the presence of air sacs almost
certainly implies the presence of an avian-style
flow-through lung (Britt, 1997; O’Connor and
Claessens, 2005; O’Connor, 2009; Benson et al.,
2011). Other features of the dinosaur skeleton,
especially the saurischian skeleton (but also the
skeletons of ornithischians, which lack skeletal
pneumaticity), are also consistent with this infer-
ence: the thorax is deep and robust, the thoracic
vertebrae form a rigid column, the double-headed
ribs are firmly joined to the vertebrae to produce an
incompressible thorax, and the gastral basket pro-
vides an accessory pumping mechanism for chang-
ing the volume of the abdominal cavity (Schachner
et al., 2009, 2011b). Taken together, these features
provide the skeletal framework necessary for the
unidirectional avian lung to function, because they
provide precise volumetric control of the chest
cavity (and hence air sacs) and a strong thorax to
prevent lung collapse (O’Connor and Claessens,
2005). The presence of an avian-style lung in some,
or all, dinosaurs may have physiological signifi-
cance. The lungs of living birds are highly efficient,
because oxygen is captured in both inhalation and
exhalation and because they require less energy to
operate (Perry, 1983; Brown et al., 1997; Maina,
2000). These are ideal for an energetic warm-blood-

ed animal with high metabolism, and perhaps di-
nosaurs that possessed such lungs, like living birds,
were endothermic (although this is by no means
certain).

The origin and evolution of air sacs, and the
associated avian-style lung and respiratory system,
has been an active area of contemporary paleonto-
logical research. Recent discoveries have yielded
some surprises. Several pterosaurs possess unequiv-
ocal pneumatic foramina, fossae, and vertebral
laminae, and many crocodile-line archosaurs have
clear laminae and possible pneumatic fossae on
some vertebrae (Bonde and Christiansen, 2003;
Nesbitt and Norell, 2006; Butler et al., 2009a;
Claessens et al., 2009). Even some more primitive
reptiles that fall outside the archosaur clade, such as
the burly Triassic erythrosuchids, have a character-
istic set of vertebral laminae that are nearly identi-
cal to those of dinosaurs and living birds (Gower,
2001). Most astonishingly, recent neontological
research has demonstrated that living crocodiles,
which have been dissected by anatomists and stud-
ied scientifically for several centuries, actually have
a form of unidirectional breathing akin to that of
birds, but without aid from air sacs (Farmer and
Sanders, 2010). Therefore, it seemsmost likely that
various elements of the avian-style breathing
apparatus, including unidirectional lungs and air
sacs, evolved piecemeal over hundreds of millions
of years, beginning in reptiles that are only distantly
related to birds. Surely our understanding of air sacs
and the evolution of the avian style of respiration
will continue to change with new fossil discoveries
and research on living birds and crocodiles.

Cranial air sacs
One other type of air sac deserves comment. Many
bones of the dinosaur skull are hollowed by internal
sinuses, which were filled in life by fleshy air sacs
that extended from the nasal cavity and tympanic
system around the ear (Witmer, 1995b, 1997a,
1997b). These air sacs, which together comprise
the paranasal and paratympanic sinus systems,
were probably similar in structure to those of the
postcranial skeleton, but they did not function in
storing air and ventilating the unidirectional lungs.
The most prominent sinus associated with the
paranasal system was positioned adjacent to the
antorbital fenestra, the large window-like opening

Figure 3.14 Pneumatic features in dinosaur bones, which

indicate the presence of air sacs (either within or nestling

against) these bones in life. Foramina and fossae related to

air sacs are denoted by arrows. Vertebrae of the allosaur-

oid theropodAerosteon in left lateral view (A, B); a cervical

vertebra of the tyrannosaurid theropod Alioramus in ante-

rior (C) and left lateral (D) views; the pubic peduncle of the

pelvis of Aerosteon (E); a dorsal rib of Alioramus (F).

Images (A, B, E) courtesy of Dr Roger Benson and

(C, D, F) � Mick Ellison.
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between various bones of the snout that is a hall-
mark feature of archosaurs. Witmer (1997a)
described in detail how this region, and many sur-
rounding bones, were invaded by numerous exten-
sions of the paranasal air sac, and dismissed
previous ideas that the antorbital fossa housed
enlarged jaw-closing muscles or a gland. The para-
tympanic system invades several bones of the
braincase and the posterior upper and lower jaws
(Witmer 1997b). The various hollow sinuses in this
region have been extensively studied using com-
puted tomography (CT) (Sampson and Witmer,
2007; Witmer and Ridgely, 2008, 2009), and they
are clearly larger and spread throughoutmore bones
in saurischians than in ornithischians. It is also
likely that some bones of the skull were pneuma-
tized by extensions of the pharyngeal sinus of the
throat, although this is less certain (Witmer, 1997b).

Given that these air sacs did not function in
respiratory gas exchange, it is possible that they
may have played a role in thermoregulation (by
dissipating heat) or served to reduce weight by
replacing bone with air. Witmer (1997a, 1997b)
persuasively argues, however, that many of these
cranial air sacs, especially the complex and ex-
tremely variable sinuses of bird-like theropods,
were likely the result of random opportunistic ex-
pansion of the sinuses. In other words, the nasal and
tympanic sinuses of theropodswere ‘‘pneumatizing
machines’’ that advanced their way through the
dinosaur skull in a capricious manner. Neverthe-
less, it is unclear why these sinuses are so extensive
in derived theropods, but less elaborate in more
primitive theropods and sauropodomorphs and of-
ten absent in ornithischians. Further research, es-
pecially CT scanning of ornithischian and basal
saurischian skulls, should help determine the ho-
mologies of many of these sinuses, perhaps identify
diminutive sinuses thatwere hitherto thought to be
absent, and lead to a greater understanding of the
function and evolution of the cranial air sacs.

Lungs, Hearts, and Internal
Organs

Understandably the soft internal organs of dino-
saurs are rarely fossilized, although a handful of
spectacularly preserved specimens do retain im-

pressions of organs such as the liver and intestines
(Dal Sasso and Signore, 1998). One ornithischian
specimen was trumpeted as preserving a three-di-
mensional fossilized heart, which apparently was
divided into four chambers as in crocodiles and
birds (Fisher et al., 2000), but careful examination
of the specimen using CTscanning and histological
thin sectioning reveals that it is more likely to be a
non-biological concretion than a petrified heart
(Rowe et al., 2001; Cleland et al., 2011). Some
information on the organs of dinosaurs can be
inferred by careful study of the skeleton and com-
parisons with living relatives. For instance, as out-
lined above, it is likely that all dinosaurs had a bird-
like, rigid, unidirectional lung, as all dinosaurs
possess several features of the skeleton instrumen-
tal in the functioning of such a lung, such as a rigid
and incompressible ribcage, as well as air sacs
(Schachner et al., 2009, 2011b).

Brain and Sense Organs

Because soft tissues readily decay after death, origi-
nal fossil material of the brain, eye, ear, nose, and
other organs involved in intelligence and sensory
perception are wholly unavailable to paleontolo-
gists. Fortunately, many of these delicate organs
were protected by bones of the skull, leaving a
signature on the hard tissues that can be interpreted
to give insight into the sensory capabilities of di-
nosaurs. Most importantly, the brain would have
been enclosed within the bony braincase, and by
examining the shape and size of the internal cavity
that housed the brain scientists can gain valuable
information on the anatomy of the brain itself.
Pioneering paleoneurologists such as Osborn
(1912) and Hopson (1977) would either have to slice
open skulls to expose the brain region or rely on
naturally preserved endocasts of the braincase cav-
ity, usually formedwhen sediment washed into the
brain cavity and hardened during the fossilization
process. Recently, however, scientists have taken
advantage of great advances in CT technology to
digitally reconstruct endocasts (Fig. 3.15). This pro-
cedure has spread like wildfire through the field of
dinosaur paleontology, and digital endocasts have
been created and studied for many species of dino-
saurs, including theropods (Rogers, 1998; Brochu,
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2000, 2003; Franzosa and Rowe, 2005; Kundr�at,
2007; Sampson and Witmer, 2007; Brusatte et al.,
2009a; Witmer and Ridgely, 2009; Zelenitsky et al.,
2009; Bever et al., 2011), sauropodomorphs (Sereno
et al., 2007; Balanoff et al., 2010), and ornithischians
(Zhou et al., 2007; Evans et al., 2009).

These studies have helped understand the mor-
phology of the dinosaur brain, the intelligence and
sensory capabilities of specific dinosaur taxa, and
larger-scale patterns of brain and sense evolution
over time. The brains of most dinosaurs probably
did not completely fill the endocranial cavity,
which is the case in living reptiles but not larger-
brained extant birds (Jerison, 1973; Hopson, 1977).
Cerebrospinal fluid, fatty tissue, and air sacs proba-
bly would have surrounded much of the dinosaur
brain in life, perhaps rendering the preserved shape
of the endocranial cavity a poor proxy for the shape
of the brain as a whole. Those few regions of the
brain that did fill the endocranial cavity, and thus
nudged up against the bony braincase walls, im-
parted a complex vascular texture on the internal
walls of the braincase (Osm�olska, 2004). Recent
research indicates that these heavily vascularized
regions are actually quite common in dinosaur

braincases, suggesting that the dinosaur brain was
larger than previously thought and, more impor-
tantly, that the size and shape of the endocast is
probably a good approximation of the size and shape
of the brain (Evans, 2005).

The shape of the dinosaur brain varied among
groups: ornithischians, sauropodomorphs, and bas-
al theropods generally possessed a brain that was
similar in construction to that of living reptiles,
whereas progressively more derived theropods ex-
hibited increasinglymorebird-likebrains (Fig. 3.15).
Regardless of the species in question, the most
anterior region of the dinosaur brain comprised the
olfactory bulbs and olfactory canals, which were
confluent posteriorly with the cerebrum. In most
dinosaurs the cerebrum was peaked, forming the
highest point of the braincase, and the more poste-
rior cerebellum and brainstem extended posteriorly
and ventrally from this apex. Therefore, in many
dinosaurs, the overall shape of the brain resembled
an S or a Z. Derived theropods underwent a gradual
change in shape, culminating in the more globular
brain of living birds in which the olfactory tracts,
cerebrum, and hindbrain are all on the same plane
(Larsson et al., 2000; Dom�ınguez Alonso et al.,

Figure 3.15 Dinosaur brains. Reconstructions of the brains of the theropod Tyrannosaurus (A, B) and the hadrosaurid

Hypacrosaurus (C, D) based on CT scans. Images (A) and (C) in left lateral view, (B) and (D) in dorsal view. Roman

numerals denote cranial nerves. Scale bars equal 5 cm. Modified fromWitmer and Ridgely (2009) and Evans et al. (2009),

and reproduced with permission.
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2004). The 12 major cranial nerves exited the brain
laterally, anteriorly, and posteriorly, and their
shapes and positions are often indicated by the
presence of large stalks on the endocasts. The ma-
jority of these nerves, including those that con-
trolled the facial muscles, viscera, and digestion,
emerged from the hindbrain region. Also located in
this region, and frequently preserved in endocasts,
were the semicircular canals and other structures of
the ear. The brain terminated posteriorly where the
brainstem transitioned into the spinal cord and
entered the neural canal of the vertebral column
after emerging from the foramen magnum of the
braincase.

The relationship between brain size and body
size can give a rough indication of intelligence.
Large brains do not simply indicate great intelli-
gence, but body size must be taken into consider-
ation: obviously, whales have physically larger
brains than humans, but no scientist would argue
that they are superior intellectually. Jerison (1973)
outlined a simple equation that defines the ‘‘ence-
phalization quotient’’ (EQ), which quantifies
whether a species in question has a larger or smaller
brain size than expected for its body size. Beginning
with Hopson (1977), scientists have estimated the
EQof various dinosaurs, and the general conclusion
is that relative brain size, and hence intelligence,
became progressively larger in more derived ther-
opods, culminating in the hefty brains and keen
intelligence of birds (Hopson, 1977; Larsson et al.,
2000). Much of this progressive enlargement oc-
curred within the cerebrum, generally considered
the seat of intelligence (Larsson et al., 2000). Saur-
opods had the lowest EQ among dinosaurs (Buch-
holtz, 1997), and many ornithischians had an EQ
that was within the range of that of primitive
theropods (Evans et al., 2009). The highest EQ
calculated for a dinosaur belongs to the derived
bird-like genus Troodon, whose relative brain size
is within the range of that of modern birds (Currie,
1993).

The size of the olfactory bulbs relative to the
remainder of the brain is a gauge of how acute the
sense of smell was likely to have been. The olfacto-
ry bulbs of tyrannosaurids are enormous (Brochu,
2000; Witmer and Ridgely, 2009), and indeed a
comparative quantitative study of olfactory bulb
size among theropods found that tyrannosaurids

and dromaeosaurids likely had keen senses of smell
(Zelenitsky et al., 2009) (Fig. 3.16). Importantly, this
study demonstrated that there was no progressive
increase or decrease in olfactory acuity duringmost
of theropod evolution, but rather that some groups
had large olfactory bulbs, many had average senses
of smell, and some groups had greatly atrophied
olfactory bulbs (Fig. 3.16). Among the latter species
are the ornithomimosaurs and oviraptorosaurs, two
deviant theropod subgroups that developed an om-
nivorous or herbivorous diet, and therefore would
not have required a sharp nose to detect prey or
carrion. A follow-up study by Zelenitsky et al.
(2011) showed that the relative size of the olfactory
bulbs did increase during the evolution of the most
derived non-avian theropods, culminating in the
keen sense of smell of birds. Little information is
available on olfactory acuity in other groups of
dinosaurs, and comparative studies akin to that of
Zelenitsky et al. (2009, 2011) are needed for saur-
opodomorphs and ornithischians. One bizarre fea-
ture of some ankylosaurs – a ludicrously complex
three-dimensional looping of the internal nasal

Figure 3.16 Dinosaur olfactory ability. A plot of olfactory

bulb size relative to body size in theropod dinosaurs

showing that tyrannosaurids and dromaeosaurids have

larger olfactory bulbs (and therefore probably greater

senses of smell) than other dinosaurs of similar size. From

Zelenitsky et al. (2009).

B R A I N A N D S E N S E O R G A N S 83



airway between the nostril and throat – may be
related to olfaction, but its exact functional signifi-
cance is debatable and requires further study
(Witmer and Ridgely, 2008).

On the subject of hearing, studies of living birds
and reptiles demonstrate that the dimensions of the
bony cochlear ducts, which house the fleshy basilar
papilla that controls hearing, correlate strongly
with hearing sensitivity (Walsh et al., 2009; see also
Gleich et al., 2005). These ducts can be isolated and
measured in dinosaurs using micro-CT scanning
technology (Fig. 3.17), and although comprehensive
comparative studies like those of Zelenitsky et al.
(2009, 2011) have yet to be conducted, some indi-
vidual specimens have been analyzed. Based on a
sample of several skulls that were CT scanned,
Witmer and Ridgely (2009) illustrated that tyran-
nosaurids had a keen sense of hearing and were
especially well equipped to hear low-frequency
sounds. Evans et al. (2009) reported similar hearing
capabilities for lambeosaurine hadrosaurs, and ar-
gued that these herbivores were ideally suited for
perceiving the low-frequency sounds that were
probably emitted by their ornate cranial crests
(Weishampel, 1981; Sullivan and Williamson,
1999).

The orientation and development of the semi-
circular canals of the inner ear give insight into
sense of balance, acuity of vision, and the alert head

posture an animal would employ (Fig. 3.18). When
alert, living amniotes routinely orient their heads
so that the lateral semicircular canal, one of three
interconnected tubes that link to the cochlea, is
horizontal (Hullar, 2006). Studies by Sampson and
Witmer (2007) and Witmer and Ridgely (2009) re-
port that most theropod dinosaurs held their heads
at a slightly downturned angle, which would have
been ideal for binocular vision, an important tool
for an active predator. Many sauropods had a more
pronounced downward orientation of their heads,
perhaps related to their grazing lifestyle (Sereno et
al., 2007; Balanoff et al., 2010). The most extreme
condition is seen in Nigersaurus, whose head was
held nearly perpendicularly to the neck, hypothe-
sized to be an adaptation for browsing on low-lying
vegetation (Sereno et al., 2007).

There is also a correlation between the size of the
semicircular canals and visual acuity in living tet-
rapods, because the muscles that control visual
focus as the animal moves are themselves con-
trolled by the semicircular canals. Therefore, spe-
cies in which the eyes are used to track predators or
navigate complex environments (such as a forest
canopy) usually possess robust and well-developed
semicircular canals (Spoor et al., 2007). There has
yet to be a broad comparative study of semicircular
canal size, shape, and robusticity in dinosaurs, but
it is worth noting that tyrannosauroids and other
derived bird-like theropods have particularly elon-
gate semicircular canals (Witmer and Ridgely,
2009). Perhaps these species had a particularly
sharp sense of vision.

Information on visual acuity is also provided by
the general shape of the skull and the size and
shape of the sclerotic rings: the hoops of bone,
composed of individual plates, which encircled and
supported the eyeball of dinosaurs. Stevens (2006)
examined the overall skull shape of theropod dino-
saurs and found that all theropods were capable of
some form of binocular vision, corroborating the
evidence from semicircular canal orientation dis-
cussed above. However, he found that primitive
theropods such as Allosaurus had a restricted form
of binocular vision, similar to that of living croco-
diles, in which there was only approximately a 20�

overlap between the fields of vision of the individual
eyes.Morederived theropods, on theotherhand,had
wider fields of binocular vision (45–60� overlap)

Figure 3.17 Dinosaur auditory anatomy. The semicircular

canals of the inner ear of the hadrosaurid Hypacrosaurus

in left lateral (A) and dorsal (B) views, as reconstructed by

CT scans. Modified from Evans et al. (2009), and repro-

duced with permission.
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similar to that in extant birds. Tyrannosauroids had
particularly keen binocular vision, akin to that of a
hawk, because the great increase in width of the
posterior region of the skull allowed both eyeballs to
face forward to a great degree. More recently, Long-
rich (2010)measured the sclerotic ring diameter in a
handful of dinosaur specimens and compared the
size of ring (relative to body size) in dinosaurs and
living birds. One dinosaur in particular, Protocera-
tops, was found to have an enormous sclerotic ring,
similar in relative size to that of extant noctural
birds. It is possible therefore that Protoceratopsmay
have been adapted for living in the dark. Most
recently, Schmitz and Motani (2011) presented a
broad comparative study of sclerotic ring dimen-
sions in 19non-avian dinosaurs and found that some
species had the characteristic ring shapes of living
diurnal (day-active) species, whereas others had the
dimensions of nocturnal (night-active) or cathem-
eral (day and night-active) taxa. Dinosaurs therefore
experimented with all the major types of daily ac-
tivity strategies.

Microscopic Soft Tissues

Among the most astounding fossil discoveries of
recent times has been the identification of numer-
ous microscopic soft tissues – blood vessels, red
blood cells, bone cells, and proteins – in a single

spectacular specimen of Tyrannosaurus rex
(Schweitzer et al., 2005a, 2007a, 2007b; Asara
et al., 2007; Schweitzer, 2011; see also Embery
et al., 2003 for similar tissues in a specimen of the
ornithischian Iguanodon) (Fig. 3.19). Commonwis-
dom has long held that soft tissues degrade during
fossilization, andonly in themost exceptional cases
are they preserved by being replaced with hard
minerals (see Briggs, 2003 for a review of fossiliza-
tion). What Mary Schweitzer and her colleagues
discovered, however, was something quite differ-
ent: non-mineralized, soft, still-pliablemicroscopic
tissues that exhibit an uncanny resemblance to the
vessels, cells, and proteins of living birds (Fig. 3.19).
The putative blood vessels are not only soft and
pliable, but also transparent and hollow, and they
can be pulled and stretched just like the blood
vessels of a living animal (Schweitzer et al.,
2005a). The putative proteins were identified as
collagen by the use of mass spectrometry, which
found their chemical composition to be nearly
identical to that of fresh collagen in birds and other
living animals (Asara et al., 2007; Schweitzer et al.,
2007a).

If these identifications are correct, they promise
to offer radical new insight into the process of
fossilization. Previous ideas about how vertebrate
skeletal material is transformed into a fossil, and
what tissues are actually preserved,may turn out to
be incorrect. Furthermore, the identification of

Figure 3.18 Head posture in dinosaurs. The hypothesized ‘‘alert’’ or ‘‘normal’’ head posture in sauropodomorph (A) and

theropod (B–E) dinosaurs, which is the position the head assumes when the horizontal semicircular canal is held

horizontally. Theropods include Majungasaurus (B), Allosaurus (C), Tyrannosaurus (D), and Troodon (E). Image (A)

courtesy of Dr Paul Sereno and Carol Abraczinskas and modified from Sereno et al. (2007). Images (B–E) modified from

Witmer and Ridgely (2009), and reproduced with permission.
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protein in dinosaur bones raises the exciting poten-
tial of conducting molecular phylogenetic analyses
for extinct dinosaurs (Organ et al., 2008). In other
words, the genealogy of dinosaurs could be exam-
ined not only by reference to skeletal anatomy, but
also by analyzing molecular tissue, which is by far
the most common method for studying living
groups. However, as with any radical new scientific
discovery that has the potential to shatter existing
paradigms, caution is warranted when it comes to
interpreting these soft tissue discoveries. Under-
standably, these findings have generated controver-
sy, and it has been argued that some of the supposed
soft tissue structures are simply remnants of bacte-
ria (Kaye et al., 2008). It is essential that other
laboratories and research groups confirm the find-

ings of Schweitzer and colleagues, and then take
this research one step further by looking for similar
tissues in a wide range of dinosaur species from
across the Mesozoic, the globe, and the dinosaur
family tree.

One of the greatest steps forward in identifying
soft tissues and other originalmaterial of dinosaurs,
studying the detailed microstructural anatomy of
dinosaurs, and understanding the process of fossili-
zation will probably come with advancements in
synchrotron research. A synchrotron is a type of
particle accelerator: a machine that uses electro-
magnetic fields to direct charged particles (such as
protons and electrons) into beams. A simple exam-
ple of a particle accelerator is a cathode ray tube in a
televison set, but more sophisticated accelerators

Figure 3.19 Microscopic soft tissues in a 66 million year old Tyrannosaurus (B, D) compared with similar tissues in an

extant ostrich (A, C). (A, B) Soft tissues remaining after bone is demineralized, including osteocytes (transparent circles

and ellipses); (C, D) interconnected and pliable blood vessels remaining after bone is demineralized. Images courtesy of

Dr Mary Schweitzer and modified from Schweitzer et al. (2007b).
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such as synchrotrons can be used as an ultra-pow-
erful imaging device – akin to a supercharged X-ray
machine or CT scanner – to study the detailed
microstructure ofmaterials, whether they are poly-
mers for industrial use or dinosaur bones. Synchro-
tron X-ray tomography has already been used to
examine the microstructure of a piece of ossified
dinosaur tendon (Lonardelli et al., 2005), and was
recently utilized to identify original chemical ma-
terial in the fossilized feathers of Archaeopteryx
(Bergmann et al., 2010) and the Mesozoic bird Con-
fuciusornis (Wogelius et al., 2011). Synchrotron
research is expensive, but as costs come down and
access to the technology increases, it promises to be
a rich new frontier in dinosaur research.

Conclusions

Although soft tissues are only infrequently pre-
served as fossils, the identification of osteological
correlates (parts of the bony skeleton that anchor a
certain soft tissue) and careful study of living dino-
saur relatives enable scientists to understand the
muscles, skin, feathers, air sacs, brains, and sense

organs of dinosaurs in great detail. New technolo-
gies, especially CT scanning and SEM, have also
proved to be extremely valuable, by allowing re-
searchers to digitally peer into the bones of dino-
saurs and identify the chemical composition and
microstructure of tissues. The major skull and
postcranial muscles have been reconstructed for
many groups of theropod dinosaurs, but are com-
paratively more poorly understood in sauropodo-
morphs and ornithischians. Similarly, the brain
morphology, inferred intelligence, and sensual acu-
ity of a handful of dinosaur species have been
examined in detail, but few large-scale comparative
studies have assessed the development and evolu-
tion of intelligence and sense perception across the
dinosaur family tree. It is now undeniable that
many dinosaurs sported feathers, and even the
colors of some species have been reconstructed by
identifying diagnostic microscopic structures (mel-
anosomes) that bear certain types of pigment. Re-
construction of dinosaur color, along with the
identification of pliable microscopic soft tissues
such as blood vessels and proteins, are currently
some of the most exciting fields of dinosaur
research.

C O N C L U S I O N S 87



4 Phylogeny

Building a family tree, or phylogeny, for dinosaurs is a major goal of current

research. It seems like nearly every new paper on dinosaurs, especially the

description of new species, includes a cladogram: a graphical representation of

the genealogy of a group of organisms. Paleontologists have long been interested

in reconstructing phylogeny for the same reason that many people are keen to

piece together their own family genealogies. Having some concept of

relationships is an essential framework for understanding large-scale patterns of

evolution, whether it is the evolution of dinosaurs during the Mesozoic or the

changes that occurred as a human family expanded, moved around, and merged

with other families through marriages.

For those paleontologists interested in the evolution of dinosaurs, a phylogeny

is necessary to answer many important questions. What type of animals did

dinosaurs evolve from? Are there trends of increasing body size, more refined

carnivorous habits, or more ornate cranial crests during the evolution of a certain

subgroup?Did interesting and functionally important characters, such as feathers

or leaf-shaped teeth for herbivory, evolve once ormultiple times? Even one of the

most supreme discoveries in the history of dinosaur paleontology – the evolution

of birds from carnivorous dinosaurs – is fundamentally a genealogical hypothesis.

Understanding phylogeny, therefore, is critically important for understanding the

biology and evolution of dinosaurs. It is no surprise that dinosaur paleontologists

are keenly interested, somemight say obsessed, with phylogeny reconstruction.

In this chapter I will review how paleontologists build family trees and present an

outline of the major patterns of dinosaur genealogy.

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.

� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Building the Dinosaur Family
Tree: Reconstructing
Phylogenies

Dinosaur paleontologists have always been inter-
ested in building and analyzing genealogical trees,
but for most of the 20th century there was no
standard, explicit, defensible method for recon-
structing phylogeny. Researchers would usually
draw a putative family tree by hand, connecting
fossil species in ancestor–descendant sequences
based on the temporal ordering of fossils in the
geological record and some intuition about which
species were most similar anatomically. Building
phylogenies, and choosing between alternative
family trees, was more of an exercise in art than
science, because genealogies were simply asserted
rather than constructed based on a repeatable
methodology.

This practice came to a halt in the 1960s and
1970s, as a revolution in the philosophy and meth-
odology of phylogeny reconstruction swept
through the field of biology. Willi Hennig, a Ger-
man entomologist, presented an explicit and stan-
dardized protocol for building genealogies. Now
commonly referred to as ‘‘cladistics,’’ Hennig’s
method (1965, 1966) holds that groups of species
can be recognized as closely related by their pos-
session of shared derived characters. Only derived
characters, which represent an explicit evolution-
ary change from a primitive condition, are useful in
grouping organisms. Cladistics therefore demands
the identification of specific features of the anato-
my (or other biological attributes) that vary (i.e.,
have two or more conditions, called ‘‘states’’) and
the determination of which variable states are
primitive and derived. This is done with reference
to an outgroup, a species that does not belong to the
group being studied but whose attributes are as-
sumed to be primitive. For instance, dinosaurs can
be regarded as a single group of organisms that
evolved from a common ancestor – a ‘‘clade’’ in
cladistic terminology – because they all possess a
perforated acetabulum, which is a derived charac-
ter that represents a discrete evolutionary change
from the primitive solid acetabulum of other rep-
tiles. The solid condition is assumed to be primitive
because it is present in outgroup species, such as
crocodiles and lizards.

Large familytreesarebuiltbycompiling long lists
of variable characters, using an outgroup to deter-
mine which variable states are primitive and de-
rived, and then grouping species in hierarchically
nestedcladesbasedonthepresenceofsharedderived
characters. Following from the above example, di-
nosaurs are recognized as a clade based on their
perforated acetabulum, and within dinosaurs or-
nithischians are recognized as a clade based on their
possessionofaretrovertedpubis,aderivedcondition
that differs from the forward-pointed pubis of out-
group taxa such as crocodiles and lizards, as well as
saurischian dinosaurs. By proceeding this way a
branching cladogram is produced, illustrating the
nested relationships between various dinosaur spe-
cies. An example is shown in Fig. 4.1, which depicts
the genealogical relationships of four species of di-
nosaur and one outgroup (a crocodile), based on a
sample set of variable characters shown in Fig. 4.2.

On the cladogram, each species is denoted as a
branch on the tree, and the most recent common
ancestor of two species can be identified by tracing
both branches to their common meeting point
(called a ‘‘node’’). In the example, the most recent
common ancestor of Tyrannosaurus and Brachio-
saurus is labeled ‘‘Node 1,’’ whereas the most re-
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Figure 4.1 A simplified cladogram (genealogical tree) of

dinosaurs showing the major clades. Saurischia and Or-

nithischia are sister taxa – each other’s closest relatives –

and together comprise Dinosauria. Dinosauria, in turn, is

sister taxon to crocodiles in this diagram (as this is a

simplified diagram, several species more closely related to

dinosaurs than are crocodiles, such as pterosaurs and

non-dinosaurian dinosauromorphs, are omitted).
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cent common ancestor of Tyrannosaurus, Brachio-
saurus, and Triceratops is denoted ‘‘Node 2.’’ Spe-
cies with amore recent common ancestor are more
closely related than a group of species with a more
distant common ancestor (i.e., one that is located
further toward the root of the tree). In this example,
Tyrannosaurus andBrachiosaurus aremore closely
related to each other than either is to Triceratops.
Most modern researchers treat ancestors as theo-
retical concepts, because precise ancestral species
or individuals are difficult to discover in the fossil
record. Ancestor–descendant lineages are therefore
usually not depicted on cladograms, and instead the
focus is on degree of common ancestry: which
species are more closely related to each other than
to other species. Finishing with the example, Ty-
rannosaurus and Brachiosaurus are each other’s
closest relatives, whereas Triceratops and Stego-
saurus are more closely related to each other than

to any other species. All four dinosaurs, however,
are more closely related to each other than any one
of them is to the crocodile.

It is straightforward to reconstruct the phyloge-
netic relationships of five species, and to under-
stand the major patterns expressed by their
cladogram. However, how do researchers construct
phylogenies for 10, 20, or even 100 species? And
how do researchers choose between alternative
phylogenetic trees? After all, a cladogram is not a
revealed and absolute fact, but simply a hypothesis
that may change with new discoveries and inter-
pretations of fossils. Howdo researchers decide that
one hypothesized tree is better than another? Both
of these procedures – constructing the trees them-
selves and deciding between alternative trees – are
performed with the help of computer algorithms.
Comprehensive and helpful reviews of these algo-
rithms, and the step-by-step procedures necessary
to build cladograms, have been provided by Kitch-
ing et al. (1998), Felsenstein (2003), and Schuh and
Brower (2009). These books should be consulted for
further details, but the major steps in phylogeny
reconstruction are outlined below.

First, it is necessary for the researcher to compile
a list of characters that vary (have two or more
states), identify an outgroup that determines (po-
larizes) which states are primitive and which are
derived, and score each species for either the primi-
tive or derived state for each character (Fig. 4.2). The
end result of this exercise is a spreadsheet, or data
matrix, that can be fed into a computer program
such as PAUP or TNT (Swofford, 2000; Goloboff
et al., 2008). These programs use search algorithms
to build many possible cladograms and then decide
which cladograms are best by employing an opti-
mality criterion. The most common optimality
criterion for dinosaur phylogenetic analyses is par-
simony: those cladograms that minimize the total
number of transitions from primitive to derived
states among all characters are favored. Other op-
timality criteria are frequently employed in phylo-
genetic analyses of living taxa based on DNA
sequence data, not anatomical characters as is usu-
ally the case with extinct species. These include
maximum likelihood and Bayesian inference, both
of which assume a model of evolution (some pre-
determined assumption about how fast and often
characters change between primitive and derived

Character-Taxon Matrix

Characters:

1) Acetabulum, presence of medial wall of bone: present,

acetabulum closed (0); absent, acetabulum open (1).

2) Pubis, orientation of shaft: anteroventral (0); posteroventral, pubis

is “retroverted” (1).

3) First digit of manus, orientation: in line with remaining digits (0);

twisted and projects medially relative to other digits (1).

Characters as scored in various species:

Crocodile  000

Stegosaurus 110

Triceratops  110

Brachiosaurus 101

Tyrannosaurus 101

Figure 4.2 An example of a character–taxon matrix used in

a phylogenetic analysis. The example shows three char-

acters, each with a primitive state (denoted as ‘‘0’’) and a

derived state (denoted as ‘‘1’’). The ‘‘0’’ state is assumed to

be primitive because it is present, in each case, in the

outgroup (the crocodile). The derived state of character 1

is present in all the dinosaurs in the analysis, and therefore

is a shared derived character (synapomorphy) of Dino-

sauria. The derived state of character 2 is present in the

two ornithischians in the analysis, and is therefore a

synapomorphy of Ornithischia. The derived state of char-

acter 3 is present in the two saurischians in the analysis,

and is therefore a synapomorphy of Saurischia. A dataset

such as this would be input into a computerized phyloge-

netic program, and a parsimony algorithm (in this case)

would return the cladogram shown in Figure 4.1.
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states) and select cladograms that best fulfill the
predictions of thismodel (Felsenstein, 2003). Bayes-
ian analysis goes one step further and also takes into
account so-called ‘‘prior probabilities’’ – informa-
tion, assumed a priori, that certain cladograms are
more likely than other cladograms –when selecting
the most optimal trees (Rannala and Yang, 1996;
Huelsenbeck et al., 2001; Archibald et al., 2003).

The most important fact to remember about
cladograms is that they are not facts, but hypothe-
ses. An optimal cladogram, identified as such be-
cause it best fulfills an optimality criterion such as
parsimony or maximum likelihood, is not neces-
sarily true. It is simply the best hypothesis available
based on the evidence at hand. That evidence,
however, is always open to change. The discovery
of a single new fossil can reveal newcharacters that,
in turn, can substantially alter the topology of the
optimal phylogeny. Similarly, researchers are con-
stantly studying and restudying specimens, and
ideas about character variability and the identifica-
tion of primitive and derived states frequently
change as new eyes pour over the available evi-
dence. Indeed, it has recently been shown that such
disagreements about how to identify, polarize, and
score characters lead to substantial differences in
the reconstructed phylogenies of certain dinosaur
groups (Brusatte and Sereno, 2008; Sereno and Bru-
satte, 2009). Researchers should always be explicit
about the characters they are using, how the primi-
tive and derived states are determined, and which
computer algorithms and optimality criterion are
used to derive their phylogeny.

The Closest Relatives to
Dinosaurs

Dinosaurs are but one subgroup of Archosauria, the
clade of ‘‘ruling reptiles’’ that arose soon after the
Permo-Triassic mass extinction and survives today
in the form of over 10,000 species of birds and
crocodilians. The broad-scale phylogeny of Arch-
osauria has been addressed by several recent phy-
logenetic analyses, including studies by Sereno
(1991a), Juul (1994), Benton (1999, 2004), Nesbitt
(2007, 2011), Irmis et al. (2007a), Brusatte et al.
(2010a), and Nesbitt et al. (2010, 2011). These anal-
yses are important because they identify the closest
relatives of dinosaurs and give insight into what the
immediate ancestors of dinosaurs would have
looked like. Archosauria is divided into two major
clades: Crurotarsi (the ‘‘crocodile line’’) and Ave-
metatarsalia (the ‘‘bird line’’) (see Fig. 1.5). Cruro-
tarsi includes living crocodiles and all archosaurs
more closely related to them than to birds, among
which are several extinctMesozoic subgroups such
as the phytosaurs, aetosaurs, and rauisuchians.
Avemetatarsalia, which is essentially an equivalent
group to themore familiar cladeOrnithodira (some-
times, because of historical legacy, the same clade
has multiple names), includes all archosaurs more
closely related to birds than crocodiles. Dinosaurs
and pterosaurs fall into this group, along with a
handful of close dinosaur relatives that are collo-
quially referred to as ‘‘basal dinosauromorphs.’’

The closest basal dinosauromorph relatives to
true dinosaurs include taxa such as Lagerpeton,

Before moving forward, it is important to summarize several important terms that researchers use when describing

phylogeny and cladograms. Remember that a clade is a group that comprises an ancestor and all of its descendants.

Clades are said to be ‘‘natural groups,’’ or ‘‘monophyletic,’’ whereas paraphyletic grades are assemblages of species

that do not include an ancestor and all descendants. Usually, such grades comprise a series of successively more

closely related species to a more derived clade, but not that derived clade itself (as an example, Triceratops,

Stegosaurus, and Brachiosaurus comprise a grade relative to Tyrannosaurus in Fig. 4.1). The distinction between

clade and grade is visualized in Fig. 4.3. Sister taxa, or sister clades, are each other’s closest relatives. In the above

example, Tyrannosaurus and Brachiosaurus are sister taxa, and Triceratops and Stegosaurus are also sister taxa.

Furthermore, the Tyrannosaurus þ Brachiosaurus clade is the sister taxon to the Triceratops þ Stegosaurus clade.

An outgroup is a relative term, denoting a species or clade that is outside the designated group being studied. For

instance, Triceratops and Stegosaurus are outgroups to the Tyrannosaurus þ Brachiosaurus clade. Tyrannosaurus

and Brachiosaurus in turn are outgroups to the Triceratops þ Stegosaurus clade. Clades are identified by the

possession of shared derived characters, which are properly referred to as synapomorphies. Primitive characters,

which are not useful in designating clades, are called plesiomorphies.
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Marasuchus, and Silesaurus, which are all small
sleek animals that rarely reached sizes larger than a
human (see Figs 1.6 and 4.4). Their phylogenetic
relationships are shown in Fig. 1.11. The most

primitive dinosauromorphs are Lagerpeton and
Dromomeron, two dimunitive genera that lived in
South America andNorth America during theMid-
dle and Late Triassic, respectively (Romer, 1971;
Sereno andArcucci, 1993; Irmis et al., 2007a). These
basal dinosauromorphs were about the size of a
house cat, and although no fossils of their forelimbs
are currently known, the footprints of similar spe-
cies indicate that they were quadrupedal (Haubold,
1999; Brusatte et al., 2011a) (see Fig. 1.7). More
closely related to dinosaurs is another small, aber-
rant genus, Marasuchus, whose terrier-sized skele-
ton is well suited for a saltatorial, or hopping, style
of locomotion akin to a rabbit (Romer, 1971; Sereno
and Arcucci, 1994). The closest relatives of true
dinosaurs comprise a speciose subclade of basal
dinosauromorphs, Silesauridae, which includes the
genera Silesaurus, Sacisaurus,Asilisaurus, Lewisu-
chus, and Pseudolagosuchus (Nesbitt et al., 2010)
(see Figs 1.6 and 4.4). Recognition of this major
subclade occurred only recently, with the discovery
of Silesaurus (Dzik, 2003) and the realization that
several other new specimens, as well as fragmen-
tary fossils that had long confused scientists, be-
longed to close relatives. Most silesaurids were
quadrupedal and herbivorous, with a small horny
beak at the front of the jaws for cropping vegetation
(Dzik, 2003; Ferigolo and Langer, 2007; Nesbitt
et al., 2010).

The identification and appreciationof the closest
relatives to dinosaurs gives insight into the origina-
tion and early evolution of the dinosaurian clade.
All basal dinosauromorphs are small animals and
many of themwere quadrupedal. This suggests that
the immediate ancestors of dinosaurs were also
small species that walked on four legs, and that
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Figure 4.4 Skeletal reconstruction of the non-dinosaurian dinosauromorph Silesaurus, one of the closest relatives to

dinosaurs. Reconstruction � Scott Hartman.
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large body size and bipedality likely evolved later in
dinosaur history, after the origination of true dino-
saurs themselves (see Brusatte et al., 2011a). Fur-
thermore, the herbivorous diet of most silesaurids,
the closest relatives to dinosaurs, provocatively
hints that the common ancestor of all dinosaurs
may have fed on plants. Although it has long been
assumed that the common ancestor of dinosaurs
was a carnivore, a herbivorous diet would not be
completely unexpected given that two of the major
dinosaur subgroups, ornithischians and sauropodo-
morphs, were primarily herbivorous. Dietary evo-
lution among early dinosaurs is currently an
exciting, but unsettled, area of research, and new
discoveries promise to help untangle this mystery
(Barrett et al., 2011a).

The Earliest Dinosaurs:
Saurischians, Ornithischians,
and Uncertain Species

True dinosaurs are divided into two major sub-
clades, Saurischia and Ornithischia, each of which
is subdivided into numerous smaller subgroups, as
was briefly reviewed in Chapter 1 (see Fig. 1.21).
There are also a few species whose relationships
have been the subject of much controversy, most
prominently Herrerasaurus and Eoraptor from the
Late Triassic of South America (Fig. 4.5). These
genera, which are among the oldest dinosaurs yet
discovered, were once thought to fall immediately
outside of the Saurischia þ Ornithischia clade,
and thus represent the closest relatives to dinosaurs
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Figure 4.5 Four alternative hypotheses for the phylogenetic position of the Late Triassic dinosaurs Herrerasaurus and

Eoraptor. Each hypothesis has been presented recently in the literature, but none is particularly well supported relative

to the others. The genealogical position of these two dinosaurs will likely remain an active area of debate for some time.
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rather than true dinosaurs by definition (Gauthier,
1986; Brinkman and Sues, 1987; Novas, 1992;
Fraser et al., 2002). The discovery of important
new specimens, including spectacularly preserved
skeletons of both genera (Sereno and Novas, 1992;
Sereno et al., 1993) and the fossils of several
close relatives, have helped crystallize strong sup-
port for not only the dinosaurian affinities of Her-
rerasaurus and Eoraptor, but also their placement
within Saurischia (Novas, 1996; Sereno, 1999; Lan-
ger, 2004; Langer and Benton, 2006; Irmis et al.,
2007a; Nesbitt et al., 2009b, 2010; Ezcurra, 2010a;
Nesbitt, 2011).

However, debate remains regarding the more
precise phylogenetic placement of Herrerasaurus
and Eoraptor (Fig. 4.5). Are they basal members of
the saurischian clade that evolved before the split
between theropods and sauropodomorphs, or are
they the earliest and most primitive theropods?
Support for each hypothesis has oscillated over the
past two decades, as new discoveries and more
comprehensive phylogenetic analyses have consis-
tently shifted the weight of evidence. Relying on
novel anatomical information revealed by the new
discoveries of Herrerasaurus and Eoraptor skele-
tons, Sereno and Novas (1992), Sereno et al. (1993),
Sereno (1999), and other authors argued that these
generawere true theropods. Indeed, they sharewith
theropods several skeletal features related to car-
nivory, such as recurved and serrated teeth and
elongate hands with sharp claws. Later authors,
most prominently Langer (2004) and Langer and
Benton (2006), compiled large phylogenetic data-
sets that, when analyzed computationally, yielded
something of a surprise. They found that the vari-
ous carnivorous features shared between Herrera-
saurus, Eoraptor, and theropods were most
parsimoniously interpreted as convergences that
were independently derived because of a shared
lifestyle, not inherited from a common ancestor.
In their favored phylogeny, Herrerasaurus and
Eoraptor were primitive saurischians and not true
theropods.

Most recently, however, the discovery of bona
fide primitive theropods such as Tawa (Nesbitt
et al., 2009b) and close dinosaur relatives such as
silesaurids (Dzik, 2003; Nesbitt et al., 2010) have
enabled the construction of even larger and more
comprehensive phylogenetic datasets (Nesbitt

et al., 2009b, 2010; Ezcurra and Brusatte, 2011;
Nesbitt, 2011). These analyses mostly agree that
Herrerasaurus and Eoraptor are true theropods, as
originally argued by Sereno and colleagues in the
early 1990s. However, Ezcurra (2010a) reported a
novel result in which Eoraptor was recovered as
a true theropod but Herrerasaurus as a more
basal saurischian. Perhaps even more surprising,
Martinez et al. (2011) placed Herrerasaurus and a
new carnivorous genus represented by a nearly
complete skeleton, Eodromaeus, as basal thero-
pods, but Eoraptor as the most primitive sauropo-
domorph (based on its possession of a large
external naris, teeth with coarse denticles, and
other features commonly seen in basal sauropodo-
morphs). It is premature, therefore, to consider this
debate settled. Fluctuation between which hy-
pothesis is favored is due to a simple fact: no
hypothesis is very strongly supported relative to
the others, which is not surprising because so
many primitive dinosaurs are so similar in their
overall anatomy and differ only in a handful of
minor features. It is clear that new fossils will be
imperative in resolving this controversy, and
Eodromaeus in particular may turn out to be an
especially important discovery.

Theropod Phylogeny

The theropods, regardless of whether Herrera-
saurus and Eoraptor belong to the group, constitute
one of the primary subclades of dinosaurs. There is
little argument that theropods are themost familiar
of the major dinosaur subgroups, and it could be
argued that they were the most successful, as they
were the only major lineage to survive the Creta-
ceous–Paleogene extinction and persist today as
living birds. The first theropods originated some-
time in theMiddle to LateTriassic andmost species
were carnivorous, although some derived species
would later develop an aberrant herbivorous or
omnivorous diet.

Basal neotheropods
All theropods more derived than Herrerasaurus,
Eoraptor, and Eodromaeus, if indeed they are ther-
opods, constitute a subclade called the Neothero-
poda (Fig. 4.6). Most primitive neotheropods can be
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generally divided into two clusters, which may or
may not represent actual clades that include an
ancestor and all descendants. Several sleek, mostly
small Late Triassic to Early Jurassic theropods are
grouped together as ‘‘coelophysoids.’’ The most
recognizable coelophysoid is Coelophysis, a com-
mon discovery in the Late Triassic rocks of the
western United States (Colbert, 1989; Rinehart
et al., 2009), and other members of this cluster
include the mid-sized Liliensternus from the Late
Triassic of Germany, the double-crested Dilopho-
saurus from the Early Jurassic of North America,
and Syntarsus from the Early Jurassic of South
Africa. The other major cluster of basal neothero-
pods, the ceratosaurs, comprises the horned Cera-
tosaurus from the Late Jurassic, the svelte
noasaurids thatmostly lived during theCretaceous,
and the peculiar stubby-armed and bull-headed
abelisaurids, the most common large predators on
the southern continents during the LateCretaceous
(Fig. 4.7). Well-known abelisaurids include Carno-
taurus,Majungasaurus, andRugops, and the largest
species reached up to 10m in length.

The phylogenetic relationships of these basal
neotheropods are currently in flux (Fig. 4.6). Some
of the first cladistic analyses focusing on theropods
found support for a monophyletic group uniting all
coelophysoids and ceratosaurs, which was usually
called Ceratosauria (Gauthier, 1986; Rowe and

Gauthier, 1990; Holtz, 1994, 2000; Sereno, 1999;
Tykoski and Rowe, 2004). More recent studies,
however, have persuasively argued that cerato-
saurs, which clearly do comprise their own mono-
phyletic subgroup, are more closely related to
derived theropods (such as birds) than they are to
coelophysoids (Carrano et al., 2002; Rauhut, 2003;
Wilson et al., 2003; Sereno et al., 2004; Carrano and
Sampson, 2008; Xu et al., 2009b). In other words,
ceratosaurs and coelophysoids do not form their
own unique clade, but rather ceratosaurs are more
derived and coelophysoids positioned closer to the
base of the theropod cladogram. This fundamental
change in the topology of the cladogram occurred
because several derived features once thought to
uniquely characterize coelophysoids and cerato-
saurs, such as fusion in the bones of the lower leg,
are now known to be more widely distributed
among theropods.

Furthermore, it is uncertain whether coelophy-
soids constitute their own monophyletic group or,
alternatively, whether they are simply a graded
series of outgroup species on the line to the more
derived group of ceratosaurs and other theropods.
The most recent large-scale phylogenetic analysis
sheds doubt on coelophysoid monophyly, and re-
covers Tawa, Coelophysis, Liliensternus, Cryolo-
phosaurus, and Dilophosaurus as progressively
more closely related to more derived theropods

Coelophysis

Rugops

Masiakasaurus

Noasaurus

Limusaurus

TETANURAE

Dilophosaurus

Liliensternus

Syntarsus

Tawa

Majungasaurus

Carnotaurus

Neotheropoda

Abelisauridae

NoasauridaeCeratosauria

Figure 4.6 A generalized cladogram of Neotheropoda (the group of theropods exclusive of Herrerasaurus and/or

Eoraptor). This is not a complete genealogy of primitive theropods, but shows a handful of representative species and

denotes major subclades. Cladogram based on references discussed in text.
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(Nesbitt et al., 2009b). Similar to the case with
Ceratosauria described above, this topological
change resulted from the discovery that several
supposed derived characters that united all coelo-
physoids, such as a gap between the teeth of the
premaxilla and maxilla, are actually primitive

features of theropods, and therefore not useful in
grouping species into their own monophyletic sub-
clade. A non-monophyletic coelophysoid group,
however, is not a certainty. This result falls apart,
and a more traditional monophyletic Coelophysoi-
dea is recovered, with the addition of new species to

Figure 4.7 Skeletal reconstructions of four basal (non-coelurosaurian) theropod dinosaurs. Reconstructions � Scott

Hartman.

96 P H Y L O G E N Y



the analysis of Nesbitt et al. (2009b) and subtle
alterations to their character scores (Ezcurra and
Brusatte, 2011).

Compared with the phylogeny of coelophysoids,
the genealogical relationships of ceratosaurs are
much less controversial (Fig. 4.6). Comprehensive
phylogenetic analyses were recently presented by
Carrano and Sampson (2008) and Xu et al. (2009b),
and these broadly agree that the ceratosaur clade
can be divided into three main clusters: a primitive
assemblage of species, including Elaphrosaurus and
Limusaurus, which form successive outgroups to
two major subclades, Noasauridae and Abelisaur-
idae. Noasauridae is one of the most poorly under-
stood theropod subgroups, largely because only a
few fossil specimens are known. This material,
most notably the partial skeletons of the sleek and
sickle-clawedNoasaurus and the buck-toothedMa-
siakasaurus, suggestivelyhint that noasauridswere
strange small animals that filled a variety of eco-
logical roles (Bonaparte and Powell, 1980; Sampson
et al., 2001). Abelisaurids, on the other hand, are
becoming increasingly better understood with the

discovery of new specimens, especially from the
Late Cretaceous of South America (Novas, 2009)
(Fig. 4.7). This group was first recognized less than
three decades ago, with the discovery of the skull of
Abelisaurus and the largely complete skeleton of
Carnotaurus (Bonaparte, 1985; Bonaparte and No-
vas 1985). Today, more than 10 abelisaurid species
have been discovered, including representatives
fromSouthAmerica, Africa, India,Madagascar, and
perhaps Europe. Some of these were apex predators
and had short, deep, heavily ornamented skulls
optimized for delivering strong bite forces (Mazzetta
et al., 2009).

Basal tetanurans
All theropodsmore derived than coelophysoids and
ceratosaurs constitute a subclade called Tetanurae
(Gauthier, 1986) (Fig. 4.8). Tetanurans are further
divided into three major subgroups: Megalosauroi-
dea, Allosauroidea, and Coelurosauria. Allosaur-
oids and coelurosaurs are sister taxa – each
other’s closest relatives –whereasMegalosauroidea
is a more primitive clade. Regardless, because
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Giganotosaurus
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Figure 4.8 A generalized cladogram of Tetanurae (the group of theropods more derived than coelophysoids and

ceratosaurs). This is not a complete genealogy of tetanuran theropods, but shows a handful of representative species and

denotes major subclades. Cladogram based on references discussed in text.
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coelurosaurs include birds and receive the brunt of
attention from scientists who work on theropods,
megalosauroids and allosauroids are collectively
referred to, somewhat dismissively, as ‘‘basal teta-
nurans.’’ Until very recently, little was known
about the phylogeny of these basal taxa,whichwere
largely ignored as theropod specialists focused pref-
erentially on the relationships of the oldest and
most primitive theropods or the most derived
bird-like coelurosaurs. Over the past decade, how-
ever, these ‘‘middle children’’ of the theropod fami-
ly tree have been studied in great detail, and
understanding of their phylogenetic relationships
has begun to stabilize.

The interrelationships of Megalosauroidea,
which was often previously called Spinosauroidea
in the literature, have been studied in detail by
Benson (2010), whose analysis was later followed
up by the slightly more inclusive study of Benson
et al. (2010a). Buoyed largely by a detailed osteo-
logical redescription of the long-problematic and
fragmentary genus Megalosaurus, Benson’s (2010)
phylogenetic analysis identified three principal
megalosauroid subclades (Fig. 4.8). First, there is a
cluster of basal forms that includes Piatnitzky-
saurus, Condorraptor, and Marshosaurus from the
Middle to Late Jurassic of North and South Amer-
ica. This clade is the sister taxon to a larger clade
that encapsulates the two other primary subclades,
Megalosauridae and Spinosauridae. Megalosauri-
dae contains several once-puzzling genera from the
Middle to Late Jurassic, including Megalosaurus,
Eustreptospondylus, Dubreuillosaurus, and Torvo-
saurus. These are mostly mid-sized theropods that
generally had slender skeletons and long arms and
which were probably the apex predators in many
Middle Jurassic ecosystemsworldwide. Finally, Spi-
nosauridae is one of the most peculiar subgroups of
theropods (Fig. 4.7). Only four genera are known
from well-preserved material – Spinosaurus, Irrita-
tor, Suchomimus, andBaryonyx – but these limited
fossils are enough to describe spinosaurids as aber-
rant large-bodied theropods with enormous fore-
limbs and elongate snouts, similar to those of
living crocodiles (Charig and Milner, 1997; Sereno
et al., 1998; Sues et al., 2002). Skull shape, gut
contents, and isotopic analysis indicate that spino-
saurids were primarily piscivorous animals that
lived along the shores of rivers and seas, an unusual

lifestyle that is unknown in any other theropod
subclade (Rayfield et al., 2007; Amiot et al.,
2010). One spinosaurid, Spinosaurus, is perhaps
the largest theropod ever discovered (Dal Sasso
et al., 2005).

A flurry of recent work has also stabilized the
phylogenetic tree of allosauroids (Fig. 4.8). The
studies of Brusatte and Sereno (2008), Benson
(2010), and Benson et al. (2010a) have analyzed the
genealogy of allosauroids in great detail and include
information gleaned from the discovery of several
important new fossils over the past decade. Allo-
sauroidea is divided into three major subclades:
Sinraptoridae, Allosauridae, and Carcharodonto-
sauria. The former two subclades comprise only a
handful of species each, most of which lived during
the Middle to Late Jurassic, including the familiar
and eponymous Sinraptor and Allosaurus, respec-
tively (Fig. 4.7). Carcharodontosauria, on the other
hand, is a speciose and long-lived clade that spanned
the entire Cretaceous and includes more than 15
species, which were distributed widely across the
globe (Fig. 4.7). The most recognizable carcharo-
dontosaurians are the enormous Carcharodonto-
saurus and Giganotosaurus, both of which may
have eclipsed Tyrannosaurus rex in body size and
were the apex predators on the southern continents
during the middle Cretaceous (Coria and Salgado,
1995; Sereno et al., 1996). These mostly large-bod-
ied and southern species comprise a subclade called
the Carcharodontosauridae, which also includes a
few taxa from North America and Asia and some
genera, such as Shaochilong, that were only about
40% of the size of Giganotosaurus (Brusatte et al.,
2009b). The other major carcharodontosaurian sub-
clade is Neovenatoridae, a deviant group that in-
cludes genera such asNeovenator, Fukuiraptor, and
Australovenator, many of which were much smal-
ler, sleeker, and faster than other basal tetanurans
and independently developed many bird-like fea-
tures of their anatomy (Benson et al., 2010a). One
neovenatorid, however, broke thismold:Chilantai-
saurus from the middle Cretaceous of China was
perhaps larger than T. rex and had a massive mus-
cular forelimb (Benson and Xu, 2008).

Basal coelurosaurs
All theropods more derived than coelophysoids,
ceratosaurs, and ‘‘basal tetanurans’’ comprise yet
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another hierarchically nested major theropod sub-
clade, Coelurosauria (Fig. 4.9). Among the most
derived coelurosaurs are living birds, aswell as their
closest dinosaurian cousins. These bird-like coelur-
osaurs comprise a less inclusive subclade, Manir-
aptora, whereas more primitive coelurosaurs are
lumped together under the umbrella term ‘‘basal
coelurosaurs.’’ Once again, as with ‘‘basal tetanur-
ans,’’ basal coelurosaurs do not encompass a mono-
phyletic group, but rather are a graded series of
progressively more derived outgroups on the line
to Maniraptora.

Coelurosaur phylogeny has been the subject of
fervent research over the past two decades, largely
because paleontologists are interested in untan-
gling the genealogy of birds and their closest rela-
tives (Figs 4.9 and 4.10). Armed with a well-
constrained family tree, researchers can confident-
ly assess patterns of character change, rates of

evolution, and the timing of major morphological
transitions as mid-sized ground-dwelling coeluro-
saurs evolved into small volant birds. Understand-
ably, the primary focus has been on the phylogeny
of birds and a handful of their closest maniraptoran
relatives. Comparatively, the genealogy of basal
coelurosaurs has received less attention and is un-
derstood with less certainty. Several major coelur-
osaur phylogenetic analyses have been published in
recent years, some of which now include over 400
characters, and these should be consulted for fur-
ther details (Norell et al., 2001a; Clark et al., 2002;
Senter, 2007; Turner et al., 2007a; Zhang et al.,
2008; Hu et al., 2009; Zanno et al., 2009; Choiniere
et al., 2010; Csiki et al., 2010).

Threemajor subgroups comprise the basal coelur-
osaur grade: Tyrannosauroidea, Compsognathidae,
andOrnithomimosauria (Fig. 4.11).Tyrannosauroids
include approximately 20 species of bipedal
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predators, ranging from the size of a small dog to the
13-m frame of T. rex (Holtz, 2004; Brusatte et al.,
2010d) (see Plates 1–3). Ornithomimosaurs, on the
other hand, were herbivorous or omnivorous thero-
pods, most of which lacked teeth and had a kerati-
nized bill at the front of their snout. Their name,
which translates as ‘‘ostrich mimic,’’ pays homage
to their bird-like anatomy and body posture, and
some genera, such as Gallimimus and Beishanlong,
may have reached up to 8m in body length (Mako-
vicky et al., 2004, 2010). Compsognathids are the
most poorly understood of the three subgroups, and
include only five or six known genera, all of which
were small and sleek animals that rarely reached
sizes larger than aman (Ostrom, 1978; Hwang et al.,
2004). Debate remains over which of these three
subgroups is most primitive, which is most closely
related to Maniraptora, and whether any of these
subgroups combine to form their own exclusive,
larger clade (Turner et al., 2007a; Zhang et al.,
2008; Hu et al., 2009; Choiniere et al., 2010).

Although the relationships between these three
major subclades are still uncertain, the ingroup
phylogenies of each subgroup are much better un-
derstood. In particular, the interrelationships of
tyrannosauroids have generated substantial debate
and revision over the past decade, in concert with
the discovery of several new species of primitive
tyrannosauroids that help reveal character andbody
size changes on the line toward colossal Late Creta-
ceous species such as Tyrannosaurus and Alberto-
saurus (Holtz, 2004; Carr et al., 2005; Brusatte et al.,
2009a, 2010d; Carr and Williamson, 2010). The
recent phylogenetic analysis of Brusatte et al.
(2010d), which includes over 300 characters scored
across nearly 20 tyrannosauroid species, helps to
place the evolutionof large tyrannosaurs in perspec-
tive (Fig. 4.10). Tyrannosauroidea is an ancient
group that originated during the Middle Jurassic, at
least 100 million years before T. rex lived (Rauhut
et al., 2010). For the vastmajority of their evolution-
ary history – approximately 80 million years –
tyrannosauroidsweremostlysmall-bodiedanimals,
little bigger than aman, and gigantic size developed
only during the final 20 million years of the Creta-
ceous, after the extinction of other large-bodied
theropods such as the carcharodontosaurians.

A richer understanding of ornithomimosaur
phylogeny also provides a framework for describing

the evolution of this subclade. The earliest ornitho-
mimosaurs, such as Pelecanimimus and Shenzhou-
saurus, retained teeth, but more derived species
developed a beak to facilitate their herbivorous diet
and a modified hindlimb in which the first digit is
lost and the central metatarsal is pinched between
the surrounding metatarsals, perhaps to enable fas-
ter speeds or more keen balance (Makovicky et al.,
2004, 2010; Kobayashi and L€u, 2003; Kobayashi and
Barsbold 2005). More likely, however, is that the
hindlimb modifications were related to body sup-
port, as more derived ornithomimosaurs were, on
average, larger than more basal species.

Maniraptorans: derived coelurosaurs
The more derived maniraptoran clade includes six
further subclades, each of which is characterized by
a distinctive body plan and some of which devel-
oped aberrant herbivorous or omnivorous diets
(Fig. 4.9). Perhaps the most unusual of these are
the therizinosauroids, most of which were herbiv-
orous and possess small skulls with beaks and leaf-
shaped teeth, an enormous gut region, scythe-like
claws on the hand, and short and squat hindlimbs
and feet for body support (Clark et al., 2004)
(Fig. 4.12). The oviraptorosaurs also depart radically
from the traditional theropod body plan, as most
species have short, deep, and toothless skulls bear-
ing elaborate crests and rugosities (Osm�olska et al.,
2004) (Fig. 4.12; see Plate 10). A third subgroup, the
alvarezsauroids, are represented by only a handful
of species, most of which are small, sleek, long-
legged creatures with stubby forearms and a beaked
skull (Perle et al., 1993). The dromaeosaurids and
troodontids are, in many ways, more traditional
theropods: they are all bipedal, had sharp teeth and
claws, and were primarily carnivorous (Makovicky
and Norell, 2004; Norell and Makovicky, 2004)
(Fig. 4.13; see Plates 4–6, 8, 9, and 11). A signature
feature of both subgroups is a hyperextensible claw
on the second digit of the foot, the so-called ‘‘killer
claw’’ that was likely used to slash or clamp onto
prey (Manning et al., 2006). Finally, the sixth prin-
cipal maniraptoran subclade are birds themselves,
more properly referred to by their scientific name,
Aves or Avialae (Fig. 4.14). All birds, even primitive
species such asArchaeopteryx andConfuciusornis,
were capable of at least weak flight, powered by
their wings, large chest muscles, and asymmetrical
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vaned feathers (Padian and Chiappe, 1998; Padian,
2004).

The interrelationships of maniraptorans are in a
constant state of flux, largely due to the consistent
discovery of new fossils and the intense research
focus on the origin of birds (Fig. 4.9). Different
phylogenetic analyses, however, largely agree on

most of the major patterns of maniraptoran geneal-
ogy. It is roundly established that dromaeosaurids
and troodontids form their own subclade, Deino-
nychosauria, which itself is the sister taxon to birds
(Turner et al., 2007a; Zhang et al., 2008; Hu et al.,
2009; Zanno et al., 2009; Choiniere et al., 2010). On
the other hand, therizinosauroids, oviraptorosaurs,

Figure 4.10 A complete genealogy of all currently known species of tyrannosauroid theropods (the group including

Tyrannosaurus and its closest relatives). A geological time scale is shown on the left, illustrating that tyrannosauroids are

an ancient group that originated more than 100 million years before Tyrannosaurus lived. The silhouettes indicate the

relative body size of a selection of species, illustrating that primitive tyrannosauroids were very small (about the size of a

man) and enormous body size evolved only during the final 20 million years of the Cretaceous. Image is raw figure used to

produce figure 2 in Brusatte et al. (2010d).

3

Figure 4.11 Skeletal reconstructions of three basal (non-maniraptoran) coelurosaurs. Reconstructions� Scott Hartman.
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and alvarezsauroids are more basal maniraptorans
on the stem lineage toward birds and deinonycho-
saurs. However, the relative relationships of these
three subclades are unsettled. Some studies find
support for a clade of oviraptorosaurs and therizi-
nosauroids (Turner et al., 2007a; Csiki et al., 2010),
whereas other analyses place these subclades as
successive outgroups on the line to birds (Zhang
et al., 2008; Hu et al., 2009; Zanno et al., 2009;
Choiniere et al., 2010). There is also debate over
whether alvarezsauroids are the most basal manir-
aptorans (Turner et al., 2007a; Choiniere et al.,
2010), are the closest relatives to the bird and

deinonychosaur clade (Zanno et al., 2009), or are
even non-maniraptorans that form a clade with
ornithomimosaurs (Sereno, 2001). As with most
phylogenetic debates, these uncertainties will sure-
ly be clarified with the discovery of new specimens.

The ingroup relationships of the six major man-
iraptoran subclades have also been the subject of
keen interest and study. Many recent phylogenetic
analyses demonstrate that the aberrant morpholo-
gies and dietary habits of many maniraptoran sub-
groups were not fully present in their most
primitive members, which more closely resembled
traditional theropods, but developed later in more

Figure 4.12 Skeletal reconstructions of two intermediate (maniraptoran, but non-paravian) coelurosaurs. Reconstructions

� Scott Hartman.
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Figure 4.13 Skeletal reconstructions of two derived paravian (but non-avialan) theropods. Reconstructions � Scott

Hartman.

Figure 4.14 Skeletal reconstructions of two basal avialans (birds). Reconstructions � Scott Hartman.
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derived species. For instance, primitive therizino-
sauroids such as Falcarius and Beipiaosaurus had a
larger head, smaller gut region, more diminutive
claws, and less compact and weight-bearing hands
and feet thanmorederivedmembersof thesubgroup
(Zanno et al., 2009; Zanno, 2010). Similarly, the
basal alvarezsauroid Haplocheirus had short legs
and a more traditional theropod hand, not the elon-
gate limbsandstubbyhand–reducedtoonedigit–of
more derived species (Choiniere et al., 2010).

Research on the interrelationships of dromaeo-
saurids and birds has also revealed some surprises.
Dromaeosaurids are divided into several smaller
subgroups, including a basal array of species that
were remarkably small (Turner et al., 2007a) and
perhapscapableofgliding (Xuetal., 2003;Chatterjee
and Templin, 2007). Only more derived dromaeo-
saurids such asVelociraptor andDeinonychuswere
large, clearly terrestrial predators. This raises the
question of whether flight may have evolved much
earlier thanpreviously thought, perhaps in the com-
mon ancestor of dromaeosaurids, troodontids, and
birds (Makovicky et al., 2005). If this was the case,
thenVelociraptor and other ‘‘classic’’ dromaeosaur-
ids evolved from flying ancestors but subsequently
lost the ability to fly (Paul, 2002). Alternatively, it is
possible that primitive dromaeosaurids, if they
could glide, may have evolved their aerial capabili-
ties separately from birds. The genealogy of these
earlybirdshasalsobeenunder scrutiny, and remark-
able new fossil discoveries indicate that the most
primitive birds were not animals like Archaeopter-
yx, but rather small pigeon-sized tree-dwellers like
Epidexipteryx and Epidendrosaurus, which had
elongate third digits andelaborate ribbon-like feath-
ers (Zhang et al., 2002, 2008). These two species are
grouped together into their own basal avialan sub-
clade, Scansoriopterygidae, and future discoveries
will likely expand themembership of this subgroup
and help paleontologists understand the evolution
of avian flight. There is even a recent suggestion,
basedon a cladistic analysis, that the iconicArchae-
opteryx is not actually a member of the bird clade
(Avialae), but is rather a deinonychosaur more
closely related to Velociraptor and Deinonychus
(Xu et al., 2011a). As always, further discoveries,
and progressive refinement of cladistic datasets as
new specimens are unearthed, should help test this
intriguing hypothesis.

Sauropodomorph
Phylogeny

The bulk of phylogenetic research has focused on
theropods, and considerably fewer cladistic analy-
ses have attempted to untangle the genealogy of
sauropodomorphs and ornithischians. This situa-
tion is changing, however, as troves of new fossils of
these dinosaurs are being found across the globe and
scientists are becoming increasingly interested in
their biology and evolution. Understanding the
development of enormous body size in sauropods
or the evolution and potential function of ornithis-
chian plates, frills, and crests demands a phyloge-
netic framework for context, and recent reviews of
each of these subjects have only been possible due
to refinements in our understanding of sauropodo-
morph and ornithischian genealogy (Padian and
Horner, 2011; Sander et al., 2011).

‘‘Prosauropods’’
Scientific understanding of sauropodomorph phy-
logeny has undergone a renaissance in recent years,
with attention especially focused on the interrela-
tionships of the smaller basal ‘‘prosauropods’’ of the
Late Triassic to Early Jurassic and the genealogy of
the colossal long-necked sauropods of the Late
Jurassic (Figs 4.15 and 4.16). Many early cladistic
studies found support for a bipartite division of
Sauropodomorpha, composed of separate prosauro-
pod and sauropod subclades (Galton, 1990; Sereno,
1999; Galton and Upchurch, 2004b). Prosauropods,
including genera such as Plateosaurus,Massospon-
dylus, Lufengosaurus, Yunnanosaurus, and Rioja-
saurus, were thought to beunited by several derived
characters, including a beak on the premaxilla, an
inset first tooth of the lower jaw, an elongate first
metacarpal that is offset relative to the other digits
of the hand, a twisted first finger of the hand, and
a broad weight-supporting foot (Sereno, 1999)
(Fig. 4.17).

Over the past decade, however, the roster of
known prosauropod and primitive sauropod species
has skyrocketed. It is nowclear thatmany supposed
prosauropod synapomorphies are also present in the
earliest sauropods, and therefore do not unite pro-
sauropods as a discrete clade (Yates and Kitching
2003). Recent phylogenetic analyses instead posit
that ‘‘prosauropods’’ form a primitive grade along
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the line to Sauropoda (hence the designation as
‘‘prosauropods’’ within quotationmarks, since they
are not a clade; Yates, 2003, 2007; Smith and Pol,
2007; Upchurch et al., 2007; Ezcurra, 2010a; Yates
et al., 2010; Pol et al., 2011) (Fig. 4.15). However, a

reduced subset of ‘‘prosauropods,’’ informally
termed ‘‘core prosauropods,’’ probably does form its
own clade, including Coloradisaurus, Lufengo-
saurus, andMassospondylus (Fig.4.15).Generasuch
as Aardonyx, Melanorosaurus and Yunnanosaurus
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OTHER SAUROPODSSauropoda
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Figure 4.15 A generalized cladogram of basal sauropodomorphs (‘‘prosauropods’’). This is not a complete genealogy of

basal sauropodomorphs, but shows a handful of representative species and denotes major subclades. Cladogram based

on references discussed in text.
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Figure 4.16 A generalized cladogram of sauropod dinosaurs. This is not a complete genealogy of sauropods, but shows a

handful of representative species and denotes major subclades. Cladogram based on references discussed in text.
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are among the closest relatives to true sauropods.
These ‘‘prosauropods’’ are clearly transitional
between the smaller, sleeker, and facultatively bi-
pedal primitive ‘‘prosauropods’’ and the larger,more
massive, quadrupedal sauropods. Aardonyx, for in-
stance, was a bulky animal with amassive femur to
support its bodyweight, but it still moved bipedally
most of the time (Yates et al., 2010). Melanoro-
saurus, however, was fully quadrupedal, but it
lacked the columnar limbs and U-shaped weight-
supporting hand of true sauropods (Bonnan and
Yates, 2007) (Fig. 4.17). The first true sauropods,
such as Antetonitrus and Tazoudasaurus, had the
fully developed suite of sauropod synapomorphies,
including columnar limbs, weight-bearing hands
and feet with digits arrayed in a semicircular colon-
nade, a barrel-shaped chest, and an especially elon-
gate neck (Yates and Kitching, 2003; Allain and
Aquesbi, 2008) (Fig. 4.18). As can be seen, compared
with what was known only one decade ago, the
current understanding of saurodomorph genealogy
now enables paleontologists to study the evolution
of the classic sauropod body plan in great detail.

Some of the most important sauropodomorph
discoveries of the past two decades have been new
fossilsof theoldestandmostprimitiveknownmem-
bers of the clade. These fairly small, Late Triassic,
omnivorous or herbivorous ‘‘prosauropods’’ include
Saturnalia from Brazil (Langer et al., 1999) and

Panphagia and Chromogisaurus from Argentina
(MartinezandAlcober, 2009;Ezcurra, 2010a).These
genera share several anatomical characteristics, in-
cluding a long postacetabular process of the ilium
andanacetabularwallthat isonlypartiallyopen,not
fully window-like as in other dinosaurs (Ezcurra,
2010a). Many of these characters are also present in
Guaibasaurus, a long-enigmatic and fragmentary
LateTriassic genus thathasusuallybeenconsidered
a primitive theropod or a basal saurischian outside
the Theropoda þ Sauropodomorpha group (Langer
and Benton, 2006). On the other hand, the phyloge-
netic analysis of Ezcurra (2010a) finds support for a
cladeunitingall of thesegeneraas theirowndiscrete
subgroup of primitive sauropodomorphs, termed
Guaibasauridae. Because they are the earliest-
branchingmembersof thesauropodomorphlineage,
it is no surprise that guaibasaurids share some char-
acters with theropods.

Sauropods
The phylogeny of sauropods has become progres-
sively better understood due to a series of cladistic
analyses published over the past two decades (Up-
church, 1995, 1998; Salgado et al., 1997;Wilson and
Sereno, 1998; Wilson, 2002; Upchurch et al., 2004;
Harris, 2006; Allain and Aquesbi, 2008; Remes
et al., 2009) (Fig. 4.16). Many of these studies have
built on each other, often by adding new characters

Figure 4.17 Skeletal reconstructions of two basal sauropodomorphs (‘‘prosauropods’’). Reconstructions � Scott

Hartman.
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and newly discovered species to previous datasets,
and the most recent analyses include several hun-
dred characters scored across more than 30 species.

The most primitive sauropods include genera
such as Antetonitrus, Vulcanodon, Kotasaurus,
Shunosaurus, Tazoudasaurus, Spinophorosaurus,
and Barapasaurus, which comprise a grade along
the line to more derived sauropods (Fig. 4.16). All
these genera possess the classic characteristics of
sauropods – the small head, long neck, columnar
limbs, and enormous gut – but are generally smaller
than more derived sauropods and have shorter
necks, less delicately pneumatized cervical verte-
brae, and somewhat less modified and foreshor-

tened skulls (Wilson, 2002; Upchurch et al., 2004)
(Fig. 4.18). These primitive sauropods were wide-
spread globally during the Late Triassic to Middle
Jurassic, and were likely the principal herbivorous
species in most terrestrial ecosystems. One pecu-
liar subclade, Mamenchisauridae, includes Middle
to Late Jurassic genera such as Mamenchisaurus
and Omeisaurus that were restricted to Asia and
which had some of the relatively, and absolutely,
longest necks of any animal that ever lived
(Fig. 4.18).

The larger, more derived sauropods comprise
their own clade, Neosauropoda, which is divided
into two primary subgroups: Diplodocoidea and

Figure 4.18 Skeletal reconstructions of three sauropod dinosaurs. Reconstructions � Scott Hartman.
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Macronaria (Fig. 4.16). Diplodocoid sauropods in-
clude such familiar genera as Diplodocus and
Apatosaurus and are united by features such as a
subrectangular snout, external nares that are fully
retracted behind the eye socket, and a reduced
supratemporal fenestra (Upchurch et al., 2004; Ser-
eno et al., 2007; Whitlock, 2011b) (Fig. 4.18). Three
primary subclades comprise Diplodocoidea
(Fig. 4.16). The large-bodied Diplodocidae, which
includes Diplodocus and Apatosaurus, were some
of the largest and most common herbivores in
North America during the Late Jurassic. The flam-
boyant Dicraeosauridae includes only a few known
genera, among them Dicraeosaurus, Amarga-
saurus, andBrachytrachelopan, whichhave shorter
necks than most other sauropods and greatly elon-
gated neural spines on the vertebrae that may have
supported a sail (Rauhut et al., 2005). Finally, the
aberrant Rebbachisauridae constitutes one of the
most unusual groups of sauropods. Some rebbachi-
saurids, most prominently Nigersaurus, have as-
tonishingly delicate skulls and complex dental
batteries, packedwith hundreds of teeth thatwould
literally wear down to dust before being replaced by
a conveyer-belt of new teeth (Sereno et al., 2007).

The secondmajor neosauropod subclade,Macro-
naria, groups together the familiar genera Brachio-
saurus and Camarasaurus with a more derived
subgroup, the Titanosauria (Fig. 4.16). All macro-
narians share an obscenely large external naris,
which gives the group its name, as well as enlarged
jaw muscles and a reduced number of teeth in the
lower jaw (Wilson, 2002). Somemacronarians, such
as Brachiosaurus and a number of titanosaurs such
as Argentinosaurus and Paralititan, were among
the largest animals to ever live on land, perhaps
reaching lengths of 25m and masses of 60 tons
(Smith et al., 2001) (Fig. 4.18). Brachiosaurus and
close kin shared the Late Jurassic landscape with
large diplococoids such asDiplodocus, whereas the
titanosaurs were the sole major clade of large-bod-
ied sauropods during most of the Cretaceous. They
were especially common on the southern conti-
nents during the Late Cretaceous, and discoveries
of new titanosaur species are occurring at a rapid
pace as fossil sites in South America, Africa, Ma-
dagascar, and Australia are being explored with
unprecedented vigor (Curry-Rogers, 2005). Re-
search on titanosaur phylogeny has lagged behind

the brisk pace of new titanosaur discoveries, and
reconstructing the genealogy of the approximately
60 currently known titanosaur genera is a funda-
mental goal for future research.

Ornithischian Phylogeny

Ornithischian dinosaurs include a dazzling array of
major subclades distinguished by signature body
plans, such as the tank-like ankylosaurs, plated
stegosaurs, horned-and-frilled ceratopsians, dome-
headed pachycephalosaurs, and ornately crested ha-
drosaurids. The phylogenetic ingroup releation-
ships of each of these major clades have been
intensely studied, but considerably less work has
focused on the higher-level phylogeny of Or-
nithischia as a whole (Fig. 4.19). In other words,
there is considerable debate about how the various
major subclades are related to each other andwhich
ornithischians were the most primitive. The large-
scale relationships of Ornithischia were addressed
in one of the first cladistic analyses to focus on
dinosaurs – the astute study of Sereno (1986) – but
only more recently has a younger generation of
researchers revisited this subject.Manyof themajor
patterns of relationship elucidated by Sereno (1986)
have been strongly corroborated by recent studies,
but newer work has also revealed a few surprises.

Basal ornithischians
The most comprehensive analysis of large-scale
ornithischian phylogeny was presented by Butler
et al. (2008a), which followed two important earlier
studies (Butler, 2005; Butler et al., 2007).
These analyses identified a small subclade, Hetero-
dontosauridae, as the most primitive group of
ornithischians (Fig. 4.19). Heterodontosaurids in-
clude a number of mostly small and cursorial spe-
cies, most of which were likely herbivorous or
omnivorous and many of which possess pro-
nounced canine-like teeth at the front of their
snouts. The most familiar of these is the terrier-
sizedHeterodontosaurus from the Early Jurassic of
South Africa, but recent discoveries have demon-
strated that some species were feathered (Zheng
et al., 2009) and others, such as Fruitadens, were
trulyminiscule and probablyweighed less than 1kg
(Butler et al., 2010a).
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Sereno (1986, 1999) placedheterodontosaurids as
more derived ornithischians, on the stem lineage
toward the ornithopod clade that includes Iguan-
odon and the crested hadrosaurids. This placement
was followed by other authors, including Norman
et al. (2004a), whereas other workers suggested that
heterodontosaurids may be closely related to the
ceratopsians (Xu et al., 2006). A position at the base
of the ornithischian tree, however, seems most
plausible, largely for two reasons. First, heterodon-
tosauridssharemanycharacters, suchasanenlarged
grasping hand with prominent claws and elongate
phalanges, with primitive saurischian dinosaurs.
These are most parsimoniously interpreted as

characters that evolved in the common ancestor of
dinosaurs, but were lost in ornithischians more
derived than heterodontosaurids. Second, all or-
nithischians other than heterodontosaurids share
many features, such as a broad symphysis between
the opposing dentaries and teeth that are expanded
into a leaf shape above the root (Butler et al., 2008a).
Therefore, there is evidence that heterodontosaur-
ids retainmanyprimitivedinosaur features and that
all other ornithischians share their own set of de-
rived features,making itmost plausible that hetero-
dontosaurids are basal ornithischians. As with any
genealogical hypothesis, however, this finding is
subject to change based on the discovery of new
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specimens, and, in particular, support could emerge
for a heterodontosaurid þ ceratopsian group as out-
lined by Xu et al. (2006).

A handful of genera, some of which may or may
not belong to the heterodontosaurid subclade, are
also among the most primitive ornithischians
(Fig. 4.20). These include Pisanosaurus, known
from a scrappy fossil from the Late Triassic of
Argentina that is the oldest unequivocal ornithis-
chian specimen yet discovered, and Lesothosaurus
and Eocursor from the Early Jurassic of SouthAfrica
(Sereno, 1991b; Butler et al., 2007; Irmis et al.,
2007b). These are all diminutive animals, smaller
than a human and dwarfed in comparison to most
derived ornithischians, and show adaptations for a
fast-running and agile bipedal posture.

Thyreophora
All ornithischians more derived than heterodonto-
saurids and other basal taxa comprise a subclade
called Genasauria (Fig. 4.19). This subgroup is di-
vided into two of its own principal subgroups,
Thyreophora and Cerapoda. The thyreophoran di-
nosaurs include the ankylosaurs, stegosaurs, and a
small subset of singleton genera such as Scelido-
saurus, Scutellosaurus, and Emausaurus (Sereno,
1986, 1999; Norman et al., 2004b; Butler et al.,
2008a) All thyreophorans share one unequivocal
and instantly recognizable feature – bony body
armor – which gives the group its name, which
translates as ‘‘shield bearers’’. This armor is modi-
fied into the bony osteoderms, shoulder spikes, and
tail clubs of ankylosaurs and the expansive plates
and tail spikes of stegosaurs (Fig. 4.21).

The ingroup phylogeny of Thyreophora has been
addressed by several cladistic analyses, most of
which focus on either the stegosaurs or the anky-
losaurs (Fig. 4.19). Scutellosaurus, Emausaurus,
and Scelidosaurus likely comprise a series of suc-
cessive outgroups on the line to the stegosaur þ
ankylosaur clade (Butler et al., 2008a). These genera
lived during the earliest Jurassic, were not much
larger than pigs, and had less elaborate suits of
armor than the more derived stegosaurs and anky-
losaurs. Stegosaur phylogeny was recently ad-
dressed by the thorough cladistic analysis of
Maidment et al. (2008), which greatly improved the
number of analyzed taxa and characters relative to
previous studies (Sereno and Dong, 1992; Sereno,
1999; Carpenter et al., 2001; Galton and Upchurch,
2004a). Similarly, the phylogenetic analyses of an-
kylosaurs presented by Vickaryous et al. (2004) and
Thompson et al. (2011) comprehensively built upon
previous work (Sereno, 1999; Carpenter, 2001; Hill
et al., 2003). Both stegosaurs and ankylosaurs ex-
hibit overall trends of increasingly ornate armor in
more derived species. Ankylosaurs are divided into
two major subgroups, Ankylosauridae and Nodo-
sauridae,which are distinguished based on the form
of their armor (Fig. 4.19). Ankylosaurids generally
possess globular tail clubs and heavily rugose
skulls, whereas nodosaurids lack tail clubs but have
a strongly ornamented snout and a bulbous protu-
berance above the eye (Vickaryous et al., 2004).

Marginocephalia
The remaining ornithischians – ornithopods, cer-
atopsians, and pachycephalosaurs – comprise the

Figure 4.20 Skeletal reconstruction of the basal ornithischian Eocursor. Reconstruction � Scott Hartman.
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major subclade Cerapoda, which is often referred to
as Neornithischia (Fig. 4.19). Of these major cera-
podan subgroups, ceratopsians and pachycephalo-
saurs are sister taxa and together comprise the clade
Marginocephalia. This group takes it name from
oneof itsmost distinguishing features: the presence
of a shelf, composed of the parietal and squamosal
bones, that extends posteriorly from the margins of
the skull (Sereno, 1986). This shelf is modified into
the flamboyant frill of ceratopsians (Figs 4.22
and 4.23) and forms much of the cranial dome of
pachycephalosaurs (Fig. 4.24). Other unique fea-
tures of the group include a reduction in the number
of premaxillary teeth and an atrophied pubis.

A great deal of recent work has focused on the
ingroup genealogy of ceratopsians, motivated by a
flood of new fossil discoveries over the past decade.
Higher-level cladistic studies elucidating the broad-
scale shape of the ceratopsian family tree have been
provided by Sereno (1999, 2000), Makovicky (2001),
Xu et al. (2002a, 2006), You and Dodson (2004),
Makovicky and Norell (2006), and Chinnery and
Horner (2007). Although there are many subtle
differences between the phylogenies proposed by

these studies, all analyses agree that Ceratopsia
comprises a primitive grade of smaller, less bulky,
and less ornately ornamented species that form
successive outgroups to the derived, elaborately
frilled Ceratopsidae (Fig. 4.19). Among the smaller
and less gaudy ‘‘basal ceratopsians’’ is Psittaco-
saurus, a genus of mostly housecat-sized, beaked
herbivores that ranged across Asia for much of the
Early Cretaceous (Sereno, 1990, 2010) (Fig. 4.22).
Other primitive ceratopsians include an array of
species such as Protoceratops, Bagaceratops, Lep-
toceratops, Yamaceratops, and Montanoceratops
that lived across Asia, North America, and Europe
during much of the Cretaceous (You and Dodson,
2004;Makovicky andNorell, 2006;O��si et al., 2010).
Some of these genera may combine to form small
subclades, such as Protoceratopsidae (Protocera-
tops, Bagaceratops) and Leptoceratopsidae (Lepto-
ceratops, Montanoceratops).

The family tree of the largest, gaudiest, andmost
derived ceratopsians, the elaborately horned Cera-
topsidae, is also becoming further refined with new
discoveries (Figs 4.19 and 4.23). The most compre-
hensive cladistic analysis for all ceratopsids was

Figure 4.21 Skeletal reconstructions of two thyreophoran ornithischian dinosaurs. Reconstructions � Scott Hartman.
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presented by Dodson et al. (2004) and augmented
with data gleaned from new fossils by Wu et al.
(2007). These studies, alongwithmanypre-cladistic
classifications of the horned dinosaurs, support the
subdivision of Ceratopsidae into separate sub-
clades, Chasmosaurinae and Centrosaurinae
(Fig. 4.19). Among the most familiar chasmosaur-
ines are the three-horned Triceratops, the five-
horned Pentaceratops, the broad-frilled Chasmo-
saurus, and the recently discovered spiky-headed
Kosmoceratops. The interrelationships of these
species were recently addressed by the in-depth
analysis of Sampson et al. (2010), which should be
consulted for further details. Centrosaurines, on
the other hand, are a slightly less diverse group that
is centered on Centrosaurus, a common species in
the Late Cretaceous ecosystems of western North
America that is distinguished by its enormous erect
nasal horn. Both McDonald and Horner (2010) and
Ryan et al. (2010b) recently presented focused anal-
yses of centrosaurine phylogeny, and find evidence
for a specialized subclade of aberrantly horned taxa
comprising Pachyrhinosaurus and Achelousaurus,

which have replaced their nasal horn with a gnarly
rectangular boss, and Einiosaurus, whose nasal
horn droops forward like a limp noodle. Until re-
cently it was thought that ceratopsids only lived in
North America during the Late Cretaceous, but the
discovery of primitive centrosaurine Sinoceratops
in China reveals that the clade was more wide-
spread (Xu et al., 2010).

The genealogy of the second primary margin-
ocephalian subgroup, the dome-headed Pachyce-
phalosauria, has been addressed by only a few
cladistic analyses, including those of Sereno
(1986, 1999, 2000), Williamson and Carr (2002),
Sullivan (2003), Marya�nska et al. (2004), Schott
et al. (2009), and Longrich et al. (2010a). The most
recent and comprehensive study finds evidence for
separate Asian and North American subclades, the
latter of which includes some of the best-known
members of the group: the large-bodied, spiky-
skulled, and strongly domed Pachycephalosaurus,
Stygimoloch, and Stegoceras, all of which lived
during the latest Cretaceous (Longrich et al.,
2010a) (Fig. 4.24).

Figure 4.22 Skeletal reconstructions of two basal ceratopsian ornithischian dinosaurs. Reconstructions� Scott Hartman.
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Ornithopoda
The final major ornithischian subclade is Ornitho-
poda, which groups together a number of different
herbivorous species, including the fabulously crest-
ed hadrosaurids, the iguanodontids, and a range of
smaller and fleet-footed genera such asDryosaurus,
Thescelosaurus, and Hypsilophodon (Fig. 4.25).

Broad-scale phylogenies, such as that of Butler
et al. (2008a), indicate that Hypsilophodon, Thes-
celosaurus, Orodromeus, Parksosaurus, and other
svelte genera form a series of successive outgroups
on the line to more derived ornithopods such as
iguanodontids and hadrosaurs (Fig. 4.19). Many of
these smaller primitive taxa could probably run

Figure 4.23 Skeletal reconstructions of two derived ceratopsian ornithischian dinosaurs. Reconstructions � Scott

Hartman.

Figure 4.24 Skeletal reconstruction of a pachycephalosaurid ornithischian dinosaur. Reconstruction � Scott Hartman.

114 P H Y L O G E N Y



bipedally, cropped vegetationwith the aid of a sharp
beak, and some were capable of burrowing (Varric-
chio et al., 2007). There is a general trend of increas-
ing body size across ornithopod phylogeny.
‘‘Intermediate’’ ornithopods such asTenontosaurus
and the small subclade Rhabdodontidae are larger
and bulkier than the primitive grade taxa, but not
quite as large and lumbering as the iguanodontids
and hadrosaurids, most of which probably walked
quadrupedally most of the time and possess blunt
hooves on their hands and feet to support their body
weight (Fig. 4.25).

The phylogeny of more derived ornithopods –
the iguanodontids, hadrosaurids, and their closest
relatives – has been assessed by a handful of recent

studies (Fig. 4.19). This derived subclade is re-
ferred to as Iguanodontia, and comprises a series
of more primitive taxa forming a grade relative to
the more derived Hadrosauridae. The interrela-
tionships of these gradational stem taxa have been
assessed by the recent cladistic studies of Norman
(2004) and McDonald et al. (2010), which illustrate
that the familiar genera Dryosaurus, Campto-
saurus, and Iguanodon are successively closer
relatives to the hadrosaurids. The study by McDo-
nald et al. (2010) is particularly comprehensive
and illuminating, as it examines the relationships
of more than 40 species of these ‘‘stem hadrosaur-
ids,’’ many of which have come to light only over
the past decade.

Figure 4.25 Skeletal reconstruction of three ornithopod ornithischian dinosaurs. Reconstructions � Scott Hartman.
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The interrelationships of hadrosaurids have been
studied in detail by Horner et al. (2004), Evans and
Reisz (2007), Prieto-M�arquez (2010a), and others.
The analysis of Prieto-M�arquez (2010a) is one of the
more impressive cladistic studies conducted for any
dinosaur subgroup, as it includes nearly all known
hadrosaurids, from across the globe, which are
scored for nearly 400 anatomical characters. This
study, as well as most previous work, divides ha-
drosaurids into two major subclades: the ornately
crested Lambeosaurinae, which includes genera
such as Parasaurolophus, Lambeosaurus, and Cor-
ythosaurus, and the more modestly ornamented
Saurolophinae, which includes Edmontosaurus,
Gryposaurus, Brachylophosaurus, and Maiasaura.
Hadrosaurids were particularly common and di-
verse during the Late Cretaceous in North America
and Asia, sometimes evolving enormous size
rivaled only by some sauropods, but recent discov-
eries demonstrate that they were also present in
South America, Europe, and Antarctica (Horner
et al., 2004; Prieto-M�arquez, 2010a).

Conclusions

Building phylogenies, or family trees, of dinosaurs
is a particular goal for many paleontologists, be-
cause a genealogy is a necessary framework for
understanding large-scale evolutionary patterns.
Dinosaurs are divided into two major clades, Saur-
ischia and Ornithischia, each of which is further
divided into numerous subgroups, whose interrela-
tionships have been reviewed. The greatmajority of
dinosaur phylogenetic research has focused on ther-
opods, surely because of the intense interest in
understanding the origin and early evolution of
birds. Recently, however, a flurry of genealogical
research has addressed the phylogeny of sauropo-
domorphs and ornithischians, buoyed by the rapid
pace of new fossil discoveries. Paleontologists will
likely remain fixated on phylogeny for many years
to come, as each new fossil has the potential to
overturn previous genealogical hypotheses and
reveal novel surprises.
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5 Form

The individual hard parts and soft tissues of dinosaurs, which were the subject of

detailed focus in earlier chapters, together comprise the overall ‘‘form’’ or ‘‘body

plan’’ of a living species. Intense fixation on one or a few bones is all too common

in the dinosaur literature. Sometimes a handful of poorly preserved bones is all

that is known from a certain species, and in these cases obsession with pedantic

features of the anatomy is the only recourse for interpreting thematerial at hand.

In general, however, it is more illuminating to step back from the minutiae of

subtle ridges and depressions on bones and focus more broadly on form. What

are the overall body plans that distinguish different groups of dinosaurs, andwhat

may these indicate about locomotion, feeding, or other aspects of biology?What

sort of variability in size and shape is present in the skeletons of dinosaurs, and

what can this tell us about how individual species grew, how multiple species

may have partitioned ecological resources, and what differences may have

characterized males and females? How did the individual bones articulate and

function together, in concert with muscles and other soft tissues, to power a

living, breathing, feeding organism?

Understanding form, especially being able to quantify and explicitly study it,

underpins almost all research in dinosaur paleontology. It is impossible to study

locomotion, feeding, growth, reproduction, and ecology without having a firm

appreciation of form. This chapter will introduce several general explicit methods

for studying form, which will continue to be used throughout this book in later

discussions of dinosaur feeding, locomotion, and behavior. Some of these

methods have briefly been touched upon earlier, but this chapter will describe

them more comprehensively and outline several case studies in the literature

where they have been employed. The overall goal of each of thesemethods is to

analyze form – body shape, size, and variability – in an explicit, rigorous, and

quantitative way. This ever-expanding toolkit of analytical techniques is fueling a

revolution in contemporary paleontology. Vague superficial statements thatwere

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.
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all too common in the older literature – ‘‘species X was probably about the size of

an elephant’’ or ‘‘species Y had a hindlimb that probably allowed it to run fast’’ –

are now obsolete and must be eliminated. The emerging use of explicit

methodologies, and the folly of imprecise generalizations, is illustrated at the end

of the chapter with a look at two focused questions: How big were dinosaurs?

Can we recognize the difference between male and female dinosaurs?

Methods for Studying Form

Computed tomographic scanning
Perhaps the single most valuable technological ad-
vance in recent paleontological research is the use
of X-ray computed tomography, known colloquial-
ly as CT scanning (Fig. 5.1; see Plate 12). CT tech-
nology is widely used in the field of medicine, as it
provides a quick, powerful, and non-invasivemeans
to view internal structures such as organs and
tumors, which could only otherwise be accessed
via surgery. When applied to fossils, CT scanning
allows researchers to observe details of internal
anatomy that are concealed within the specimen
and virtually impossible to study with the naked
eye alone. In essence, CT opens up a new realm of
potential anatomical observations and analysis, by
allowing paleontologists to digitally peer into the
brain cavities, cranial sinuses,marrow cavities, and
other internal structures of dinosaurs. It is no sur-
prise therefore that CT imaging has rapidly swept
through the field of paleontology, and this trend
shows no signs of slowing because scanning tech-
nology is continuously becoming cheaper andmore
widely available. Paleontologists will frequently
scan specimens at local hospitals and some espe-
cially well-funded researchers now possess CT
scanners in their own labs.

Two general reviews of the potential for CT tech-
nology in paleontology have been presented byCarl-
sonet al. (2003) andWitmer et al. (2008), andmanyof
the promising potential applications they outlined
have already been realized by a flurry of research
(Fig. 5.1). In particular, CT scanning is frequently
used to study the brain cavities, cranial nerves and
vessels, and skull sinuses of dinosaurs (Rogers, 1998;
Brochu, 2000, 2003; Franzosa and Rowe, 2005; San-
ders and Smith, 2005; Kundr�at, 2007; Sampson and
Witmer, 2007; Sereno et al., 2007; Zhou et al., 2007;

Balanoff et al., 2009, 2010; Brusatte et al., 2009a;
Evans et al., 2009; Norell et al., 2009; Witmer and
Ridgely, 2009;Zelenitsky et al., 2009).Otherwork-
ers have used CT to map extensive pneumatic
sinuses in vertebrae and appendicular bones (We-
del, 2003a; Sereno et al., 2008), isolate and digitally
reconstruct the fragile bones of dinosaur embryos
(Balanoff et al., 2008), and build computerized
models of certain bones or entire skeletons that
can be subjected to biomechanical analyses to help
study locomotion, feeding, and other functions
(Rayfield et al., 2001; Snively and Russell, 2002;
Arbour and Snively, 2009; Bates et al., 2009a; Mal-
lison, 2010a, 2010b).

The primary utility of CT scanning is that it can
provide a detailed view of internal anatomy, which
was usually intractable by previous methods of
studying fossils, without destroying the specimen
or demanding several months of meticulous and
often risky mechanical preparation. High-end CT
scanners are powerful enough to capture resolution
at the micrometer scale, detail that even the most
highlytrainedanddelicatepreparatorscannotmatch
withmechanical tools.Theseriesof imagescaptured
byaCTscanner – basically a flip-bookof slices, a few
microns or millimeters apart, stretching across the
length of a specimen – can be digitally manipulated
using accessible computer software and used to
generate a three-dimensional digital model of an
internal space such as a brain cavity or sinus. These
digital datasets, unlike the often fragmentary and
singular specimens themselves, can be shared with
colleagues or sent to other researcherswith the click
of a mouse. As this entire process – scanning speci-
mens, digitallymanipulating the scan images, creat-
ingvirtualmodels, andsharingthemwithcolleagues
– becomes quicker, cheaper, and easier, CTscanning
promises to remain at the forefront of methods that
paleontologists use to study form.
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Laser surface scanning
CT scanning is invaluable in studying the internal
anatomy of fossils. A related technique, laser sur-
face scanning, can capture detailed information on
three-dimensional external morphology, which is
especially useful for building digital models of di-
nosaur skeletons (Figs 5.2–5.4). As discussed briefly
below, these models can serve a variety of func-
tions. Very few studies have utilized laser scanning
to study andmodel dinosaurs, but this type of work
is becoming more common. Laser scanners are
small enough to be carried to museum collections
and exceedingly user-friendly, as specimens can be
scanned quickly and easily, usually by passing a

wand-like instrument around the surface of the
fossil (see review in Wilhite, 2003). These scanners
have recently been used to construct complete and
accurate digital models of the ‘‘prosauropod’’ Pla-
teosaurus (Gunga et al., 2007), the hadrosaurid
Edmontosaurus (Sellers et al., 2009), the stegosaur-
id Kentrosaurus (Mallison, 2010c), and several spe-
cies of theropods (Bates et al., 2009a) (Figs 5.2–5.4).
Particularly powerful scanners, which implement
light detection and range (LiDAR) imaging technol-
ogy, have been brought into the field and used to
map footprint sites and other in situ fossils that are
too large or fragile to bring back to the lab (Bates et
al., 2008a, 2008b) (Fig. 5.2). As with CT scanners,

Figure 5.1 The use of CT scanning in dinosaur research. (A) Digital reconstruction of an ankylosaurid skull showing the

looping nasal passage at the front of the snout. (B) Digital reconstruction of a hadrosaurid skull showing the internal

morphology of the cranial crest and the nasal passage at the front of the snout. (C) Digital reconstruction of the skull of

Tyrannosaurus showing various cranial sinuses that would have housed air sacs. (D) Digital reconstruction of the

endocast of Tyrannosaurus showing the general shape of the brain, various cranial nerves, and the semicircular canals of

the inner ear. (E) Cervical vertebra of Apatosaurus, with CT scans of transverse sections denoted by lines. (F) A

ceratopsian egg and a digital image of the small embryonic bones within the egg, which are too fragile to physically

prepare from the specimen. Images (A–D) courtesy of WitmerLab at Ohio University and modified from Witmer and

Ridgely (2008, 2009) and Evans et al. (2009); image (E) adapted fromWedel (2003b), and reproducedwith permission; image

(F) courtesy of Amy Balanoff and modified from Balanoff et al. (2008).
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these instruments provide digital three-dimension-
al images that can be manipulated in several differ-
ent software programs and easily shared with
colleagues.

Digital modeling
Internal and external CT scans and external laser
surface scans provide high-resolution images that
can be assembled into a digital model (Figs 5.2–5.4;
see Plate 13). Oftentimes researchers construct
models of an entire skeleton, based on a single
well-preserved fossil that is scanned, or of a certain
region of the anatomy, such as the skull or foot.
These models are a stunning improvement on tra-
ditional two-dimensional drawings or photos of a
fossil, as they can be rotated, examined from all
angles, and digitally manipulated into a variety of
poses and postures. Digital models are sometimes
presented simply as an illustration to enliven an

anatomical description or as a web animation for
public outreach and education. Often, however,
these models are used as a springboard for studying
aspects of dinosaur biology such as locomotion and
speed, body mass, posture, and feeding strategies.

Some of the earliest attempts at explicit com-
puter modeling of dinosaurs were presented by
Stevens and Parrish (1999), whose ‘‘DinoMorph’’
computer package was used to digitally study the
posture and range of neck motion in large sauro-
pods. This modeling technique, which was re-
viewed in detail by Stevens (2002) and has since
been used in additional analyses of sauropod and
theropod biomechanics (Stevens and Parrish,
2005a, 2005b; Stevens et al., 2008), incorporates
three-dimensional images of dinosaur specimens,
usually generated through laser scanning or other
image capturing technologies, into a computer
animation program. The ranges of motion of the

Figure 5.2 The use of LIDAR laser scanning in dinosaur research: (A) LIDAR apparatus in the field; (B–D) step-by-step

process for digitizing anAllosaurus skeletal mount using LIDAR and constructing a digital model; (E, F) LIDAR digital maps

of a dinosaur footprint site. All images courtesy of Dr Karl Bates.
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joints between individual bones are defined and the
model is then virtually subjected to different pos-
tures and styles of locomotion (see Sellers et al.,
2009, for a step-by-step description of this proce-
dure). By doing this, realistic and unlikely postures
and locomotor strategies can be identified. In es-
sence, these models present an idealized abstrac-
tion of form, which can be used to assess function.
For example, in their original paper Stevens and
Parrish (1999) argued that sauropods such as Di-
plodocus and Apatosaurus could not extend their
necks high into treetops, as had long been assumed,
but rather were restricted to a low-browsing pos-
ture. It is important to remember that this result
may or may not be correct – interpretations of
function depend on the parameters assumed by the
model, in this case the degree of motion between
the joints – but the technique is valuable because it
requires functional inference to be firmly rooted in
a detailed understanding of form.

Computer modeling, both to visually recon-
struct the skeletons of dinosaurs and to explicitly
test functional hypotheses, is becoming more prev-
alent in dinosaur research. Gunga et al. (2007, 2008)
constructed digital models of the ‘‘prosauropod’’
Plateosaurus and the enormous sauropod Brachio-
saurus, used these to measure the precise surface
area and volumeof the skeletons, and thenused this
information to predict body mass (Fig. 5.3A). A
similar exercise was performed by Bates et al.
(2009a), who focused on theropod and ornithopod
dinosaurs (Fig. 5.3B–D). They created digitalmodels
of five dinosaur skeletons and used these as scaf-
foldings around which internal organs, muscles,
and skin were reconstructed. These more lifelike
reconstructions, which included bones and associ-
ated soft tissues, were used to calculate body mass,
identify the center of mass of the animal, and study
the locomotory capabilities of each species by look-
ing at plausible ranges of motion in the limbs.
Recent work by Mallison (2010a, 2010b, 2010c)
employed digital models of Plateosaurus and Ken-
trosaurus to test many aspects of functional biolo-
gy, including whether the former species was
primarily bipedal or quadrupedal and whether the
latter could walk erect (Fig. 5.4; see Plate 13). As is
evident, digital models such as these are becoming
increasingly necessary when conducting rigorous
explicit analyses of function.

Morphometrics
CT scanning, laser scanning, and digital modeling
are techniques for imagingmorphological form and
studying aspects of anatomy, such as internal mor-
phology or the articulations between bones, which
are otherwise difficult to assess. But how can mor-
phology, especially the overall shape of a structure
or the body plan of an entire organism, be quanti-
fied? Anatomical descriptions of dinosaurs are full
of generalized statements about anatomy. It is
often said that a certain bone, such as the humerus,
is long or robust, or that a certain flange on a bone
is broad or narrow. Similarly, certain dinosaur
species are often described as massive or small,
and subgroups of dinosaurs, such as theropods, are
said to be morphologically diverse or anatomically
conservative. Taken at face value, these state-
ments are not very informative. ‘‘Long’’ and
‘‘short’’ only make sense in a comparative frame-
work (a human would look huge to a mouse but
tiny to an elephant), and words such as ‘‘pro-
nounced’’ and ‘‘narrow’’ may have different mean-
ings to different researchers. It goes without saying
that dinosaur researchers should strive for explicit
descriptions of morphology whenever possible, and
should aim to quantify features of the anatomy and
make comparisons with other species. In some
cases this is straightforward: it is easy to measure
the length of a homologous bone in many species
and demonstrate that, for instance, the humerus in
one species is longer than that in another. But such
quantification becomes trickier as more complex
features, such as complete skulls or entire skele-
tons, are considered.

In cases such as these, morphometrics is an
invaluable tool for quantifying morphological form
and encapsulating anatomical variation between
different species or structures (Fig. 5.5). Morpho-
metric analysis is a powerful technique because it
takes into account the morphological complexity
of a specimen (such as a three-dimensional skull
composed of 20 or more bones) and distills what
seems to be an intractable quagmire of information
into a simplified manageable model that can be
described statistically. In essence, morphometrics
takes a complex structure and reduces it to an
abstraction that can easily be compared with other
such abstractions. The exact procedures involved
in this process vary, but in general three steps are
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Figure 5.3 The use of digital models in dinosaur research. Digital models of the sauropod Brachiosaurus (A), the

hadrosaurid Edmontosaurus (B), the ornithomimosaurian theropod Struthiomimus (C), and the tyrannosaurid theropod

Tyrannosaurus (D). Image (A) reproduced with permission from Gunga et al. (2008); images (B–D) courtesy of Dr Karl

Bates and modified from images in Bates et al. (2009b).

Figure 5.4 Dinosaur digital models used to study range of motion and body posture: (A) model of Plateosaurus in an

inferred egg-laying posture; (B) range of motion in the forelimb of Plateosaurus. Images courtesy of Dr HeinrichMallison.
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necessary (Fig. 5.5). First, morphological data must
be acquired, usually in the form of two- or three-
dimensional images generated from traditional
photography or CTor laser scanning. Second, com-
plex morphology must be simplified, most com-
monly by reducing a specimen to a set of basic
measurements or an assemblage of plotted land-
marks. Third, the simplified abstractions – perhaps
a set of measurements or landmarks summarizing
the skull shapes of an array of dinosaurs – are
subject to statistical analyses that quantify the
variability in shape and size between the speci-
mens. These procedures are described in more
detail in the general reviews of Rohlf and Marcus
(1993), O’Higgins (2000), and Adams et al. (2004)
and the books of Bookstein (1991), Elewa (2004),
and Zelditch et al. (2004).

The second step in morphometric analysis –
summarizing complex morphology with a simpli-
fied set of proxies – is the single most difficult, but
important, part of the procedure. The quality of the
analysis stands or falls on how well complicated
morphology, with all its qualitative nuances, is
distilled into a quantitative dataset. There aremany
techniques that researchers use, and these are con-
stantly evolving with improvements in image cap-
turing technology and statistical software (Fig. 5.5).
Many studies in the older literature represented
specimens with a series of measurements, such as
the length, width, and thickness of a structure or
the straight-line distances between various bones
(Dodson, 1976; Chapman et al., 1981; Weishampel
and Chapman, 1990). These techniques have the
advantage of being simple and straightforward:

Figure 5.5 The use of morphometrics in dinosaur research. This figure illustrates four of the main methods for simplifying a

complex structure (in this case, the skull of the tyrannosaurid Alioramus) into a model that can be compared statistically

with other suchmodels. Thesemethods include representing the skull by several measurements (1), by plotted landmarks

(2), by an outline (3), and by a table of discrete character scores (4). Alioramus skull courtesy of Frank Ippolito, American

Museum of Natural History.
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measurements can easily be taken with standard
equipment such as rulers and calipers and no so-
phisticated imaging technology is required.

Measurements have drawbacks, however. A ta-
ble of measurements often captures only the most
general aspects of shape and may not effectively
encapsulatemore nuanced features of the anatomy,
such as individual bony flanges or the curvature of
structures. More problematic, raw measurements
summarize information on both shape and size, and
manymorphometric studies wish to factor out size
and focus solely on shapedifferences between speci-
mens or organisms. Therefore, more contemporary
analyses that use raw measurements often use a
litany of statistical techniques to factor out size-
related differences between specimens (Carrano
et al., 1999; Carrano, 2001; Samman et al., 2005;
Smith et al., 2005; Buckley et al., 2010). Addition-
ally, most of these analyses focus on restricted
regions of the anatomy, such as teeth or a single
bone, which can be more legitimately described by
simple measurements. Using only measurements
to describe a complex structure composed of many
parts, such as the skull or complete skeleton, has
largely been abandoned.

Three other techniques are now commonly used
to summarize the morphology of complex struc-
tures (Fig. 5.5). First, the outline of a specimen can
be traced. This technique works well for simple
structures such as leaves or trilobite carapaces, and
a version of this method was used by Smith et al.
(2005) to quantify variation in the shape of dinosaur
teeth, but it is not ideal for studying extremely
complicated structures such as skulls. Second, a
structure can be reduced to a set of plotted data
points, or landmarks. These landmarks, which are
equivalent to plotted coordinates in two- or three-
dimensional space, are usually placed at major
sutures between bones or other important positions
on a specimen (such as the most anterior point, the
point of greatest curvature, etc.). This method is
widely employed in the dinosaur literature and has
been utilized in a number of studies (Chapman,
1990; Chapman and Brett-Surman, 1990; Dodson,
1993; Egi and Weishampel, 2002; Bonnan, 2004,
2007; Chinnery, 2004; Snively et al., 2004; Young
and Larvan, 2010). Third, discrete characters, such
as the presence or absence of structures, can be
compiled and scored for an organism. These char-

acters are essentially equivalent to the types of
characters used in most phylogenetic analyses, and
have been used to study the anatomical variability
of early dinosaurs and their close archosaurian
relatives (Brusatte et al., 2008a, 2008b).

In all these cases, whether using measurements,
outlines, landmarks, or discrete characters, the aim
of amorphometric study is usually to determine the
amount and pattern of morphological variability
present in a sample of organisms. For instance, a
researcher may be interested in knowing whether
one dinosaur subclade was more morphologically
variable than another clade, or whether a certain
subclade exhibited a greater range of morphologies
during one time interval as compared to another.
Alternatively, a researcher may want to study
how a single species changed shape as it grew
from an embryo to an adult, or assess whether
males and females of a single species exhibited clear
differences inmorphology. This is accomplished by
a two-step procedure. First, measurements, land-
marks, or other proxy data must be compiled for a
sample of specimens or species. In other words, the
same types of measurements, outlines, discrete
characters, or landmarks must be assessed for each
species. When using the latter, consistent land-
marks must be marked at homologous positions
on a number of specimens. For instance, the ven-
tralmost point on the premaxilla–maxilla suture
and themost anterior tip of the snout, among other
landmarks, may be plotted on each image of a
theropod skull in a morphometric analysis of cra-
nial shape in carnivorous dinosaurs.

Once available, the dataset of morphological
proxies, scored across a range of specimens or spe-
cies, is subjected tomultivariate statistical analysis
(Fig. 5.6). The most commonly used multivariate
technique is principal components analysis (PCA),
but other methods include principal coordinates
analysis (PCO, also known as multidimensional
scaling) and canonical variates analysis. All these
techniques are similar in that they summarize
information from the entire gluttony of measure-
ments or landmarks and present a smaller, more
manageable set of variables to describe each speci-
men. These variables are the equivalent to graphi-
cal coordinates, such as the x and y coordinates on a
bivariate plot. Therefore, using these variables,
specimens can be plotted in a morphospace: a mul-
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tidimensional graph composed of numerous axes
that represent different aspects of morphological
shape (Fig. 5.6). Based on the positions of specimens
or species in morphospace, differences in morphol-
ogy can be quantified, the spread of morphological
variability can be assessed (usually by calculating
range and variance statistics), and unpopulated re-
gions of morphospace (which represent unrealized
morphologies) can be identified.

Although dinosaurs were some of the first fossil
vertebrates subjected to morphometric and mor-
phospace analysis in the 1970s, this type of research
has taken a back seat to phylogenetic and function-
al morphology studies in contemporary dinosaur
paleontology. Nevertheless, morphometrics has
been valuable in quantifying major morphological
differences among certain dinosaur subclades
and has been used as a framework for biomechani-
cal and other functional studies. For instance,
Chapman and Brett-Surman (1990) and Dodson
(1993) used landmark-based morphometrics to
identify significant differences in skull shape
among different species of hadrosaurs and ceratop-
sians, respectively, whereas Young and Larvan
(2010) used similar techniques to show that saur-
opodomorph cranial form became progressively
more divergent in more derived species (Fig. 5.6).

Concerning functional morphology, Chinnery
(2004) employed a morphometric technique to il-
lustrate that ceratopsian postcranial elements be-
came larger andmore robust during the evolution of
larger, more derived forms, presumably to offer
additional body support, and Bonnan (2004) quanti-
fied differences in sauropod limb bone shape that he
suggested related to locomotor differences between
species. Dodson (1976) and Chapman et al. (1981)
used morphometrics in an attempt to distinguish
males from females in ceratopsian and pachycepha-
losaurian dinosaurs, and Egi andWeishampel (2002)
quantified shape differences between juvenile and
adult hadrosaurids.

This is but a small sample of the types of mor-
phometric analyses that are possible, and similar
studies promise to become more prevalent as new
techniques are developed and the relevant software
becomes more accessible. In particular, it is now
possible to plot landmarks on three-dimensional
images using standard desktop computers and soft-
ware programs, a stunning technique that pioneers
of coarse measurement-based studies would have
found unfathomable. This method permits unprec-
edented quantification of dinosaur morphology,
and obviates problems with plotting landmarks or
outlines on two-dimensional projections of what

Figure 5.6 The use of morphometrics in dinosaur research. Two examples of morphospaces – visual ‘‘maps’’ in which

specimens are plotted according to how similar/different their morphologies are from each other: (A) morphospace

for Late Triassic archosaurs, including early dinosaurs and their contemporaries, derived from a discrete character

dataset; (B) morphospace for Mesozoic sauropodomorphs, derived from a landmark-based morphometrics analysis.

Image (A) compiled by the author based on figure in Brusatte et al. (2008b); image (B) based on figure in Young and

Larvan (2010) and reproduced with kind permission from Springer ScienceþBusiness Media.
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are, in reality, complex three-dimensional struc-
tures. The three-dimensional method has recently
been used for the first time in a morphometric
analysis of dinosaurs (Souter et al., 2010) and will
surely fuel a revolution in the study of dinosaur
form in years to come.

How Big were Dinosaurs?

Surely, one of the primary reasons why dinosaurs
are perpetually fascinating to the general public is
the enormous size attained by some species. There
is simply no living equivalent to a 50-m, 10-tonne,
plant-guzzling sauropod dinosaur. Scientists, too,
have long been interested in studying the range of
dinosaur body size, in terms of both length and
mass. Many fundamental questions have been the
subject of intense debate, but remain without a
convincing answer today. How were some dino-
saurs able to achieve such great size? Did colossal
dinosaurs such as sauropods or Tyrannosaurus
grow faster than other dinosaurs? How early in the
evolution of dinosaurs did truly massive size
evolve? Each one of these questions is underpinned
by an even simpler andmore problematic question:
how can scientists accurately estimate the body
size of dinosaurs, especially the mass of colossal
species with no modern analogues?

It is common to read vague statements about
body size in the dinosaur literature, even in con-
temporary publications. Species are sometimes said
to be roughly the same size as a certain modern
animal, such as a cow or an elephant, and often it is
simply stated that a certain species was of a certain
approximate length or tonnage. The situation is
even more egregious in the popular press. Every
few months it seems as if another discovery is
trumpeted as the ‘‘world’s biggest dinosaur,’’ and
even less sensational fossils are often breathlessly
compared to the sizes of buildings or buses. Hyper-
bole may have its place in promoting new discov-
eries to the general public, but from a scientific
standpoint it is important to estimate the length
and mass of dinosaur species using a consistent
rigorous methodology that, hopefully, yields an
accurate answer. Many such techniques have been
proposed, ranging from the somewhat crass (such as
constructingminiaturemodels and scaling up their

dimensions to the size of a full dinosaur) to the
technologically sophisticated (such as using laser-
scanned specimens to construct virtual models, to
which organs, muscles, and skin can be added and
then digitally measured). Advances in computer
technology and mathematical modeling are bring-
ing scientists closer to a robust method for estimat-
ing dinosaur body size, but several uncertainties
still persist. No matter our technological capabili-
ties, it is an unavoidable reality that measuring
dinosaur body size, especiallymass, isn’t easy. This
is largely because dinosaurs are somuch larger, and
have different body shapes, than most extant
animals, so it is difficult to use living species as
a comparison.

The first repeatable, explicit, quantitative meth-
od for estimating dinosaur size was presented
by Gregory (1905), who in a prescient paper in
Science used a scale model to estimate the mass
of the enormous sauropod Apatosaurus. Gregory’s
(1905) technique was straightforward and could
easily be accomplished by any researcherwith basic
tools at his or her disposal. First, an accurate model
of the dinosaur in question is produced. During
Gregory’s time such models were hand sculpted
from clay or plaster, but today they can be digitally
assembled using high-resolution CT or laser scans
in a computer animation program. Second, the scale
of the model compared with the actual specimen is
measured. Third, the volume of the model is deter-
mined. This can be assessed digitally with modern
techniques, but in Gregory’s time the most com-
mon methods included immersing the model in
sand or water and noting how much material was
displaced. Fourth, the volume of the model is mul-
tiplied by the assumed density (mass per volume) of
a living dinosaur, usually held to be approximately
equivalent to the density of water (1000kg/m3), and
thenmultiplied by the scaling factor of themodel to
yield the estimated mass of the full-sized dinosaur.

This method was followed by Colbert (1962),
who constructed and analyzed a representative set
of scale models for several major dinosaur groups,
and later by Alexander (1985, 1989) andmany other
authors. Indeed, before the advent of computers,
this technique was the only available method
for estimating dinosaur mass with any type of
repeatable quantitative rigor.Colbert’s (1962) study
reported a mass of approximately 7 tonnes for
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Tyrannosaurus, 8.5 tonnes for Triceratops, 28 tonnes
for Apatosaurus, and a jaw-dropping 78 tonnes for
Brachiosaurus. Not all dinosaurs, however, were
found to be heavyweights: the primitive ceratop-
sian Protoceratops, for instance, was estimated at
only 177kg. Similar values were reported by Alex-
ander (1985), although in some cases estimates for
the same species were widely divergent in both
studies, due to slight differences in the shapes of
the models used. This underlines one of the funda-
mental flaws of this method: there is always some
subjectivity in creating scale models, especially
those made by hand, and even subtle differences
can lead to enormous differences in estimatedmass
because the model itself must usually be scaled up
by several orders of magnitude. This can even be
true if two researchers agree on every detail of a
reconstructed skeleton, because soft tissues such as
muscle and skin must be overlain on the skeletal
chassis. Fossils can very rarely guide these sorts of
decisions, because soft tissues are rarely preserved,
so this aspect of model construction is almost
entirely conjectural.

Additionally, the assumption that all dinosaurs
had the same density as water may not be a safe
supposition. It is true that the majority of an ani-
mal’s body is composed of water, but the skeletons
of many dinosaurs were invaded by a maze of
pneumatic air sacs that hollowed out the interior
of many bones, especially the skulls and vertebrae.
In short, these pneumatic sacs replaced heavy bone
with air, which essentially has no mass. The pres-
ence of extensive air sacs, therefore, probablywould
have substantially lightened the skeleton, and for
this reason alone it is likely that many mass esti-
mates presented by Colbert (1962) and Alexander
(1985), especially the astronomically high esti-
mates for Brachiosaurus and other sauropods, are
overambitious. Indeed, an interesting digital exper-
iment by Witmer and Ridgely (2008) provides a
specific example of this problem. They used CT
scans to build accurate three-dimensional digital
models of the skulls of Tyrannosaurus and Majun-
gasaurus, which included the full array of cranial
pneumatic sinuses. Bymeasuring the volume of the
skull with the air-filled sinuses intact, and then
comparing with the volume calculated when the
sinuses were filled with bone, they found that the
actual skull had approximately 15–20% less bone

by volume than the theoretical solid skull. This
would translate into a real skull mass 5–10% lower
than that assumed using the density of water.

Although still discussed in the literature and
sometimes utilized in rare cases, the modeling
techniques of Gregory (1905), Colbert (1962), and
Alexander (1985) are nowknown to be problematic.
More recent work has utilized a combination of
high-resolution imaging technologies (CTand laser
scans), computer animation software, and robust
statistical techniques to build and analyze more
accurate digital models. Although some problem-
atic assumptions remain, such as the amount and
types of soft tissue to add to a skeleton, these thorny
problems can be assessed by sensitivity analyses
that vary parameters such as muscle mass, soft
tissue density, and extent of internal air sacs (see
Henderson and Snively, 2004; Gunga et al., 2007;
Bates et al., 2009a, 2009b) (Fig. 5.7). This allows the
researcher to get a quantitative handle on the
amount of variability introduced by different as-
sumptions. In some cases, estimated masses vary
widely when different assumptions are employed,
whereas in some models even a wide range of
assumed soft tissue and air sac parameters make
little difference in the predicted mass.

These new breeds of digital models are usually
built in one of three ways. The most common
approach is to three-dimensionally laser scan an
entire skeleton, import the data into a computer
animation program, and digitally build a model
that can then be statistically analyzed. This proce-
dure was followed by Gunga et al. (2007), who
analyzed the body mass of the ‘‘prosauropod’’ Pla-
teosaurus, and by Bates et al. (2009a, 2009b), who
studied theropod body mass, and its implications
for locomotion, by building models of several gen-
era, including Acrocanthosaurus and Tyrannosau-
rus (see Fig. 5.3). Surprisingly, their estimated
masses for Tyrannosaurus were about the same
magnitude – 7 tonnes – as those estimated by the
handmade scale modeling technique of Colbert
(1962) and Alexander (1985). Allosaurus, however,
was estimated at approximately 1500kg, approxi-
mately 30% less than estimated by Colbert
(1962). A secondmethod, the so-called ‘‘photogram-
metrical’’ approach, uses a computer-aided design
program to combine several high-resolution photo-
graphs, taken from various angles, into a composite
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three-dimensional restoration of the skeleton in
question (Gunga et al., 1995, 1999, 2008). When
Gunga et al. (2008) utilized this technique to esti-
mate the mass of Brachiosaurus, they generated a
prediction of 38 tonnes, less than half of what was
estimated by Colbert’s (1962) procedure (Fig. 5.3A).

Finally, a thirdmethodwas outlined byHenderson
(1999), which uses two-dimensional reconstruc-
tions of an animal in lateral and dorsal views to
create a three-dimensional computer model
(Fig. 5.8). A similar technique presented by Seeba-
cher (2001) utilizes body outlines that are fitted to
polynomial equations, which can then be integrat-
ed using calculus to predict body mass. Both meth-
ods were validated using extant animals, whose
actual masses were estimated extremely well by
the various mathematical techniques. Henderson

(1999) also recovered an estimated mass for Tyran-
nosaurus similar to that reported by Colbert (1962)
and Bates et al. (2009a), but reported a mass of
13 tonnes for Diplodocus, which is larger than the
10 tonnes predicted by Colbert (1962). Seebacher
(2001) reported amass of only 952kg forAllosaurus,
less than half of that estimated by Colbert
(1962). Similarly, his estimate for Brachiosaurus
(28 tonnes) is substantially less than Colbert’s,
whereas his prediction for Diplodocus (20 tonnes)
ismuch greater than that of Colbert’s. Tyrannosau-
rus was estimated at approximately 6.7 tonnes, of
the same general magnitude as the mass estimates
recovered by all methods. Therefore, despite all the
uncertainties in estimating dinosaur mass, we can
be quite confident that Tyrannosaurus had a mass
in the range of 5–7 tonnes.

But what about the body mass of dinosaurs that
are not known from complete, or even near com-
plete, skeletons? This is the reality for the vast
majority of dinosaur species. All the above model-
ing techniques, both the coarsemethods of Gregory
(1905) and the more sophisticated computer and
mathematical approaches that have gained traction
in recent years, require a nearly complete skeleton.
When only a few fragmentary fossils are available it
may be possible to roughly compare the fragmen-
tary material to homologous bones in a more com-
plete specimen whose mass has been estimated by
modeling. For instance, if a radius the size of an
average Allosaurus radius is all that is known from
a new species, it is a good ballpark guess that this
new species was approximately the same mass as
Allosaurus. These crass approximations, however,
are only sufficient for general characterization of a
specimen. If one wishes to study body size in more
detail – for instance, if one aims to assess trends in
body size evolution through the history of a sub-
clade or how body mass changed during growth –
more accurate estimations are needed.

In these cases, regression equations are useful.
Body mass estimates derived from complete speci-
mens can be plotted against various measurements
of individual bones from those specimens, creating
a bivariate plot and, if the data are clean enough,
statistically significant regression equations
(Fig. 5.9). Measurements from fragmentary skeletal
material can be inserted into these equations and
body mass predicted. Some of the most useful

Figure 5.7 Sensitivity analyses in digital modeling studies.

The images depict three digital models of the hadrosaurid

Edmontosaurus with varying degrees of muscle and soft

tissue: (A) rotund, (B) moderate, and (C) gracile. Images

courtesy of Dr Karl Bates and modified from Bates et al.

(2009b).
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regression equationswere presented byAnderson et
al. (1985) and Christiansen and Fari~na (2004), and
many have been verified using living vertebrates.
These studies found that the most confident pre-
dictor of body mass is either femur length or femur
circumference (Fig. 5.9). In both living animals and
extinct dinosaurs for which good mass estimates
are available, there is a tight correlation between

both of these femoral measurements and body
mass, meaning that if one is able to measure the
femur in a fragmentary specimen then body mass
can be predicted with confidence and rigor. Other
measurements, such as the length of the tibia or
fibula, can also be used to predict body mass, but
there is not such a tight correlation between these
measurements and mass in complete specimens,

Figure 5.8Amathematical method for estimating the bodymasses of dinosaurs. A theropod skeleton is shown in lateral (A)

and dorsal (B) views, and these images can be combined mathematically into a three-dimensional digital model used to

estimate body mass. Modified from Henderson (1999). Used with permission from the Paleontological Society.
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Figure 5.9 Plots showing how body mass of theropod dinosaurs can be estimated quite confidently based on either femur

length or circumference. Data from Christiansen and Fari~na (2004).
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meaning that the predicted mass value is more
likely to be erroneous. Given the tight correlation
between femur length and body mass, many recent
studies of dinosaur body size evolution simply use
femur length as a proxy for body mass (Carrano,
2006; Turner et al., 2007a).

Can We Recognize the
Difference Between Male
and Female Dinosaurs?

Among dinosaur researchers over the past centu-
ry, there has been something of a fixation on
distinguishing males and females in the dinosaur
fossil record. Although this quest may sometimes
seem to verge on obsession, there are good rea-
sons for being able to dependably identify the sex
of dinosaur specimens. Most generally, under-
standing dinosaur sex offers tantalizing insight
into dinosaur biology and ecology. Information on
the sex and ontogenetic age of individual speci-
mens would allow researchers to study the demo-
graphics of dinosaur populations, and being able
to distinguish whether specimens are males or
females would enable recognition of anatomical
and biological differences between sexes (referred
to as ‘‘sexual dimorphism’’). A firm recognition of
sex may help researchers understand the function
of so-called ‘‘bizarre structures’’ such as the horns
of ceratopsians and plates of stegosaurids. If these
features were known only in a single sex, or were
more pronounced or shaped differently in a single
sex, this would be a strong indicator that such
structures functioned in sexual display, mating,
or sex-specific biological activities. Finally, un-
derstanding morphological differences relating to
sex may reveal that certain supposed distinct
species are really just males and females of a
single species.

Determining the sex of individual dinosaur spe-
cimens based on a reliablemethodology is therefore
an important goal of contemporary dinosaur pale-
ontology (see review in Chapman et al., 1997).
Unfortunately, this is no easy task. Many clear
sex-specific features of living animals, including
the birds and crocodiles that form the extant phy-
logenetic bracket for dinosaurs, are composed of

soft tissues that rarely, if ever, fossilize in dinosaurs.
Aside from obvious soft tissues such as genitals and
internal reproductive organs, these features include
color differences and the possession of ornamental
feathers, skin flaps, and other soft integument.
Because these features are usually impossible to
assess in dinosaurs, all consideration of dinosaurian
sexual dimorphism and sex identification must
hinge on a secure understanding of bonemorpholo-
gy. This is usually done in two ways. It may
be possible to identify features of the bones that
are unequivocally associated with a certain sex,
such as a certain process that anchors a specific
muscle relating to a male- or female-specific
reproductive structure. More generally, however,
researchers look for any explicit differences be-
tween clusters of conspecific specimens and then,
if these differences can plausibly be related to sex or
reproduction, interpret them as possible instances
of dimorphism.

In order to plausibly identify variability thatmay
be caused by sexual dimorphism, researchers must
analyze large samples of specimens and find clear-
cut differences in size, shape, or possession of dis-
crete features such as crests or horns. There are
many methodological limitations that make this
exercise difficult. Morphometric techniques, such
as those outlined above, are invaluable in objective-
ly recognizing size and shape differences, but the
utility of these analyses depends on the quality of
data that are analyzed. It is critical that morpho-
metric analyses attempting to distinguish sexual
dimorphism include only specimens of the same
approximate size and ontogenetic age; if not, then
these potential confounding errors must be some-
how eliminated using statistical techniques. The
reasonwhy is obvious. Almost all organisms exhib-
it changes in absolute size, the relative sizes of
different body regions, and the shapes of various
structures as they grow. Often, due to the principle
of allometry, changes in shape occur in tandem
with increases in size, whereas other features may
simply develop or dramatically change shape as an
individual matures. As a result, shape differences
identified by a morphometric analysis may simply
reflect changes in form as individuals from a single
species or sex develop ontogenetically, and not
discrete differences between the sexes (Chapman
et al., 1997).
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Furthermore, two other problems are endemic to
many studies of sexual dimorphism in the dinosaur
fossil record. First, in order to identify differences in
form that may plausibly be due to sexual dimor-
phism, it must be certain that those features are
authentic and not simply a figment of crushing or
poor preservation. For instance, it is often said that a
certain species has a ‘‘robust’’ and ‘‘gracile’’ mor-
photype, but in some cases these differencesmay be
solely preservational and not reflect genuine bio-
logical variability. Second, robust inference of sex-
related differences must be based on a large sample
of individuals that, ideally, comes from a single
population. Otherwise, geographical variation, or
subtle changes in themorphology of a single species
that evolve over time, could be mistaken for sex-
specific differences. In some cases paleontologists
can study rapidly accumulated bonebeds, which
plausibly represent a single population that lived
and died together, but often specimens from across
a large geographical area or a temporally extensive
formation must be pooled to achieve the large
sample sizes required for rigorous statistical analy-
sis. This is not ideal. For instance, a study of shape
variation in Tyrannosaurus, using specimens from
Upper Cretaceous deposits across western North
America, may identify statistically supported clus-
ters of specimens. However, do these clusters rep-
resent males and females, or could they be
geographic variants or even different species or
subspecies that were separated from each other
in time?

Studying sexual dimorphism in dinosaurs, there-
fore, is not straightforward. However, all the diffi-
culties inherent in identifying dimorphism have
not deterred researchers. Early workers, such as
Nopcsa (1929), observed a sample of fossils, noted
differences, and simply guessed that a certain fea-
ture or general morphotype may be due to sexual
dimorphism. These studies were groundbreaking,
and set an importance precedent for future work,
but the approachwas crude and sometimes resulted
in embarrassing errors. Nopcsa, for instance, sug-
gested that all crested lambeosaurine hadrosaurids
were males and the crestless, or more modestly
crested, saurolophines were females. Even at that
time, however, most other researchers scoffed at
this suggestion and favored the explanation that is
obvious today: lambeosaurines and saurolophines

are different subclades within Hadrosauridae, and
their morphological differences are due to the fact
that they are only distantly related to each other.
Although superficial comparisons such asNopcsa’s
have largely been superseded by more objective
statistical techniques, modern researchers often
make similar general comparisons when facedwith
small sample sizes. For instance, Colbert (1989,
1990) and Carpenter (1990) argued that the thero-
podsCoelophysis and Tyrannosaurus, respectively,
could be separated into robust and gracile morphs.
These conclusions were based on naked-eye obser-
vation of a handful of fossils and were not corrobo-
rated by detailed statistical analyses of numerous
specimens, which would have verified whether the
supposed robusticity differences between speci-
menswere quantitatively significant. Furthermore,
the specimens analyzed were not all the same
general size and itwas unknownwhether theywere
all approximately the same age.

Over the past several decades researchers have
become more explicit and quantitative when at-
tempting to study dimorphism. Most current anal-
yses assess large samples of specimens using
morphometric techniques, meaning that speci-
mens are objectively compared with each other
using either measurements or landmarks (see
above). The first meticulous studies of this nature
were presented by Dodson (1975, 1976), who com-
piled numerous measurements on skulls of Late
Cretaceous hadrosaurids and the basal ceratopsian
Protoceratops. These measurements were assessed
with a battery of statistical techniques, including
multivariate analysis, which identified statistically
significant clusters of specimens that were inter-
preted as likelymales and females. Identification of
plausible sexual dimorphs corroborated earlier
ideas of Brown and Schlaikjer (1940), Kurzanov
(1972), and Hopson (1975) that the fantastic crests
of hadrosaurids and frills and horns of ceratopsians
were probably subject to sexual variation.

Additional studies soon followed on the heels of
Dodson’s (1975, 1976) pioneering analyses.
Dodson’s (1976) study of Protoceratops was fol-
lowed by a similar morphometric analysis, this
time using landmarks instead of raw measure-
ments, and similar clusters of specimens were re-
covered (Chapman, 1990). Both studies indicated
that one sex, probablymales, had a longer andwider
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frill and more prominent nasal horns. Lehman’s
(1990) morphometric analysis of Triceratops also
found significant differences in horn and frill
morphologies among what were once considered
different species, but what he argued to represent
males and females of one or two species. In partic-
ular, onemorphotype hadmore erect horns, where-
as another cluster of specimens had horns that
inclined forwards. Recent work, however, has
shown that the horn orientation of Triceratops
changed from forward-sloping to erect as an indi-
vidual becamemature (Horner andGoodwin, 2006).
This underscores a major, but understandable, flaw
in the morphometric studies of Dodson (1976),
Chapman (1990), and Lehman (1990): there was no
attempt to analyze only those specimens of a cer-
tain age class. Determining the age of a specimen
was exceedingly difficult at the time of these stud-
ies, as histological techniques that are widely used
today were not yet available. Reanalyzing these
trailblazing morphometric studies with reference
to new ontogenetic data, and assessing new case
studies in a combined morphometric and histolog-
ical framework, promise to be rich avenues for
future research on sexual dimorphism.

Morphometric techniques have been used to
assess possible dimorphism in a number of
additional studies. In another pioneering study,
Chapman et al. (1981) collected several measure-
ments on a number of specimens of the pachyce-
phalosaurid Stegoceras, subjected them to multi-
variate statistical analysis, and found evidence for
significant clusters of highly domed and more flat-
headed specimens, which they considered as plausi-
ble males and females, respectively. Weishampel
and Chapman (1990) used multivariate analysis
of femoral measurements in the ‘‘prosauropod’’
Plateosaurus to argue that subtle sexual variation
was present,whereasRaath (1990) usedmore simple
statistical techniques to identify potential dimor-
phic variation in femur robusticity in a populationof
the primitive theropod Syntarsus. Recently, Barden
and Maidment (2011) used geometric morpho-
metrics to identify twomajor classes of femur shape
in specimens of the stegosaur Kentrosaurus, which
they showed were independent of size differences
between the specimens and interpreted as sexual
dimorphism. By and large, however, these studies
suffer from the same drawbacks as those discussed

above: the simultaneous analysis of juvenile and
adult specimens, the pooling of specimens from a
wide time and geographic interval instead of a single
population, and little consideration of the deforma-
tion of specimens. Because of these issues, there is
not a single clear-cut case of sexual dimorphism that
has been unequivocally demonstrated by a morpho-
metric analysis.

Morphometrics, however, may not be the ideal
method for identifying dinosaur sex. All these anal-
yses aim to identify statistically significant clusters
of specimens that are characterized by a combina-
tion of certainmorphological features (such as erect
horns, broad frills, etc.). Even if these analyses are
able to pinpoint such clusters, it is always possible
that they reflect differences other than sex (such as
different species or ontogenetic stages). In other
words, it is not always straightforward to interpret
clustering in a morphometric plot and, with this in
mind, it is important to search for explicit features
of the dinosaur skeleton thatmay be unequivocally
linked to sex. For instance, perhaps males possess a
certain set of muscles to control their reproductive
organs that leaves a clear osteological correlate on a
bone, or the architecture of the female pelvis may
be different from that of males in order to facilitate
egg-laying. These features, if correctly identified,
would be a one-to-one correlate of sex, and would
not require large sample sizes or statistical techni-
ques to validate their reality.

Searching for explicit indicators of sex has be-
come a major theme in dinosaur research and
several suggestions have been offered. In order for
a hypothesized sexual indicator to be valid, how-
ever, there must be a convincing reason why that
feature should only be present in a male or female.
Usually this is supported by identifying the same
feature in birds and crocodiles, the closest living
relatives of dinosaurs. Applying this strict test has
helped validate some potential sexual indicators in
dinosaurs, whereas it has exposed others as invalid.
For instance, in perhaps the most familiar case in
the literature, Larson (1994) suggested that the first
tail chevron of male dinosaurs was larger than that
of females, in order to anchor the ‘‘penile retractor
muscles,’’ and occupied amore anterior position on
the tail than in females, lending females more
space for storing and laying eggs. Therefore, a
dinosaur specimen with a tiny, posteriorly posi-
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tioned first chevron could be identified as female.
However, an explicit study of chevron size and
position in living crocodiles demonstrated that the
first chevron attached in the same position along
the tail regardless of sex, and that there was no
clear difference in first chevron size or shape be-
tween males and females (Erickson et al., 2005).
Because Larson’s (1994) hypothesis cannot be dem-
onstrated in living animals, there is little reason to
believe that it can be used to identify the sex of a
dinosaur specimen. Similarly, Carpenter (1990)
suggested that female Tyrannosaurus had a wider
pelvis, especially more divergent ischia, to accom-
modate a larger passage for eggs. However, a recent
neontological study by Prieto-M�arquez et al. (2007)
showed that in living alligators it is actually males
that have a wider pelvis, and females a deeper
pelvis, but that these differences only become ap-
parent in sample sizes much larger than those
available for most dinosaur species.

Seeing as how neontological comparisons have
wounded the hypotheses of Carpenter (1990) and
Larson (1994), both of which gained considerable
currency in the dinosaur literature throughout
much of the 1990s and 2000s, the pressing question
remains: are there any clear osteological correlates

of sex in dinosaurs? Only two features remain as
unequivocal indicators of sex, although each of
these is difficult to identify in practice. First, Sato
et al. (2005) described a theropoddinosaur specimen
with fossilized eggs in its oviduct, which is an
obvious sign that this specimen is a female. How-
ever, very few dinosaur fossils are found this way,
rendering this feature essentially useless for deter-
mining the sex of the vast majority of dinosaur
individuals. Second, Schweitzer et al. (2005b) de-
scribed a bizarre, densely mineralized, highly vas-
cularized tissue lining the internal cavity of a
Tyrannosaurus femur. A similar bony tissue was
later reported in a specimen of the ornithopod
Tenontosaurus (Lee and Werning, 2008) (Fig. 5.10).
Based on extensive comparisons with living ani-
mals, Schweitzer et al. (2005b) identified this tissue
as medullary bone, a unique and ephemeral tissue
that extant birds use as an easily accessible calcium
source for shelling their eggs. As only females lay
eggs, the possession of this tissue is a surefire
indicator that a specimen is female. However, using
medullary bone to identify a female specimen also
has its difficulties. It is only present when a female
is ovulating, and therefore is not likely to be pre-
served very often in the fossil record, and its iden-

Figure 5.10Medullary bone, a unique tissue only present in ovulating females and used as a ready source of calcium for

shelling eggs, in a living pelican (A) and the ornithischian dinosaur Tenontosaurus (B). COR, outer bone cortex, composed

of compact bone, which providesmost of the structural support for the bone; EL, endosteal lamina, a thin layer of bone that

usually lines the marrow cavity (when the marrow cavity is not actively being expanded or modified); MB, medullary bone,

which in these specimens lines the marrow cavity. Note the striking similarity between the medullary bone of the pelican

and Tenontosaurus. Images copyright of Sarah Werning.
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tification requires destructive thin sectioning of
bone. More worrisome, Chinsamy and Tumarkin-
Deratzian (2009) argued that some diseases can
create pathological bony tissue that is superficially
similar tomedullary bone, and the two can easily be
confused in fossil specimens. Therefore, paleontol-
ogists are still lacking unequivocal, accessible, con-
sistent features for identifying sex in dinosaurs, and
the search for these indicators will likely continue
for quite some time.

Conclusions

Understanding and quantifying the form of dino-
saurs is critical for studies of behavior, locomotion,
feeding, and growth. New technologies such as CT
scanning and laser scanning allow paleontologists
to study the anatomy of dinosaurs, especially inter-
nal spaces such as the brain and cranial sinuses, in
unprecedented detail. Sophisticated computer soft-
ware permits the construction of digital models,

which are exceedingly useful in studies of locomo-
tion, and morphometric analysis and other statisti-
cal techniques allow the morphology of dinosaurs
to be quantified, simplified into amanageablemod-
el, and compared across large samples. This toolkit
of techniques, which is rapidly expanding and be-
coming more accessible with the advent of new
technologies, is useful for addressing two perpetual
questions in dinosaur paleontology. How big were
dinosaurs? Can we tell male and female dinosaurs
apart? Dinosaur body mass can now be estimated
with quantitative rigor using computer models and
meticulousmathematical techniques. Recognizing
differences between males and females, and identi-
fying specific specimens as belonging to a certain
sex, still remain difficult. The search for explicit
indicators of sex in the dinosaur fossil record
will likely remain a major focus of future research,
and the integration of morphometric techniques
with a greater understanding of the ontogenetic
age of individual specimens is a promising area
of study.
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6 Locomotion and Posture

How did dinosaurs move? This simple question captures the imagination of

scientists and the general public, and has spawned limitless speculation from

Hollywood animators and artists. Understanding howdinosaurs stood andmoved

is integral to understanding how they functioned as living animals, and it is no

surprise that generations of scientists have been infatuated with studying

dinosaur locomotion. Having some knowledge about posture and gait is also

essential for bringing dinosaurs to life on the big screen or in the pages of a

children’s book, and for this reason high-quality artists and animation studios are

particularly interested in the latest scientific research on dinosaur anatomy and

locomotor habits (although oftentimes Hollywood portrayals of dinosaurs are

based on a heavy dose of speculation with only a pinch of science).

Unlocking the mysteries of dinosaur locomotion is therefore one of the most

sought-after goals in contemporary dinosaur research. Several major questions

have generated significant debate. How fast and agile were dinosaurs, and

which species could run at rapid speeds?Which types of dinosaurs were bipedal

or quadrupedal, which postural condition was primitive for dinosaurs, and how

many times did each postural condition evolve independently within the

dinosaur clade? Were the long necks of sauropods held aloft, and able to reach

high into the treetops, or limited to a more horizontal posture? Could some non-

avian dinosaurs fly or glide and, if so, did they navigate the skies in the same

style as modern birds? Unfortunately, answering these questions is rarely easy.

Aside from the fact that living dinosaurs (other than birds) cannot be observed

directly, several problems hinder studies of dinosaur locomotion. Dinosaurs

came in a wide variety of shapes and sizes, so their locomotor habits cannot be

studied uniformly. More problematic, the soft tissues that power a moving

animal, most importantly muscles and ligaments, are rarely fossilized and must

be hypothetically reconstructed for dinosaurs. Finally, there is still great

uncertainty about body mass, center of mass, and structure of limb articulations
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in most dinosaurs, all of which are essential information when studying posture,

speed, and agility.

Despite these problems and uncertainties, questions about dinosaur

locomotion and posture remain interesting, relevant, and important to address.

Simply put, it is necessary to understand at least basic facts about dinosaur

movement and posture in order to study the biology of dinosaurs as living

creatures. Although many of the above uncertainties will never be completely

eliminated, dinosaur paleontologists can be honest about the limitations of the

fossil record and focus on specific tractable questions that are testable. This

chapter will outline the toolkit of methods that scientists use to study dinosaur

locomotion and test explicit hypotheses about how dinosaurs moved and stood.

Thesemethods, some of which are extremely sophisticated and utilize advanced

mathematics and the latest in computer technology, are useful in outlining the

major body postures and plausible locomotor styles employed by different

dinosaurs. They also help address a few major questions about dinosaur

locomotion and posture that have been the subject of decades of speculation and

debate. The chapter closes with a look at four issues in particular: the speed of

large carnivorous dinosaurs, the putative flying and burrowing lifestyles of some

dinosaurs, and the neck posture of sauropods.

Methods for Studying
Locomotion and Posture

Gross skeletal anatomy
Themost important source of information on dino-
saur posture and locomotion comes from the most
abundant component of the dinosaur fossil record:
the bones themselves. If a skeleton is complete
enough, it is often straightforward to determine
whether a dinosaur was bipedal or quadrupedal,
whether it was bulky or svelte, and whether it had
the long slender limbs of an agile runner or the
robust, stocky, weight-bearing limbs of a plodder.
These are only very basic observations, however,
and in reality most dinosaurs do not fall into obvi-
ous categories of ‘‘gracile’’ or ‘‘bulky,’’ or their limbs
are not clearly ‘‘robust’’ or ‘‘long.’’ It can even be
difficult to assess whether a species always, or even
occasionally, walked on either two or four limbs.
More sophisticated approaches are clearly needed
to study dinosaur locomotion in detail, but it is
always important to remember that simple obser-

vations should be considered first. For instance, it is
obvious that lithe long-legged but short-armed ther-
opods were bipeds and bulky columnar-limbed
sauropods were quadrupeds, and it is no great leap
to conclude that theropods could probably move
faster and behave more athletically than sauropods
of similar or greater size.

Other observations of gross anatomy are more
informative. For instance, there are several explicit
features commonly seen in living animals that run
fast and/or possess great endurance which enable a
far-roaming lifestyle (so-called ‘‘cursorial’’ species).
These characteristics include long limbs, longer
distal limb segments than proximal segments
(e.g., longer tibia than femur), well-developed at-
tachment sites for the protractor and retractor
musculature that powers the limb (moving it for-
ward and backward, respectively), feet (andhands in
quadrupeds) with reduced outer digits and a long
central digit, andhinge-like joints betweendifferent
segments of the limb (Coombs, 1978b; Hildebrand
and Goslow, 1998). Other features are hallmarks
of slower, more lumbering, less far-ranging species
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(so-called ‘‘graviportal’’ animals), such as robust
columnar limbs, short limbs with especially short
distal segments, and feet and hands (in quadrupeds)
that are short, stout, and arranged in a colonnade-
like semicircle to more effectively support the
weight of the animal rather than provide thrust for
rapid locomotion. If some or all of the first set of
features are present in a dinosaur skeleton, it is a
good indicator that the species in question was, in
the most general terms, athletic and capable of fast
speeds. If someor all of themoregraviportal features
are observed, it is likely that the species was slower
andhandicapped by less efficient locomotion.How-
ever, the mere possession of these features says
nothing about absolute speed.

Furthermore, the manner in which bones artic-
ulate give information on the range of motion of
certain parts of the skeleton. This is critical in
assessing many important functional questions,
such as whether the forelimbs of some putatively
quadrupedal species could rotate to the degree nec-
essary to reach the ground, whether sauropods
could raise their necks high, whether the hands of
some species were used for grasping or as a weight-
supporting hoof, and whether some species were
able to extend their limbs outward to glide or use
their limbs to dig a burrow. Range ofmotion studies
are common, and frequently implemented using
either manual manipulation of casts or computer
modeling programs (Stevens and Parrish 1999;
Carpenter, 2002: Stevens, 2002; Senter, 2006a,
2006b). However, it must always be remembered
that limb joints in a living animal are not composed
solely of bone, but also of soft tissues such as
cartilage, tendons, ligaments, and muscles, none
of which are commonly preserved in the fossil
record and must be reconstructed by researchers.
Recent work indicates that thick pads of cartilage
capped the long bones of many dinosaurs (Holliday
et al., 2010); these would have played at least some
role in joint movement, but the effect of cartilage
and other unobservable soft tissues on range and
degree of joint motion is very difficult to quantify.

Bone measurements and comparisons with living
analogues
General observations of bones and skeletons can be
informative when studying dinosaur locomotion,
but it is oftenmore illuminating to analyze the size,

shape, and strength of the bones in quantitative
detail. Meticulous information on the morphology
of bones, especially those of the limbs (which bear
the weight of the animal and propel the animal
during locomotion), can give keen insight into the
posture, relative speeds, and agility of dinosaur
species. These approaches are especially powerful
when similar information is available for living
terrestrial vertebrates whose speed and athletic
performance can be directly observed. This enables
validation of the relationship between certain ex-
plicit speeds and behaviors in living animals and
quantitative features of their limbs (such as ratios of
different limb components and measures of bone
strength). For instance, if the strength of the femur
in mediolateral bending is always above a certain
threshold in living animals that can run, itwould be
reasonable to conclude that a dinosaur with a mea-
sured bone strength above this cutoff could proba-
bly also run.

Of course, the utility of these approaches de-
pends on the choice of living analogues. Extant
mammals are usually chosen as an analogue, and
for good reason. Carrano (1998) demonstrated that
mammals, especially those of mid to large size,
share with dinosaurs an upright limb posture, slen-
der hindlimb proportions (especially the gracility of
the femur), and extremely similar ratios between
different bones of the hindlimb (Fig. 6.1). Living
birds, on the other hand, have hindlimb ratios and
dimensions quite distinct from those of living
mammals and non-avian dinosaurs, which Carrano
(1998) persuasively arguedwas due to basic postural
differences in the twogroups. Livingmammals hold
their femur more vertically during locomotion and
limbmotion is primarily driven by the hipmuscles.
On the contrary, birds exhibit a unique posture
among extant vertebrates in which the femur is
held nearly horizontally and moves little during
walking, as most limb movement occurs at the
knee joint instead of the hip. Therefore, similarities
in limb dimensions and robusticity between living
mammals and Mesozoic dinosaurs suggests that
they had similar postures and styles of locomotion,
whereas birds, despite having evolved from thero-
pod dinosaurs, had a distinct style, which may
have originated after the earliest birds diverged
from their theropod ancestors (Carrano, 1998).
Mammals are therefore the better living analogue
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for studying dinosaur locomotion (see also Carrano
and Biewener, 1999; Christiansen, 1999; Carrano,
2001). That being said, it is important to remember
that living mammals do not encapsulate the full
range of body sizes and shapes of Mesozoic dino-
saurs. Comparisons with living mammals, or any
other extant animals, are by no means a foolproof
tactic, but are surelymore explicit and testable than
speculation based on subjective observation of di-
nosaur skeletons.

Several examples of quantitative studies of dino-
saur bones, interpreted in a comparative context
with modern analogues, have been presented in the
literature. Many authors have examined bone
strength, or the ability of a limb bone to withstand
bending along its long axis (Alexander, 1985; Farlow
et al., 1995a; Christiansen, 2000a). A strength indi-
cator can be calculated by taking into account body
mass and the length and cross-sectional area of the

bone in question. Generally, animalswith relatively
larger strength indicators are able to endure progres-
sively stronger forces on the bones, suggesting pro-
gressively greater agility and speed. Comparisons of
strength indicators inmany species of dinosaurs can
help indicate which dinosaurs were likely faster
than others. Furthermore, comparisons with living
mammals can give a ballpark, qualitative estimate
for the actual speed of a dinosaur, because two
animalswitha similar posture anda similar strength
indicator probably had similar locomotor abilities.
Alexander (1985) found that the four dinosaurs he
studied–Apatosaurus,Diplodocus,Triceratops, and
Tyrannosaurus – had much lower bone strengths
than living buffaloes and ostriches, and therefore
noneof themwere likely tohavebeenabletorunfast.
Furthermore, Apatosaurus had a bone strength
value similar to that of a living elephant, suggest-
ing that the two animals had a similar athletic

Figure 6.1Mammals as modern analogues for dinosaurs. (A) Ternary plot, based on the proportions of different parts of

the hindlimb, showing that dinosaurs (qD, quadrupedal dinosaurs; bD, bipedal dinosaurs) have similar limb proportions to

living mammals (M) but quite different proportions from living birds (B). The close-ups show where specific groups of

mammals (B) and dinosaurs (C) fall out in the ternary plot. Modified from Carrano (1998). Used with permission from the

Paleontological Society.
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ability. Alexander’s (1985) calculations were based
on questionable mass estimates derived from scale
models of often incomplete specimens, but a more
recent analysis utilizing better fossil material
agreed that Tyrannosaurus could not run rapidly
(Farlow et al., 1995a). A third study analyzed a
much greater number of dinosaur species, and
found that strength indicators were larger for small
theropods, such as Coelophysis, than for large
carnivores, such as Tyrannosaurus (Christiansen,
2000a). Therefore, small theropods were probably
relatively faster than their larger cousins.

Studies of bone strength may indicate the rela-
tive speeds of dinosaurs, and perhaps a coarse esti-
mate of absolute speed by comparison to living
mammals, but the sources of potential error are
enormous. Most problematic, there it not always a
clear link between bone strength and speed in living
animals, rendering comparisons between dinosaurs
and living analogues tenuous at best (Hutchinson
and Allen, 2009). With this in mind, a second type
of quantitative analysis has aimed to understand
dinosaur locomotion more generally. Is it possible
to group dinosaurs into a series of locomotor cate-
gories akin to those often used to describe living
mammals? Extant mammals are commonly
grouped into one of four classes – cursorial, sub-
cursorial, mediportal, and graviportal – ranging
fromthe fastest,most athletic, andmost far-ranging
species (cursorial) to the slowest, most plodding,
and least far-ranging (graviportal). Although these
terms are difficult to actually define, it is generally
held that more cursorial animals have a faster top
speed, longer stride, and more stamina than more
graviportal animals. These differences in locomotor
performance are thought to be reflected in the
skeleton: more cursorial animals generally have
longer distal limb segments, gracile limb bones,
and hinge-like joints, whereas more graviportal
species have shorter and stockier limbs (see Farlow
et al., 2000 for a summary).

Coombs (1978b) attempted to assign dinosaurs
to these same four categories, by measuring the
ratios of various limb bones and using these values
to construct a morphospace into which dinosaurs
and mammals could both be plotted. He found that
sauropods and stegosaurs were graviportal and
hence among the slowest of the dinosaurs, whereas
small theropods and small bipedal ornithischians

were swift and/or far-roaming cursors. Other
dinosaurs, including large theropods, ornithopods,
and ‘‘prosauropods,’’ were somewhere in between
these two ends of the spectrum. However, Carrano
(1999) pointedout a vexingproblemwith this type of
analysis: limb ratios and other anatomical features
used to bin taxa into a locomotor category are not
discrete characters, but vary continuously. Speed
and agility also comprise a spectrum: some animals
are very fast, some slow, and there are many in
between. Therefore, it is somewhat arbitrary to
break a continuum of either limb measurements or
locomotor abilities into discrete categories.

Because of these qualms, Carrano (1999) provid-
ed an improved and updated version of Coombs’
(1978b) analysis. He used a much larger sample of
dinosaur species, a greater array of measurements,
and sophisticated multivariate techniques to take
into account information from all measurements
and condense them into a single representative
value for each taxon. These values were plotted
along a single morphospace axis, with end points
representing the fastest, most agile, far-roaming
taxa and the slowest, most lumbering, narrowest-
roaming taxa, respectively (Fig. 6.2). All dinosaurs
were plotted along this axis, and in this way their
relative locomotor abilities could be assessed in a
comparative fashion, without the need to bin spe-
cies into discrete categories. This analysis found
sauropods, ankylosaurs, stegosaurs, and ceratop-
sians to be the slowest and least agile (most grav-
iportal in traditional terminology) and many small
coelurosaurian theropods to be the fastest andmost
agile (most cursorial). Carrano (1999) also provided
a similar analysis of relative speed and agility in
living mammals, which once again illustrated that
dinosaurs and extant mammals likely had a similar
range of locomotor abilities.

Footprints and trackways
Consideration of skeletal anatomy usually gives
only a relative indication of the locomotor habits
of dinosaurs and extremely coarse estimates for
absolute speed based on comparisons to imperfect
living analogues. Fossil footprints provide a power-
ful source of data for calculating the absolute speed
of a specific animal moving at a specific moment in
time (Alexander, 1976, 1989). The stride length be-
tween individual footprints in a trackway depends
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on both the size and speed of the trackmaker. Ani-
mals that are moving faster, or those with
longer legs, will produce greater strides (Fig. 6.3). If
a researcher has information on both the spacing
between tracks and the limb length of the track-
maker, these values can be entered into the follow-
ing equation to determine an estimate of speed:

Speed ¼ 0:25ðacceleration due to gravityÞ0:5

�ðstride lengthÞ1:67 � ðhip heightÞ�1:17

It is usually difficult to know the hip height of a
specific trackmaker, because skeletons are rarely
preserved in association with tracks. In this case, it
is common to estimate the hip height as four times

the footprint length, based on a similar ratio in
living mammals and dinosaurs known from com-
plete skeletons (Alexander, 1989). Acceleration due
to gravity is reasonably assumed to be the same as
in the modern world (9.81m/s2). Inserting the nec-
essary measurements into the equation will pro-
duce a speed estimate (in meters per second) for the
trackmaker, at the time when it was making the
tracks in question.

Speed calculations based on trackways have
been compiled for several groups of dinosaurs,
and these are reviewed by Alexander (1989, 2006),
Thulborn (1990), Irby (1996), Farlow et al. (2000),
and Hutchinson (2005). As would be expected,
different trackways show that the same general

Figure 6.2 The cursorial–graviportal spectrum in dinosaurs. The single axis on the bottom denotes the relative cursorality

of dinosaur species, based on limb proportions. Those species farther to the left are relatively more cursorial than those

farther to the right. Modified from Carrano (1999), and reproduced with permission from Cambridge University Press.
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type of dinosaur could move at different speeds.
Most measured trackways, including those of ther-
opods, sauropods, and ornithopods, were made by
slow-moving animals walking at speeds of 1–4m/s
(2.2–9mph). Some exceptional trackways indicate
that ornithopods and large theropods could move
faster, perhaps up to speeds of 11–12m/s (approxi-
mately 25mph; Farlow, 1981; Day et al., 2002).
There is no clear trackway evidence, however, that
sauropods could move at this speed, or that large
theropods had a suspended phase in their locomo-
tory cycle in which both feet were off the ground at
the same time (the technical definition of running).

The use of trackways in estimating trackmaker
speed and maneuverability, although an insightful
tool, is hampered by several biases and uncertai-
nities. First, the relationship between stride length,
hip height, and speed is valid for living mammals,

but this correlationmaynot hold true for dinosaurs.
Second, even among livingmammals, there is quite
a lot of variability in the relationship between stride
length and speed. When living mammals are ob-
served and their stride lengths and actual speeds
measured, ithasbeenshownthatwhentheobserved
stride length is entered into the above equation it
may predict a speed estimate that differs from the
true speed by up to a factor of two (Alexander, 2006).
Third, the assumption that dinosaur hip height is
approximately four times the length of the footprint
is a coarse generalization.This relationshipdoesnot
hold for all dinosaur groups (Thulborn and Wade,
1984;Henderson,2003),andthesizeandshapeofthe
preserved footprint may not always reflect the true
morphology of the foot due to vagaries of preserva-
tion and the cohesiveness (or lack thereof) of the
sediment (Gatesy et al., 1999; Henderson, 2006a;
Falkingham et al., 2010).

With these caveats in mind, speed estimates
derived from trackways should not be treated as
accurate. However, at a general level, trackways can
clearly distinguish whether an animal was moving
relatively slow or fast. For instance, it is a sound
conclusion that, based on known trackways, saur-
opods could not move rapidly and large theropods
could not attain the blazing speeds portrayed in
Jurassic Park and other popular depictions.

Biomechanical modeling
The most powerful and promising method for
studying dinosaur locomotion is biomechanical
modeling (Hutchinson and Gatesy, 2006;
Hutchinson and Allen, 2009; Sellers et al., 2009;
Hutchinson, 2011) (Fig. 6.4). The advent of new
computer technology and statisticalmethodologies
now allows dinosaur speed, posture, and gait to be
studied in great detail. Digital models of dinosaurs
can be built, using information from fossilized
bones and footprints, soft tissues can be added to
the skeletal chassis, and the fleshed-out model can
be put through a range of gymnastic routines that
can help assess which types of behaviors, postures,
and speeds were realistic. A great benefit of these
approaches is that many of the uncertainties of the
fossil record can be taken into account via sensitiv-
ity analyses, which assess the degree to which
certain inferences are robust given the many
realistic biases faced by paleobiologists. Instead of

Figure 6.3 Schematic illustration showing how speed can

be estimated from trackways. The footprint outline is of the

characteristic Early Jurassic theropod ichnogenus Eu-

brontes. Footprint image modified fromMilner et al. (2009).
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building a single model or making a single calcula-
tion, researchers can perform a set of analyses that
take into account awide range of possible values for
many parameters that must be estimated from
incomplete fossil material, such as bodymass, limb
articular geometry, and soft tissue size and mor-
phology. If a certain result emerges from all or most
of these sensitivity studies – for example, the con-
clusion thatTyrannosauruswas not a fast runner or
that hadrosaurs ran more efficiently on two legs
instead of four – it can be considered strongly
supported, even more so if it dovetails with results
from the methods described above.

Many types of biomechanical models, ranging
from the simple to the mind-numbingly complex,
have been used to study dinosaur locomotion in
recent years. Some of these are two-dimensional
renderings of limited regions of the anatomy, such
as the hindlimb (Hutchinson and Garcia, 2002;
Hutchinson, 2004; Sellers and Manning, 2007).
Others utilize three-dimensional renderings of the
hindlimb (Snively and Russell, 2002; Hutchinson
et al., 2005, 2007; Gatesy et al., 2009) or the entire

skeleton (Henderson and Snively, 2004; Sellers
et al., 2009). Oftentimes these models are used to
predict the maximum speed that dinosaurs could
attain, and this has been the main focus of impor-
tant contributions by Hutchinson and Garcia
(2002), Sellers and Manning (2007), and Sellers
et al. (2009) (Fig. 6.4). Other models have been
marshaled to address specific questions, such as
the range of potential limb postures (Gatesy et al.,
2009), the size and lengths of limb muscles
(Hutchinson and Garcia, 2002; Hutchinson, 2004;
Hutchinson et al., 2005), the ability of a dinosaur to
turn at various speeds (Henderson and Snively,
2004; Hutchinson et al., 2007), and the strength of
certain bones under different locomotion-induced
stresses (Snively and Russell, 2002). Many of these
analyses build on each other and provide recipro-
cally illuminating information. Gatesy et al.’s
(2009) study of realistic limb postures, for instance,
helps provide plausible postural configurations,
which must be input as a parameter into models
that attempt to calculate speed (Hutchinson and
Garcia, 2002; Sellers et al., 2007).

Figure 6.4 The use of biomechanical modeling in studying dinosaur locomotion. (A–F) Biomechanical model of

Tyrannosaurus (from Hutchinson and Garcia, 2002 and Hutchinson, 2004): (A) joint angles used, (B) various weights

and forces on the model, and (C–F) muscle moment arms about the hip, knee, ankle, and toe joints. (G) Three-dimensional

biomechanical model based on muscle reconstruction of the right hindlimb of Tyrannosaurus, used to assess running

mechanics (from Hutchinson et al., 2005). (A–F) Reproduced from Hutchinson and Garcia (2002) and Hutchinson (2004),

with permission from Nature Publishing Group. (G) Reproduced with permission from Hutchinson et al. (2005).
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Clearly, biomechanicalmodeling is anactive area
of research and continued advances in technology
will allow more powerful, and hopefully accurate,
studies of dinosaur posture and speed. The study of
dinosaur locomotion is becoming increasingly dom-
inated by explicit, quantitative, biomechanical
modeling studies, and this is apositivedevelopment.
As persuasively argued by Hutchinson and Allen
(2009) in their excellent review of theropod biome-
chanics, the study of dinosaur locomotion has ‘‘ma-
tured’’ to the point where imprecise arguments
based solely on anatomy are getting left behind in
favor of more sophisticated modeling approaches.
Locomotion in living animals is complicated: it is
controlled by body posture, muscle and tendon dy-
namics, neurological functions, andnumerousother
constraints and parameters, only some of which are
related to hard-tissue anatomy. Simply observing,
measuring, and describing a dinosaur skeleton is not
sufficient for understanding locomotor function,
except in the most general terms. In light of the
complexities of locomotor behavior and the uncer-
tainties of the fossil record, quantitative biomechan-
icalmodeling is nowa requirement for refined study
of dinosaur locomotion.

The Evolution of Posture and
Locomotion in Dinosaurs

What are the major patterns in locomotor evolu-
tion in dinosaurs, how many times did certain
postures evolve, and how did the major groups of
dinosaurs stand and move? Questions like these
can be addressed with the toolkit of approaches
described above, including consideration of skele-
tal anatomy and reconstructed muscles, compar-
isons with living analogues, examination of
trackways, and the use of explicit computer model-
ing techniques. Information on posture and loco-
motion derived from these sources can then be
interpreted in a phylogenetic context, fleshing out
major trends and events in locomotor evolution
during dinosaur history. This is an important
exercise for understanding the origin of the postur-
al and locomotor features that are unique to birds
among living vertebrates, such as a bipedal stance
in which most hindlimb motion is centered at the

knee joint and arms that are modified into wings.
As with many ‘‘stereotypical’’ avian features,
many of these characters originated in a stepwise
fashion during the long evolutionary history of
dinosaurs, not in a profound burst of morphological
change associated with the origin of flight (Hutch-
inson and Gatesy, 2000; Gatesy, 2002; Hutchinson,
2006; Dececchi and Larsson, 2009; Hutchinson and
Allen, 2009).

Primitive dinosaurs and their closest relatives
Dinosaurs are but one member of the more inclu-
sive archosaur clade, which also includes living
crocodiles and an array of extinct species restricted
to the Mesozoic. The ancestral archosaur was a
quadrupedal sprawling animal that was probably
lightly built (Ewer, 1965; Parrish, 1987; Sereno,
1991a). Because its limbs sprawled to the side of its
body, the force generated when the feet (and hands)
contacted the ground was located lateral to the hip
joint, which would tend to deflect the femur away
from the body midline during locomotion (abduc-
tion) (see Fig. 1.15). As a result, large adductor
muscles were needed to both pull the femur inward
during the step cycle and support the bodyweight of
the animal (Hutchinson and Gatesy, 2000). This
postural andmuscular configuration changed in the
earliest dinosauromorph cousins of dinosaurs,
whosemore upright stance is reflected in their gross
skeletal anatomy and their footprint record (Sereno,
1991a; Sereno and Arcucci, 1993, 1994; Ptaszy�nski,
2000; Carrano and Wilson, 2001; Brusatte et al.,
2011a). Associated with the shift to a more erect
stance was the development of a simple hinge-like
ankle that restricted hindlimb motion to a parasa-
gittal plane, because the ancestral rotary ankle that
permits a wider range of motion necessary for
sprawlers was no longer required (Parrish, 1987;
Sereno and Arcucci, 1990; Novas, 1996) (see Figs
1.17 and 1.18). Because the limbs were now posi-
tioned directly underneath the body, the ground
force was located medial to the hip joint, which
would tend to bring the femur close to the midline
during the step cycle (see Fig. 1.15).Therefore, larger
abductor muscles were needed to pull the limbs
outward, to ensure that they did not cave inward
during locomotion (Hutchinson and Gatesy, 2000).

All dinosaurs therefore evolved from a common
ancestor thatwalked upright and had large femoral
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abductor muscles to support the body. Further-
more, this ancestor would have had extensive
hindlimb retractor muscles, which stretched from
the long tail through the deep brevis fossa on the
ventral surface of the ilium (a diagnostic feature of
dinosaurs) and the fourth trochanter of the femur
(Gatesy, 1990). The protractor muscles, which
bring the limb forward, and the extensor muscles,
which support body weight and straighten the
limb, were also quite large, as indicated by the
large and rugose femoral lesser trochanter to
which they attached. As is evident by the large
amount of muscle attaching to the pelvis, most of
the motion between individual components of the
hindlimb was centered at the hip joint. This basic
bauplan – large abductor muscles, large protractor
and retractor muscles, and hip-driven locomotion
– was probably the ancestral body type for each of
the three major dinosaur clades (theropods, saur-
opodomorphs, and ornithischians). However, sev-
eral postural and myological modifications
occurred within these groups, as will be reviewed
below. One of themost common series of changes,
which evolved in parallel many times in different
groups, involved enlargement of the lesser tro-
chanter and elongation of the ilium, both of which
served to further expand the protractor muscles
(Carrano, 2000).

However, one very important feature of the
common dinosaurian ancestor remains unknown.
It is unclear whether this ancestor was bipedal
(habitually or occasionally) or quadrupedal, as
some of the closest relatives to dinosaurs walked
on two legs and others on four (Sereno andArcucci,
1993, 1994; Dzik, 2003; Nesbitt et al., 2010; Bru-
satte et al., 2011a). It is also unclear exactly how
fast this common ancestor was, and what modern
analogue it may compare to. Some trackways of
close dinosaurian relatives exhibit large stride
lengths, suggesting that at least some dinosaur
cousins, and perhaps the common ancestor itself,
were capable of high speed and agility (Ptaszy�nski,
2000; Brusatte et al., 2011a). Whether these early
dinosaurs and close relatives were any faster or
more agile than contemporary bipedal andupright-
walking crocodile-line archosaurs, such as Effigia
andPoposaurus (Nesbitt andNorell, 2006; Schach-
ner et al., 2011a), is difficult to assess, but demands
further study.

Ornithischians
The earliest ornithischians known from the
fossil record were small, slender, bipedal animals
(Thulborn, 1972;Norman et al., 2004c; Butler et al.,
2007).More derived ornithischians, however, diver-
sified into a dizzying array of shapes and sizes.
Locomotor and postural evolution in or-
nithischians has been the subject of much less
research than that devoted to saurischians, but
several general trends are apparent.

Obligate quadrupedalism evolved at least twice
in ornithischians: once in thyreophorans and once
in ceratopsians (Coombs, 1978b; Sereno, 1997;
Carrano, 1998). Basalmembers of these clades were
bipedal, or perhaps facultatively quadrupedal (i.e.,
they could walk on two or four legs, depending on
their speed and conditions of the substrate). More
derived members of each group evolved both a
quadrupedal body posture and large body size,
although it is unclear if the two are correlated.
However, their postures differ in detail. The hands
and feet of stegosaurids, and probably ankylosaur-
ids as well, are modified into stout, compact,
weight-bearing structures (Galton and Upchurch,
2004b; Vickaryous et al., 2004; Senter, 2010). In
particular, the metacarpals of stegosaurs are ar-
ranged in a vertical, tube-like colonnade, as is also
the case in colossal sauropods and many living
mammals that cannot run fast and which use their
limbs primarily for weight support (Senter, 2010). It
is no surprise, therefore, that Carrano’s (1999) mul-
tivariate study of limb measurements found stego-
saurs and ankylosaurs to be among the most
graviportal dinosaurs (Fig. 6.2).

Ceratopsians, on the other hand, have more
elongate and gracile hands and feet that are not
arranged in a compact colonnade, and these seem to
have been retained from smaller, more cursorial,
and probably bipedal ancestors (Fujiwara, 2009)
(Fig. 6.5). Evidence from narrow-gauge trackways
and articulations between well-preserved limb
bones indicate that ceratopsians probably held
themselves with an upright posture and did not
sprawl as was long thought (Paul and Christiansen,
2000; Fujiwara, 2009) (Fig. 6.5).Whether thismeans
that ceratopsians could run rapidly, using a ‘‘rhino-
like’’ style as hypothesized by Paul and Christian-
sen (2000), is open to debate. However, Carrano
(1999) found ceratopsians to be somewhat interme-
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diate on the cursorial–graviportal spectrum, and
more cursorial than stegosaurs, ankylosaurs, and
sauropods (Fig. 6.2). Therefore, it is likely that
ceratopsians were blessed with at least moderate
speed and maneuverability.

Several other clades and grades of ornithischians
were probably facultatively quadrupedal, including
derived ornithopods such as hadrosaurids and igua-
nodontids (Fig. 6.6). Basal ornithopods such asHyp-
silophodon were generally small, slender, bipedal,
and able to achieve high speeds, judging by their
long distal hindlimbs and elongate feet with promi-
nent central digits (Galton, 1974; Norman et al.,
2004a). In contrast, the overall skeletalmorphology
ofmore derived ornithopods, such as iguanodontids
and hadrosaurids, is indicative of a less cursorial
animal that could walk quadrupedally, at least at
times (Fig. 6.6). The forelimb is proportionally lon-
ger relative to the hindlimb than in basal ornitho-
pods and anchored robust muscles (Dilkes, 2000).
The hands have three prominent central digits
which end in blunt hoof-like unguals, and excep-
tionally preserved soft tissue impressions indicate
that these digits were bound together into a single
functional unit. The outer digits, however, were
smaller and not bound together, and likely retained
some grasping function. The feet of these derived
forms were heavily modified relative to the slender

cursorial morphology in basal taxa. The individual
metatarsals and phalanges are stouter and more
robust and the unguals are modified into hooves
(Moreno et al., 2007) (Fig. 6.6). Finally, a litany of
footprint evidence indicates that some derived or-
nithopods walked bipedally and some quadruped-
ally, and that they could even switch postures
during a stroll (Lockley, 1992; Lockley and Hunt,
1995; Wright, 1999).

This battery of evidence strongly suggests that
derived ornithopods couldwalk bipedally and quad-
rupedally, had hands that were used for bothweight
support and grasping, andwalked on the tips of their
toes (unguligrade posture) instead of on their entire
pedal digits (digitigrade posture). Regardless of
whether an ornithopod was walking bipedally or
quadrupedally, it is likely that these animals were
capable of attaining high speeds. Carrano (1999)
found large ornithopods to occupy an intermediate
position on the cursorial–graviportal spectrum, in a
similar position as large-bodied theropods and some
‘‘prosauropods’’ (Fig. 6.2). Measured trackways in-
dicate that some ornithopods moved at speeds of
approximately 8m/s (about 18mph; see review in
Hutchinson, 2005), whereas computer biomechan-
ical models suggest that maximum speeds may
have been as high as 17m/s (38mph), which is
much greater than the predicted maximum speed

Figure 6.5 The body posture and locomotion of Triceratops. The upright posture of this familiar quadrupedal ornithischian,

revealed by new fossil discoveries, is shown in anterior (A, B) and left lateral (C, D) views. Modified from Fujiwara (2009),

and reproduced with permission.
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of large theropods (Sellers et al., 2009). It is unclear
whether these animals could move faster as bipeds
or quadrupeds, although the computer models find
equivocal evidence for faster bipedal speeds. Foot-
prints, however, suggest that bipedalism may have
beenmore commonat lower speeds (Lockley, 1992).
Clearly, this question remains open and deserves
further study.

Sauropodomorphs
There is no doubt that enormous sauropods such as
Brachiosaurus and Diplodocus were slow lumber-
ing animals incapable of the speeds achieved by
bipedal theropods and ornithischians (Fig. 6.7).
The limbs of sauropods are columnar, the distal
limb segments are short and stocky, and the hands
and feet are arranged in compact colonnades, all of
which demonstrate that sauropods prioritized body
support over cursorial locomotion (Upchurch et al.,
2004; Henderson, 2006b). This is no surprise, given
that some species may have reached absurd masses
of 75 tonnes or greater (Alexander, 1985, but see

Figure 6.6 The body posture and locomotion of ornithopods: (A–C) still shots of a digital model of the hadrosaurid

Edmontosaurus in different poses (hop, gallop, and run, respectively); (D) schematic illustrating a simplified phylogeny of

ornithischians with digitigrade and subunguligrade forms indicated. Images (A–C) courtesy of Dr William Sellers and

modified from the model presented by Sellers et al. (2009); image (D) modified from Moreno et al. (2007), and reproduced

with permission.

Figure 6.7 The body posture and locomotion of sauropods.

Computer models of Diplodocus and Brachiosaurus in

dorsal and lateral view, used by Henderson (2006b) to

study aspects of sauropod locomotion. Images courtesy of

Dr Don Henderson.
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above). Carrano (1999) found sauropods to be the
most graviportal of dinosaurs (Fig. 6.2), and foot-
print evidence indicates that sauropods commonly
walked at speeds of 1–2m/s (2–4mph), which is an
order of magnitude lower than the speeds implied
by some trackways of theropods and ornithischians
(Alexander, 1989; Hutchinson, 2005).

All sauropods were quadrupedal, and although
they likely were able to rear up on their hindlegs to
avoid predators or gain access to treetop vegetation,
it would have been impossible for any species to
walk bipedally for more than a few steps. So-called
‘‘manus-only’’ trackways raise the intriguing pos-
sibility that sauropods may have, at least occasion-
ally, immersed themselves in water, whose
buoyancy would have tipped the animal forward
so that only its handsmade contact with the lake or
seabed (Lee and Huh, 2002). Perhaps sauropods
ventured into water to feed on aquatic plants, or
for some other reason. However, Henderson (2004)
cautioned against an aquatic interpretation of ma-
nus-only trackways by mathematically showing
how the large bulk of sauropods would have made
them extremely unstable, and liable to tipping
belly-up, in water. Furthermore, Falkingham et al.
(2011) used computer simulations to demonstrate
that quadrupedal sauropods walking on firm
ground could produce manus-only trackways in
certain situations, such as when more weight is
being held by themanus than by the pes. Therefore,
manus-only trackways are not clear evidence of
aquatic habits.

Although the locomotor habits of sauropods are
generally well understood, many questions remain
about the posture and speed of ‘‘prosauropods,’’ the
basal grade of sauropodomorphs thatwere extreme-
ly common in the Late Triassic and Early Jurassic.
The most basal sauropodomorphs, such as Satur-
nalia and Thecodontosaurus, were probably biped-
al, due to their gracile hindlimbs with long distal
segments and relatively short forelimbs (Upchurch
et al., 2004). The locomotion and posture of larger
and more derived ‘‘prosauropods,’’ such as Plateo-
saurus, Massospondylus, and Melanorosaurus, are
more difficult to reconstruct, and scientists have
long disagreed about their locomotor habits. These
species generally have proportionally longer fore-
limbs than basal sauropodomorphs, but these were
not modified for weight support as in sauropods

and, as shown by recent computer modeling of
Plateosaurus, had such a small range of motion
that they may not have been able to reach the
ground, at least in some taxa (Mallison, 2010a,
2010b) (see Fig. 5.4). Additionally, Plateosaurus
apparently could not pronate its wrists, meaning
that the hand could not rotate to contact the ground
(Bonnan and Senter, 2007). However, other ‘‘pro-
sauropods’’ were capable of pronation (Bonnan and
Yates, 2007). These species, which also had longer
forelimbs, were surely capable of quadrupedalism
at least occasionally. Footprint evidence also sug-
gests that some ‘‘prosauropods’’ could walk quad-
rupedally, although it is difficult to identify the
tracks of basal sauropodomorphs with certainty
(Baird, 1980).

In sum, current evidence indicates that some
‘‘prosauropods’’ could walk only bipedally, others
could walk quadrupedally (either some or most of
the time), and the most derived species, which are
the closest relatives to true sauropods, were re-
stricted to a weight-bearing, columnar, quadrupe-
dal stance (Bonnan and Yates, 2007). Locomotor
features among basal sauropodomorphs therefore
evolved in a piecemeal fashion, culminating in the
aberrant body plan of sauropods. With this inmind,
it is foolish to attempt to group all, or even most,
‘‘prosauropods’’ into a few discrete locomotor and
postural categories. Indeed, Carrano’s (1999) mul-
tivariate study indicates that ‘‘prosauropods’’ pos-
sessed a wide range of locomotor abilities, as they
are spread out across a large swath of the cursor-
ial–graviportal spectrum (Fig. 6.2). Most species are
somewhat intermediate on this plot and none fall
on the cursorial side. Those ‘‘prosauropods’’ that
were bipedal were likely among the slowest (least
cursorial) of all bipedal dinosaurs. However, qua-
drupedal species were among the most cursorial of
the dinosaur quadrupeds, and likely much swifter
and more agile than thyreophorans, ceratopsians,
some ornithopods, and all sauropods.

Theropods
The vast majority of published studies of dinosaur
locomotion focus on theropods, undoubtedly due to
perpetual interest in the origin of birds and the
advent of unique avian functions such as flight,
wrist folding, and knee-driven hindlimb mechan-
ics. The evolution of avian-style locomotion was
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the subject of masterful reviews by Gatesy (2002)
and Hutchinson and Allen (2009), whereas more
general issues of non-avian theropod locomotion
were summarized by Farlow et al. (2000). These
papers should be consulted for detailed informa-
tion, but their overarching themes are twofold.
First, most non-avian theropods probably stood and
moved in a similar manner. Second, individual
components of the signature avian flight stroke and
knee-driven hindlimb system evolved piecemeal
across the theropod family tree, not in a sudden
burst of anatomical transformation associated with
the origin of birds. These conclusions have emerged
from decades of careful study, based on the integra-
tion of anatomical data, computer modeling ap-
proaches, and a well-understood phylogenetic
framework. Studies of theropod locomotion also
benefit from one great asset not available for or-
nithischians and sauropodomorphs: living birds,
the descendants of Mesozoic theropods, can be
studied directly in the lab and the wild. This pro-
vides an empirical framework for interpreting pos-
tures, speeds, joint articulations, bone strengths,
muscle masses, and many other important aspects
of locomotion in dinosaurs, which otherwise must
be studied in a more hypothetical manner.

All non-avian theropod dinosaurs possessed the
same general body plan: they were bipedal, stood
upright, walked on their digits, and but for a few
exceptions had gracile hindlimbs and three func-
tional toes that impacted the substrate during loco-
motion. Interestingly, despite a great range in body
size,Mesozoic theropods had very little variation in
their hindlimbproportions, at least compared to the
great variety of limb proportions present in living
birds (Gatesy andMiddleton, 1997). In other words,
the non-avian theropod body plan was quite con-
servative, and all (or most) species were well
adapted for agile bipedal locomotion. Indeed, ther-
opods possess a full complement of cursorial skele-
tal features, such as long and gracile hindlimbswith
especially elongate distal elements, and it is no
surprise that they are found to be themost cursorial
dinosaurs in Carrano’s (1999) multivariate study
(Fig. 6.2). That being said, Carrano (1999) showed
that theropods occupied a wide spread on the
cursorial–graviportal spectrum, and some larger
species were approximately as cursorial as ‘‘pro-
sauropods’’ and many ornithopods. Although all

theropods had cursorial features, it seems as if big
theropods were the least cursorial, whereas small
theropods were more cursorial.

Exactly how fast, in absolute terms, were non-
avian theropods? Trackway and computer simula-
tions suggest that theropods were probably, on
average, the fastest of all Mesozoic dinosaurs.
Some exceptional tracksites indicate that some
species could run at speeds of more than 12m/s
(equivalent to 27mph) (Farlow, 1981; Alexander,
1989; Thulborn, 1990; Irby, 1996; Day et al., 2002).
The great majority of tracksites, however, record
the motion of walking theropods that sauntered at
speeds of 2–7m/s (approximately 4–16mph).
Therefore, trackways are agnostic about the maxi-
mum attainable speeds of theropods (or any dino-
saurs, for that matter), and are insufficient for
determining whether theropods were usually fas-
ter than their contemporaries, including potential
prey species.

These questions can be addressed using innova-
tive computer simulations presented by Sellers and
Manning (2007). They estimated the absolute speed
of five theropods using two-dimensional bio-
mechanical models of the hindlimb, whose joint
motions and soft tissues were varied using sensitiv-
ity analyses. Their results suggested an inverse
relationship between body size and speed: the
tiny theropod Compsognathus had an estimated
maximum speed of 18m/s (40mph), whereas
Tyrannosaurus was estimated at 8m/s (18mph).
A follow-up study found that the hadrosaurid Ed-
montosaurus, a contemporary of Tyrannosaurus,
potentially reached speeds of 17m/s (38mph)
which, if true,means thatTyrannosaurus could not
outrun at least one potential prey species (Sellers et
al., 2009). It is important to remember that these
models have limitations – for instance, the feet and
toes are represented by a single point without mus-
cles and tendons, and all tendons are represented as
the same length, regardless of pose – so their results
should be treated as rough estimates instead of
precise truths. However, these results are currently
the best available and are based on themost sophis-
ticated and powerful set of explicit methods. Fur-
thermore, the sensitivity analyses of Sellers and
Manning (2007) indicate that their margin of error
for any estimate ofmaximumspeed is approximate-
ly 50%, which although seemingly high, is much

148 L O C O M O T I O N A N D P O S T U R E



better than the 200% error margin for speed esti-
mates based on trackways (Alexander, 1989, 2006).

The evolution of ‘‘avian’’ locomotor characters on
the line to birds
The dense fossil record of theropod dinosaurs, cou-
pledwith theirwell-understood genealogy, presents
paleontologists with a remarkable opportunity to
understand the evolution of ‘‘stereotypical’’ avian
locomotor habits. Birds are unique among living
vertebrates in their forelimb flight stroke, powered
by enormous arms that can fold against the body
when not in use, and a knee-driven style of hin-
dlimb locomotion in which the femur is held hori-
zontally and most back-and-forth limb motion
occurs at the knee (not the pelvis). How exactly
did these novel locomotor strategies evolve? Did
they originate in birds or their immediate ances-
tors, or were they also present, either in total or in
part, in the theropod ancestors of birds? If the latter
is true, how were the individual components of
these locomotor systems – the numerous anatomi-
cal features working in concert to enable flight and
the knee-driven stance – assembled into the coher-
ent, highly derived flight stroke and knee-driven
hindlimb posture of living birds? Thesemajor ques-
tions have been the focus of decades of research. As
has been articulated by the expert reviews ofGatesy
(2002) and Hutchinson and Allen (2009), it is clear
that these signature avian locomotor strategies did
not evolve quickly or in association with the origin
of birds, but were rather pieced together, little by
little, over millions of years of theropod evolution,
eventually culminating in the stereotypical loco-
motor functions of living birds. Here, some major
patterns in locomotor evolution on the line to birds
are reviewed, but readers should consult the above
papers for more details.

The powered flight of living birds is enabled by a
suite of anatomical features, including elongate
forelimbs that can move with a wide range of
motion, awrist that folds thewing against the body,
and aerodynamic flight feathers (Middleton and
Gatesy, 2000; Gatesy, 2002). Exactly how the flight
stroke evolved – in other words, how non-flying
theropods developed into animals capable of taking
to the skies – has been the subject of endless debate
and speculation. For decades the debate centered on
a simple dichotomy: did flight evolve in cursorial

ground-dwelling theropods (‘‘ground-up’’) or arbor-
ial gliding theropods (‘‘trees-down’’) (Gauthier and
Padian, 1985; Padian and Chiappe, 1998; Shipman,
1998;Gatesy, 2002;Dial, 2003a, 2003b;Hutchinson
and Allen, 2009; Dececchi and Larsson, 2011). This
interminable debate is now recognized as simplis-
tic, outdated, and based on a false dichotomy be-
tween arboreal and cursorial origin theories.

It is likely that the origin of avian flight, or more
properly the origin of the avian flight stroke, ismore
complicated. Primitive theropods were undoubted-
ly ground-dwelling animals that used their hands to
catch and grasp prey. Some of this arm and wrist
mobility was surely retained in birds, but further
modifications were needed to enable a coherent
powered flight stroke. The observation that juve-
nile extant birds can use even rudimentarywings to
help ascend steep slopes, because wing-flapping
forces literally push the animal against the sub-
strate, provides an exciting new way of thinking
about the origin of flight (Dial 2003a, 2003b; Dial et
al., 2008). When behaving this way, birds do not
simply ascend from the ground or descend from the
trees, but exhibit something of a combination be-
havior: they are using flapping motions to run, but
also maintain balance on a complex three-dimen-
sional substrate (analogous to an arboreal canopy).
This suggests that flight could have originated in
almost any non-aquatic setting on earth, obviating
the need for a simple ground-up/trees-down dichot-
omy. The origin of avian flight therefore remains an
open question.

In any case, the focus here is not on the origin of
the flight stroke itself, but the origin and evolution
of the major anatomical components that power
avian flight. Most of these components were
assembled piecemeal throughout theropod evolu-
tion. Feathers originated in much more primitive
theropod dinosaurs, or perhaps even more primi-
tive archosaurs, andhad already developed into the
large, complex, vaned aerodynamic structures re-
quired for flight before the origin of birds (Xu and
Guo, 2009). Although the forelimbs of theropods
such as tyrannosaurids and abelisaurids were com-
ically atrophied, there is a general trend in forelimb
elongation along the line to birds, so much so that
themost primitive birds have forelimbproportions
essentially indistinguishable from those of derived
non-avian theropods such as dromaeosaurids
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(Middleton and Gatesy, 2000). Similarly, the de-
gree to which the wrist can fold against the body
also progressively increased along the line to birds.
Wrist folding in living birds is due to two anatomi-
cal features: the wedge-like shape of one carpal
bone (the radiale) and the highly convex proximal
end of the fused carpal–metacarpus complex. This
deep convexity is present in all coelurosaurian
theropods, whereas the radiale became incremen-
tally more wedge-shaped across theropod phylog-
eny (Sullivan et al., 2010). Finally, the range of
motion of the theropod forelimb also underwent
several important changes on the line to birds. The
proximal joints, including the joints between the
pectoral girdle and humerus and humerus and
antebrachium, exhibited progressively increased
flexibility in more derived theropods (Senter,
2006a, 2006b). However, the individual joints of
the hand became less flexible, suggesting that the
manuswas departing from its ancestral function as
a primary grasping organ in predation (Carpenter,
2002; Senter, 2006a, 2006b). The hands of living
birds are essentially useless in grasping, but rather
anchor primary flight feathers that provide much
of the thrust during the flight stroke. Because of all
these gradual changes along the line to birds, it is
currently very difficult to draw a line between
birds and non-avian theropods, or to determine
exactly where on the theropod family tree flight
evolved.

The unusual knee-driven hindlimb system of
birds was also assembled piecemeal throughout
theropod evolution. Several individual components
are integral to this style of locomotion: a horizontal
femur, which is largely immobile and must be
resistant to strong torsional forces, extremely long
distal hindlimb segments, large knee flexor and
extensor muscles but reduced femoral retractors,
and amore forward-positioned center ofmass.Most
theropods have cursorial limb proportions, so the
elongate distal hindlimbs of birds are inherited from
a distant theropod ancestor (Gatesy andMiddleton,
1997; Carrano, 1999). No non-avian theropods pos-
sess the short, stout, robust femur of living birds, so
it seems as if the immobile horizontal femur so
characteristic of extant avians developed after the
origin of birds (Carrano, 1998). However, the size of
various hindlimb muscles and the position of the
center of mass underwent demonstrable changes

during theropod evolution. The femoral retractor
muscles,which stretch fromthe tail to the posterior
surface of the femur, were clearly reduced along the
line to birds, as more derived theropods have incre-
mentally shorter tails and a less prominent muscu-
lar attachment site on the femur (Gatesy, 1990).
These changes, alongwith the increasing size of the
forelimb, would have progressively shifted the cen-
ter of mass further forward, culminating in the
posture of living birds, which balance their weight
over their knee and not their hips (Gatesy, 1990,
2002; Farlow et al., 2000).

Gatesy and Dial (1996) summarized all these
changes, in both forelimb and hindlimb anatomy
and function, by discussing so-called ‘‘locomotor
modules’’ (Fig. 6.8). These modules are defined as
integrated portions of the muscular and skeletal
systems that act as functional units during loco-
motion, and are a conceptually useful way to think
about the myriad major changes that occurred as
non-flying predatory theropods evolved into small
volant birds. Their main idea is that basal non-
avian theropods possessed a single locomotor
module: they used their hindlimbs for propulsion
and their tail for balance, and their forelimbs
played no role in locomotion. The origin of avian
flight, however, involved the superposition of a
second locomotor module onto this primitive bau-
plan, as well as changes to the initialmodule itself.
This second module consisted of the elongate and
feathered arms thatwere capable of powered flight,
whereas themodifications to the cursorial module
involved decoupling into separate pelvic and cau-
dal modules, which involved changes to the tail
and pelvis. In primitive theropods the tail was a
counterbalance to the large front of the body (in-
cluding the big pelvic muscles), and was thus
intimately associated with bipedal locomotion. In
birds, however, the elongation of the forelimbs
moved the center of mass forward, over the knee,
and the tail shortened as a result. Therefore, in
birds, the size and shape of the tail is closely
affiliated with the size and position of the fore-
limbs, not the pelvis. These major changes did not
happen overnight, but were assembled bit by bit
across the theropod family tree and over tens of
millions of years of evolution. This is the single
greatest revelation of decades of research on the-
ropod locomotion.
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Some Major Questions
about Dinosaur Locomotion

Could large theropods run fast?
An enduring debate in both scientific and popular
circles is whether Tyrannosaurus rex and other
colossal theropods were capable of fast speeds. Old
reconstructions commonly depicted large thero-
pods as stocky lumbering creatures whose tails
drooped onto the ground, but newer portrayals
often present these 5-tonne carnivores as active
energetic dynamos capable of great speed and agili-
ty. This trend reached its climax in the movie
Jurassic Park, in which Tyrannosaurus is famously
shown chasing down a jeep moving at highway
speeds. Is this landmark movie scene plausible?
This is an interesting question to answer, notmere-

ly for the novelty of proving Hollywood producers
wrong or the excitement of studying a celebrity
species, but also because it may reveal general in-
sights about how enormous terrestrial bipeds func-
tioned as living animals. This question, obviously,
is intractable by studying modern species only,
because nothing on the scale of Tyrannosaurus
exists today.

All explicit evidence, ranging from studies of
trackways to sophisticated statistical and computer
modeling analyses, agrees that Tyrannosaurus and
other large theropods could not run at high speeds.
Maximum speed was probably in the ballpark of
about 5–11m/s (11–25mph) and Tyrannosaurus
probably could not run in the strict sense (i.e., it
probably did not have an aerial phase in its step
cycle, even at its maximum speed). No known
trackways of large theropods indicate speeds greater

Figure 6.8 Locomotor modules in theropods, and changes in these modules during the dinosaur–bird evolutionary

transition. (A) Schematic showing the change from one to three locomotor modules during the evolution of birds. (B)

Comparison of muscle activity in a salamander with one locomotor module (note that various muscles from all over the

skeleton are firing at once) and a pigeon with three locomotor modules (note the orderly progression of muscle activity

divided into three regions, with pelvic muscles active during walking and pectoral and caudal muscles active during

flight). Modified from Gatesy and Middleton (1997) and Gatesy and Dial (1996), and reproduced with permission.
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than this (Alexander, 1989; Irby, 1996), and al-
though it is always possible that running trackways
are simply missing from the fossil record, several
recent computer simulations agreewith the general
speeds indicated from footprints (e.g., Hutchinson
and Garcia, 2002; Sellers et al., 2007). The clever
biomechanical analysis of Hutchinson and Garcia
(2002) is perhaps the most convincing: using com-
putermodels that take into account information on
limb orientation, center of mass, and muscle mo-
ment arms (lengths), they demonstrated that Ty-
rannosaurus would have needed impossibly large
limb extensor muscles, comprising an absurd 86%
of total body mass, to power rapid locomotion
(Fig. 6.9). Critically, their biomechanical model
gives valid results for living animals and incorpo-
rates sensitivity analyses that allow several uncer-
tain parameters to vary,which in this case indicated
that their conclusion was robust to major uncer-
tainties. Subsequent studies have agreed that
Tyrannosaurus and other large theropods could not

run at speeds of more than 11m/s (25mph) (Sellers
et al., 2007), could only turn very slowly because of
their large bulk (Hutchinson et al., 2007; see also
Carrier et al., 2001), and had small limb muscles
that would have been inadequate to power rapid
locomotion (Hutchinson, 2004; Hutchinson et al.,
2005). Furthermore, older studies of bone strength
had also suggested that large theropods could not
move particularly fast (Alexander, 1985; Farlow et
al., 1995a; Christiansen, 2000a).

Some authors have argued that Tyrannosaurus
and other large theropods were faster and more
athletic than footprints and computer models sug-
gest, but no explicit and quantitative evidence un-
derlies these claims. Paul (1988, 2000, 2008)
asserted that Tyrannosaurus could run as fast as,
or even faster than, living rhinoceroses and horses,
perhaps up to 20m/s (45mph). This argument
hinges on two general aspects of large theropod
anatomy: their cursorial limb proportions and as-
sumed ‘‘permanently flexed’’ rather than columnar

Figure 6.9 Biomechanical evidence suggesting that Tyrannosaurus was not capable of running fast. (A) Plot comparing

the muscle mass and body mass of Tyrannosaurus and living animals. Open circles denote the percentage of body mass

taken up by the leg muscles in living animals and the triangles denote howmuch muscle mass is needed in all theoretical

digital models of animals running at fast speeds. The horizontal line (15% of body mass occupied by limb muscles)

shows the largest known percentage of body mass occupied by the limb muscles (in living ostriches and emus). Note

that all digital models of fast-running Tyrannosaurus require a greater proportion of body mass incorporated into

the limb muscles than is known in any living animal, rendering it unlikely that tyrannosaurids could run rapidly. (B)

Plot showing potential mid-stance running poses for Tyrannosaurus. Slow running poses, depicted by the dark black

cloud with numbers 1–4, are restricted to a narrow wedge of configuration space, which is defined by the angles at

various joints (the gray regions are projections of this wedge of configuration space onto two-dimensional planes).

Four extreme slow running poses are depicted and plotted on the graph: 1 (50� hip, 108� knee, 132� ankle), 2 (50�, 109�,
149�), 3 (70�, 141�, 142�), 4 (61�, 139�, 168�). Modified from Hutchinson (2004) and Gatesy et al. (2009), and reproduced with

permission.
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limbs (the latter of which are seen in large living
animals that cannotmove fast). However, as shown
by Carrano (1999), the limb proportions of dino-
saurs and mammals span a vast continuum and
have no clear relationship with absolute speed.
Even a ‘‘cursorial’’ animal, especially a colossal one,
need not run at a sprinter’s pace. Furthermore, large
theropods like Tyrannosaurus evolved from smal-
ler, clearly fast-running ancestors, so it is likely
that their cursorial limb proportions reflect evolu-
tionary baggage rather than adaptation. It is also
simplistic, and speculative, to conclude that Tyran-
nosaurus had a permanently flexed limb. Any limb
can undergo a wide range of poses andmotions, and
there is no clear reason why a flexed posture is any
more reasonable than other positions. Indeed, the
recent quantitative study of Gatesy et al. (2009),
which assessed millions of possible poses for
Tyrannosaurus, found that a permanently flexed
posture was unlikely (Fig. 6.9). The geometry of
individual joints, in concert with the size and
position of hindlimb muscles, simply would not
have allowed Tyrannosaurus to maintain such a
posture, despite the fact that it seems plausible
when observing the dry bones of a skeleton in
isolation. Instead, it is apparent thatTyrannosaurus
had something of an intermediate posture, between
a crouched bird-like stance and a straight-legged
columnar gait.

Therefore, it is simply not possible to make a
general argument about large theropod locomotion
armed with a few quick measurements, superficial
consideration of jointmotion based solely on bones,
and vague comparisons to modern analogues. As
forcefully argued by Hutchinson and Allen (2009),
in a summary of this debate which they describe as
‘‘tiring,’’ the question of how large theropodsmoved
is ultimately a quantitative, not a qualitative, issue.
Explicit quantitative techniques, which take into
account a range of parameters that can be subjected
to sensitivity analyses, are the only proper methods
for answering this question. Importantly, all such
studies agree that large theropods were not Olympi-
ansprinterscapableofoutrunningspeedingvehicles.

Could some non-avian theropods fly?
Birds evolved fromtheropoddinosaurs, so the origin
of flight itselfmust have occurred somewhere along
the theropod–bird evolutionary lineage. Did flight

originate in birds, or could some non-avian thero-
pod dinosaurs themselves fly? If so, could they
achieve powered flight as in living birds or were
they restricted to passive gliding? These questions
are difficult to answer, but exciting new fossil
discoveries over the past decadehave revealed some
startling surprises. Indeed, the possibility that some
non-avian theropods could glide or fly has been
bolstered by the discovery of four-winged theropods
and several non-avian species that are remarkably
similar in anatomy and body size to early birds.

The biggest bombshell was the discovery of Mi-
croraptor gui, a small dromaeosaurid theropod from
the Early Cretaceous of China that bears large,
vaned, pennaceous feathers on both the forelimb
and hindlimb (Xu et al., 2003). This discovery was
completely unexpected: up until this point, com-
plex aerodynamic feathers were only known to be
present on the forelimbs of true birds and their
closest dinosaurian relatives, as in living birds these
types of feathers comprise an airfoil that is used to
generate lift during the flight stroke. The presence
of such feathers in Microraptor suggested two pro-
vocative hypotheses. First, Microraptor itself – a
tiny, 80-cm, 1–3kg non-avian theropod – was per-
haps able to fly or glide, probably by using its limbs
as gliding airfoils. Second, the presence of a dense
network of complex hindlimb feathers suggests
that the hindlimb was also used as a lift-generating
airfoil, raising the intriguing possibility that birds
passed through a transitional ‘‘four-winged’’ stage
during the evolution of flight (Fig. 6.10).

Testing these hypotheses, however, has proven
more difficult. Although it is almost certain that
the size, complexity, and overlap of the hindlimb
feathers would have conferred some aerodynamic
benefits, it is unclear if these feathers actually
formed a coherent airfoil that could generate large
amounts of lift (Padian, 2003). Two biomechanical
investigations that have subjectedmodels ofMicro-
raptor to computer and catapult launch studies
have both concluded that glidingwas possible, with
the hindlimbs held either obliquely (Chatterjee and
Templin, 2007) or straight laterally (Alexander et
al., 2010). However, because all known specimens
ofMicroraptor are smashed flat on limestone slabs,
it is quite difficult to reconstruct the orientation of
the hindlimb feathers and the range ofmotion of the
hindlimb joints. Although perhaps unappreciated,
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these uncertainties render any modeling study ten-
uous at best. For instance, the study of Alexander
et al. (2010) is fatally flawed because the hindlimbs
are modeled as projecting laterally, but this is sim-
ply impossible given the presence of various bony
processes (supracetabular crest and antitrochanter
of the ilium) that prevent splaying of the hindlimbs
in theropods (Norell and Makovicky, 1997). Even
though the known fossil material ofMicroraptor is
crushed, these features were clearly visible but
ignored by the authors of the study (Brougham and
Brusatte, 2010).

It is also difficult to assess the idea that avian-
style flight evolved through a four-winged stage.
Assuming for the moment that Microraptor actu-
ally could fly or glide, it is not clear that its aerial
abilities were homologous with those of birds. In
other words, Microraptor may have evolved its
gliding and/or powered flight habits independently
of birds, which would mean that locomotor evolu-
tion in birds and their closest relatives was much
more complicated than often considered. Ultimate-

ly, the question of whether avian flight was homol-
ogous to dromaeosaurid flight is a phylogenetic
question: how are flight and flight-related charac-
ters optimized onto theropod phylogeny? There are
nearly 40 known dromaeosaurid and troodontid
dinosaurs – the closest relatives of birds – and these
exhibit great variation in body size, feathery integ-
ument, and morphology. Just because Microraptor
was able to glide/fly and had four wings does not
mean that the avian ancestor would have possessed
these qualities. Perhaps Microraptor and other
small-bodied coelurosaurs whose skeletons seem
primed for flight, such as Rahonavis and Anchior-
nis, may have evolved their volant capabilities
independently of birds (Paul, 2002).

That being said, recent discoveries are strength-
ening the hypothesis that birds and their closest
relatives inherited a homologous set of four wings
(or at least large pennaceous forelimb and hindlimb
feathers, whether or not they comprised airfoils)
from a more distant theropod ancestor (Fig. 6.10).
Large hindlimb feathers are now also known in

Figure 6.10 Theropods with four wings (wings on the forelimbs and hindlimbs). (A) Simplified schematic of wing evolution

in birds and their closest non-avian theropod relatives showing that fourwingsmay be the primitive condition for birds and

was a common morphology among bird-like theropods. (B) Photograph of large feathers attaching to the hindlimb (tibia)

of the oldest known bird, Archaeopteryx. Image (A) modified from Longrich (2006) and used with permission from the

Paleontological Society. Image (B) courtesy of Dr Nick Longrich.
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other specimens of non-avian theropods, including
the troodontid Anchiornis (Hu et al., 2009) and the
indeterminate maniraptoran Pedopenna (Xu and
Zhang, 2005), as well as some basal birds, such as
Confuciusornis (Zhang et al., 2006), some enantior-
nithies (Zhang and Zhou, 2004), and even Archae-
opteryx itself (Christiansen and Bonde, 2004;
Longrich, 2006) (Fig. 6.10B). It now seems credible
that primitive birds did inherit fourwings from their
theropod ancestors, but it is still an open question as
to how the hindlimb feathers actually related to
aerial locomotion, whether they formed a coherent
airfoil, and whether they could generate much lift
(Padian, 2003;Hutchinson andAllen, 2009). Clearly,
this is an area that demands further study, using
explicit biomechanical modeling approaches.

One issue that is not in doubt is the great simi-
larity between primitive birds and some of their
closest dinosaurian cousins. As has been reiterated
throughout this chapter, there is a morphological
and functional continuum between non-avian ther-
opods andbirds, and it is truly difficult to drawa line
between ‘‘non-avian theropods’’ and ‘‘birds’’ and
theropods that could fly and those that could not.
This is dramatically, and somewhat ironically, il-
lustrated by the fact that contemporary scientists
sometimes mistakenly identify non-avian dro-
maeosaurids and troodontids as birds (e.g., Raho-
navis, Jingfengopteryx, Anchiornis, and perhaps
Archaeopteryx itself: Xu et al., 2011a). Simply put,
it is extremely difficult to tell apart a primitive bird
from other derived theropods, and if Mesozoic
zoologists were observing these creatures as living
animals they would probably fail to make any
conceptual distinction between species like Ar-
chaeopteryx (a bird) and Anchiornis (a troodontid).

We now know that several non-avian dinosaurs
possessed complex pennaceous feathers, which
sometimes even attached to the ulna via quill knobs
as in living birds (Forster et al., 1998; Norell et al.,
2002; Xu et al., 2003, 2009a; Turner et al., 2007b; Hu
etal., 2009;XuandGuo,2009) (seeFig. 3.11). Someof
these species were remarkably small-bodied, which
is usually a requirement for volant animals because
flight becomes metabolically expensive at large
sizes (Turner et al., 2007a) (Fig. 6.11). It is a reason-
able conclusion that these small, aerodynamically
feathered, non-avian theropods, especially genera
such as Rahonavis and Anchiornis, were capable of

some form of gliding or flight (regardless of whether
their flight capabilities were homologous to those of
birdsorderived independently).Theymayhaveeven
had aerial capabilities similar to those of primitive
birds such as Archaeopteryx, which were probably
not strong fliers (Nudds and Dyke, 2010). These
hypotheses require testing with additional fossil
discoveries, phylogenetic analyses, and biomechan-
ical studies, but most reasonable paleontological
gamblers would probably place their bets on flight
having evolved in non-avian theropod dinosaurs.

Could some dinosaurs burrow?
Most dinosaurs were ground-dwelling animals, al-
though birds and their closest non-avian relatives
mayhave roosted in the trees. The functional habits
of Mesozoic dinosaurs therefore seem somewhat
restricted when compared with those of living
mammals, which live in most every conceivable
environment (Sereno, 1999). Recent discoveries,
however, indicate that some dinosaur species were
capable of burrowing. Varricchio et al. (2007) de-
scribed a spectacular association between the skel-
etal fossils of the basal ornithopod Oryctodromeus
and a tubular meandering fossilized burrow
(Fig. 6.12). The bones of an adult and two juveniles
were found within the expanded terminal chamber
of the burrow, and the fact thatOryctodromeus has
several skeletal features present in living burrowers
supports its identification as the burrow-maker. For
instance, the scapula and coracoid are fused and
expanded, which would support large muscles nec-
essary for excavating a burrow, and the pelvis and
hindlimbs are especially robust, which would have
helped brace the animal against the violent forces
generated during digging. More recent discoveries
from the Late Cretaceous of North America indi-
cate that some derived theropods were also capable
of burrowing, perhaps as a strategy for hunting
small fossorial mammals (Simpson et al., 2010).
Interestingly, both types of burrowing dinosaur
would have possessed cursorial limb proportions,
suggesting that some dinosaurs were able to both
dig and run rapidly at the same time. These dis-
coveries have expanded the known range of Meso-
zoic dinosaur locomotory and functional behaviors,
and it is likely that additional examples of burrow-
ing and digging dinosaurs will continue to be
discovered.
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How did sauropods hold their necks?
The elongate necks of sauropods, some of which
wereup to10min length, have generated continued
bewilderment and speculation since the discovery
of the firstwell-preserved sauropod skeletons over a
century ago. One central question concerns neck

posture: did most sauropods hold their neck erect,
allowing it to reach high into the treetops, or at a
more horizontal or even downturned posture?
This puzzle has important implications for under-
standing sauropod feeding, as an animal that could
stretch its neck into the highest reaches of the

Figure 6.11 Body size evolution in the earliest birds and their closest theropod relatives (including troodontids and

dromaeosaurids). Silhouettes denote relative body size; those facing left represent the body size of the species in the

phylogeny, whereas those facing right are the estimated body sizes of the hypothetical common ancestors (the nodes)

on the phylogeny, as predicted by a parsimony algorithm. Note that although some dromaeosaurids were large, basal

dromaeosaurids and troodontids, as well as primitive birds, were mostly small-bodied animals. It is predicted that

the common ancestor of birds, troodontids, and dromaeosaurids was a small-bodied animal approximately the

same size (or smaller) than primitive birds such as Archaeopteryx. Modified from Turner et al. (2007a) A basal

dromaeosaurid and size evolution preceding avian flight. Science 317, 1378–1381. Reprinted with permission from

AAAS and the author.
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canopyhadaccesstoverydifferent foodsourcesthan
a species restricted to browsing at or near ground
level. Unfortunately, it is difficult to directly assess
the neck posture of sauropods based on their bones,
as the neck is composed of several individual verte-
brae, each of which is huge, heavy, fragile, and
awkward to physically move and articulate with
other vertebrae. Therefore, computer modeling
techniques, comparisons to living analogues, and
arguments based on physiology have played a cen-
tral role in this debate.

Disagreements continue to linger over whether
some, or any, sauropods could hold their necks in
an erect high-browsing position.Computermodel-
ing studies suggest thatApatosaurus,Diplodocus,
and other sauropods were physically incapable of
twisting their necks into an erect pose, but rather
employed amore horizontal neck posture (Stevens
and Parrish, 1999, 2005a, 2005b) (Fig. 6.13). These
studies aligned the individual cervical vertebrae of

several sauropods into articulated digital models
of the neck, with vertebrae contacting at that
position in which overlap between the zygapoph-
yses is maximal. This pose is referred to as the
‘‘osteological neutral pose,’’ and has been argued to
represent the most common posture for these
sauropods. Arguments for a more horizontal pos-
ture have also been supported with physiologi-
cal data, as Seymour and Lillywhite (2000) and
Seymour (2009) calculated that some sauropods
would need to expend half their energy, and em-
ploy absurdly high blood pressures, just to pump
blood to an erect neck. Furthermore, Ruxton and
Wilkinson (2011) calculated that a long neck
would provide substantial energy savings for a
giant sauropod, which must expend a great deal
of effort to simplymove its body, even if itwas only
used for feeding at or near the ground.

Other workers, however, have disagreed with
these conclusions. Dzemski and Christian (2007)

Figure 6.12 Burrowing dinosaurs. Photo and illustration of burrows belonging to the small ornithischian Oryctodromeus.

Images courtesy of Dr David Varricchio and modified from Varricchio et al. (2007).
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and Taylor et al. (2009) showed that living animals
are rarely restricted to the osteological neutral pose
implied by their vertebrae, but are capable of a
much wider range of neck posture because of the
action of muscles, tendons, and other soft tissues
that are rarely preserved in fossils and not taken
into account in most computer modeling studies
(Fig. 6.13A,B). Study of bones alone, therefore, is not
sufficient for reconstructing the posture of a verte-
brate neck. Furthermore, although the arguments
about the extreme blood pressures and energy
expenditure needed to maintain an erect neck are
persuasive, these would only preclude a high-
browsing posture if the neck was permanently held
this way. It is possible that the neck was held erect
only intermittently, perhaps during feeding (Sander
et al., 2009; see also Upchurch and Barrett, 2000).
Most provocative, however, is Christian’s (2010)
biomechanical analysis showing that large sauro-
pods would have required more energy to walk a
short distance than raise their neck high. It seems
as if sauropods were truly strange creatures, with
energy requirements completely unlike those of
living animals, and their energy expenditures for
any activity may seem enormous by our standards.
Precluding high-browsing neck postures based
on energetics aruguments may therefore be a mis-
leading exercise. In sum, it seems plausible that
the necks of most sauropods were capable of a wide
range of positions and postures, but that extreme
poses may have been limited by physiological
constraints.

Conclusions

Understanding how dinosaurs stood and moved is
integral to understanding how they functioned as
living animals. Dinosaur locomotion can be studied
using several strands of data, including qualitative
and quantitative aspects of skeletal anatomy, fossil
footprints, and computer modeling and mathemati-
cal simulations. All evidence agrees that small ther-
opods were likely the fastest of dinosaurs, whereas
bulky sauropods were the slowest. Large theropods
such as Tyrannosaurus rex were probably incapa-
ble of running at rapid speeds and may have been
slower than some of their prey. All theropods were
bipedal and all sauropods quadrupedal, but ‘‘pro-
sauropods’’ and ornithischians had a wider range of
locomotor and postural abilities, and it is likely
that many species were capable of walking on two
or four legs depending on the situation. Both the
weight-bearing, columnar, quadrupedal posture of
sauropods and the fleet-footed, long-armed, flying
bauplan of birds were acquired piecemeal over mil-
lions of years of evolution. The morphological and
functional distinction between birds and their
closest non-avian theropod relatives is becoming
increasingly blurred, and it is likely that some
derived small-bodied coelurosaurian theropods
were capable of gliding or even powered flight.
Whether flight evolved through a four-winged
stage or perhaps originated multiple times on the
theropod family tree is uncertain, but promise to
be among the most active areas of future research.

Figure 6.13 Range ofmotion in sauropod necks. (A, B) Extant rabbit in osteological neutral pose (B) but also in amuchmore

flexible pose that has been observed in living animals (A). (C) Neck of Brachiosaurus in a variety of poses, based on a

digital model. Images (A) and (B) courtesy of DrMichael Taylor andmodified fromTaylor et al. (2009); image (C) courtesy of

Dr Kent Stevens.
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7 Feeding and Diet

Is there any more iconic image in paleontological lore than the toothy jaws of

Tyrannosaurus chomping into the flesh of its prey? There is a reason why this

image crops up so often in museum exhibits, movies, and other artistic

renderings of dinosaurs. Procuring food is one of the basic biological functions of

any animal, and depicting a dinosaur in the process of feeding helps bring a pile of

dusty prehistoric bones to life. A battle scene between Tyrannosaurus and

Triceratops injects some drama and intrigue into what otherwise could be a

yawner of amuseumexhibit, and the aerial viewsofBrachiosaurus feeding high in

the treetops in Jurassic Park are much more inspirational than watching these

animals stand or sleep.

It is not only museum goers and cinema fans who are fascinated by the dietary

strategies and feeding habits of dinosaurs, but scientists as well. Because living

animals spendmuch of their time feeding, understanding how dinosaurs fed and

what they ate is integral to understanding how they functioned as biological

organisms. Diet is also strongly intertwined with many other aspects of

organismal biology, such as reproduction, growth, behavior, habitat preferences,

and ecosystemdynamics.With this inmind, it is no surprise that dinosaur diet has

generated considerable interest, speculation, and study since the discovery of

the first dinosaur fossils over 150 years ago. Contemporary vertebrate

paleontologists view studies of feeding and diet as an integral component of any

rigorous understanding of dinosaur biology. In particular, scientists are keen to

understand the major feeding strategies employed by different dinosaur

subclades, how features of the anatomy relate to specific feeding strategies, how

anatomical character complexes linked to certain feeding strategies were

assembled over evolutionary time scales, andwhether dietmay help explainwhy

certain species were so successful.

As with questions relating to locomotion explored in the preceding chapter,

these and other questions relating to diet are often difficult to answer.

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.

� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.
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Dinosaurs cannot be observed directly, so scientists must piece together

information from skeletal anatomy, rare trace fossils (such as bite marks and

fossilized dung), and quantitative biomechanical modeling studies in order to

understand potential feeding and dietary strategies. There are great uncertainties

involved with each of these lines of evidence, and often paleontologists are only

able to broadly categorize a certain species or group as carnivorous or

herbivorous. In other cases, however, awealth of information allows scientists to

firmly hypothesize that certain species repeatedly ate a specific type of food, had

specific anatomical adaptations that enabled a certain feeding style, or even

hunted in packs or cannibalistically preyed onmembers of their own species. This

chapter will outline the toolkit of methods that scientists use to study dinosaur

feeding, explore the major dietary strategies employed by the fundamental

dinosaur subgroups, discuss the evolution of dietary strategies in dinosaurs, and

examine some major questions about dinosaur diet that have spawned

significant debate.

Methods for Studying
Feeding and Diet

Gross skeletal anatomy
Aswithmany aspects of dinosaur behavior, study of
dinosaur feeding should begin with a general con-
sideration of gross skeletal anatomy. Even fragmen-
tary bones are often enough to illustrate whether a
certain dinosaur was carnivorous or herbivorous, as
both of these diets are associated with distinctive
anatomical features (Hildebrand and Goslow, 1998;
Norman, 2001; Barrett and Rayfield, 2006).

Carnivores usually possess large heads in propor-
tion to the body, jaws studded with serrated and
recurved teeth akin to steakknives, and sharp claws
on the hands and feet used to subdue and process
prey.Many carnivores have a large brain and strong-
ly developed sense organs, especially large and
forward-pointed eyes and/or an acute sense of
smell, as well as a skeleton designed for fast and
agilemovement. The jaws are usually optimized for
quick snaps to snatch prey rather than prolonged
chewing, and the jaw joint is usually positioned at
approximately the same level as the tooth row. This
latter feature allows the jaws to snap shut in a
scissors-like action in which the brunt of the bite
force is focused on one portion of the tooth row,

rather than evenly distributed across the jaw, mak-
ing it easier to grab and subdue struggling prey. All
these features are present in most theropod dino-
saurs, conclusively indicating that these species
were carnivores.

Herbivores, on the other hand, usually have
small heads, broader and often more chisel-shaped
teeth for cropping and grinding vegetation, and
bulkier bodies that accommodate the expansive gut
needed to digest large amounts of vegetation. The
jaw joint is usually located either above or below
the tooth row, enabling the jaws to meet like two
guillotine blades. This configuration allows all
teeth along the jaw to shear vegetation simulta-
neously, rather than bite force being concentrated
in one portion of the skull. Understandably, such a
system is optimal for herbivores that must con-
stantly process enormous quantities of vegetation:
the entire tooth row acting together at once permits
more vegetation to be chewed at one time than
would a concentrated bite force. All these features
are present in all sauropods, some basal sauropodo-
morphs, and most ornithischians, indicating that
these animals were obligatory herbivores.

Differentiating obligate carnivores and herbi-
vores based on gross anatomy is usually straightfor-
ward. It is more difficult, however, to use gross
anatomy to identify exactly what types of prey
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species a carnivoremay have targeted or what types
of plant a herbivore would have ingested. Further-
more, obligate carnivory and herbivory are simply
two ends on a spectrum of possible diets. Some
species are omnivorous, and others may subsist on
oneora fewspecific fooditems,suchasinsects,nuts,
fruits, eggs, or shellfish. Recognizing omnivores or
those species with a specialized diet is exceedingly
difficult based on gross morphology alone. Omni-
voresdonotsimplypossessamixtureofcarnivorous
and herbivorous characters and, frustratingly, come
inawidearrayof shapesandsizeswithnoconsistent
set of omnivory-related skeletal characters. Some
discrete features of the anatomymay be related to a
particular specialized diet, such as a sharp beak for
cracking eggs or an elongate finger for prodding
insects out of their nests, butmost of these features

could conceivably be related to other functions.
A beak, for instance, could also be used to crack
nuts or crop plants. Therefore, it is clear that gross
morphology is an important initial source of evi-
dence for identifying the types of food a dinosaur
mayhave eaten, but is rarely sufficient for a detailed
understanding of dinosaur feeding and diet.

Trace fossils
In rare cases, trace fossils offer direct evidence of
dinosaur diet (Fig. 7.1). If available and identifiable
as belonging to a specific dinosaur, trace fossils can
obviate the need for general dietary speculations
based on gross morphology and allow paleontolo-
gists to recognize exactly what type of food a dino-
saur was ingesting. The most common types of
trace fossils that are useful in analyzing diet are

Figure 7.1 Dinosaur trace fossils that record feeding behavior. (A, B) Bite marks made by a tyrannosaurid theropod on

the bones of the hadrosaurid Saurolophus. (C, D) An enormous coprolite from the Late Cretaceous of North America that

has been assigned to Tyrannosaurus (C), with a close-up photomicrograph of the specimen showing pieces of bone

(lighter colored blocks) in the groundmass of the coprolite (D). Images (A, B) courtesy of Dr David Hone; (C, D) courtesy of

Dr Karen Chin.
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tooth marks on prey bones (Erickson and Olson,
1996; Jacobsen, 1998; Carpenter, 2000; Hone and
Watabe, 2010; Hone et al., 2010; Paik et al., 2011),
fossilized feces (coprolites: Chin and Gill, 1996;
Chin et al., 1998; Chin 2007), fossilized gut con-
tents (enterolites: Molnar and Clifford, 2000; Var-
ricchio, 2001; Tweet et al., 2008), and gastroliths
(‘‘stomach stones’’ used as an aid in digestion:
Wings, 2007; Wings and Sander, 2007).

In some circumstances trace fossils can provide
‘‘slam dunk’’ evidence for specific dietary and
feeding strategies in dinosaurs (Fig. 7.2). However,
bite marks, coprolites, enterolites, and gastroliths
are, on the whole, very rare discoveries. Only a
handful of examples are known from the fossil
record, and it is foolhardy to rely on such rarities
to provide primary evidence for dinosaur feeding
behavior. Furthermore, as with any trace fossil,
identifying which species, or even broad group of
species, produced these specimens is usually diffi-
cult. There is no question that an in-situ enterolite
or gastrolith mill belonged to the animal it was
found within, but there is great uncertainty in
linking a specific bite mark or coprolite to the
species that made it. Sometimes individual bite
marks can be used as a mold to produce a model of

the biting tooth, and these can be compared with
fossil teeth from the same locality (Erickson and
Olson, 1996;Gignac et al., 2010). In other cases, the
spacing between individual bite marks on a speci-
men can be matched with the spacing of teeth in
the jaws of known predatory species (Erickson and
Olson, 1996;Gignac et al., 2010;Hone andWatabe,
2010; Hone et al., 2010). These exercises are rarely
easy, however, and only very seldom is there en-
ough evidence to confidently assign a trace fossil to
a specific dinosaur.

Quantitative studies and biomechanical modeling
The most explicit, rigorous, and powerful tech-
nique for studying dinosaur feeding and diet is
biomechanical modeling. Modeling approaches,
which utilize advanced mathematics and various
computer programs, allow dinosaur feeding to be
studied in detail and permit explicit hypotheses to
be tested in a comparative framework. Biomechan-
icalmodeling goeswell beyond simply determining
whether a dinosaur was a carnivore or herbivore,
and may help reveal specific food types that a
certain species was optimized to exploit, or certain
feeding styles that an organism was well designed
to employ.

Figure 7.2 Using bite marks to study bite force and feeding style. A fossil tooth of the dromaeosaurid theropod

Deinonychus (A), a steel model of the same tooth (B), and bovine bone punctured by the steel model (C). The plot (D) shows

that the experimentally derived bite force of the steel model falls on the regression of bite force vs. body size for living

crocodilians, indicating that Deinonychus had the same magnitude of bite force expected for a similarly sized crocodile.

Modified from Gignac et al. (2010), and reproduced with permission.
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Onemethod in particular, finite element analysis
(FEA), has swept through the field of dinosaur paleo-
biology in recent years (Rayfield, 2007; Dumont
et al., 2009) (Fig. 7.3; see Plate 14). FEA is a comput-
erized technique, commonly used by engineers, that
calculates the stress and strain distributions in a

modeled structure after it is subject to an applied
load. Engineers will often build digital models of
bridges or buildings and, using a computer program,
subject them to a series of loads that approximate
the types of situations the real-life structuresmaybe
faced with. In this way, engineers can be confident

Figure 7.3 Finite element analysis in studies of dinosaur feeding. Skull photos, finite element skull models, and finite

element results showing stress and strain (different shades of gray and black) for three representative species from

across theropod phylogeny (Coelophysis, Allosaurus, Tyrannosaurus). Images modified from Rayfield (2005a), and

reproduced with permission.
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that the bridge they are designing will be able to
handle the weight of traffic, or the building being
planned will be able to endure strong winds. The
same analytical protocols can be used to study dino-
saur feeding. Digital models of a dinosaur skull can
be constructed, usually based on computed tomog-
raphy (CT) or laser scanned fossils, and these can be
subjected to various loads that may be encountered
during feeding (Fig. 7.3). The researcher can then
assess whether the skull was strong enough to pro-
cess certain food items or perform a certain type of
biting style, and can identify portions of the skull
such as individual sutures or robust bones that were
especially important for enduring feeding-related
stresses. Although used for many years in engineer-
ing and medicine, FEA has only recently been ap-
plied to dinosaurs. Theropods have been the subject
of extensive study using FEA (Rayfield et al., 2001,
2007; Mazzetta et al., 2004, 2009; Rayfield, 2004,
2005a, 2005b; Snively et al., 2006), but other dino-
saur groups have received only cursory attention
(Witzel andPreuschoft, 2005;Bell et al., 2009;Reich-
el, 2010). Future studies promise to greatly expand
the sample of dinosaur species analyzed using FEA.

Other biomechanical modeling approaches,
which are usually less computationally and math-
ematically intensive than FEA, have also been used
to study the strength and construction of dinosaur
skulls (Figs 7.4 and 7.5). Beam analysis models the
complex three-dimensional skull of a dinosaur as a
simple beam, whose strength (i.e., ability to resist
forces generated during biting) is calculated by
simple mathematical equations that take into ac-
count the length and cross-sectional shape of the
beam, the magnitude of the estimated force on the
beam (analogous to the force on the jaw due to
feeding), and the distance of that force from the
end of the beam (analogous to the jaw joint or the
attachment site of jawmusculature). Because beam
analysis requires only a handful of straightforward
measurements and not a complex digital model or
advanced computer programming, it is useful as a
first approximation of skull strength and can reveal
differences among a group of taxa. In some cases,
these differences may be related to differences in
feeding style or food choice. This technique has
been used to study both theropods and cera-
topsians (Henderson, 2002, 2010; Therrien et al.,
2005). A similar method, frame and truss analysis,

which reduces a skull to a series of struts, has been
used to assess the strength of the Tyrannosaurus
skull (Molnar, 2000). Yet other studies model the
jaws of dinosaurs as simple levers in order to calcu-
late bite force and the amount of muscular force
that was required to impart a certain bite force
(Tanoue et al., 2009; Sakamoto, 2010). This ap-
proach is themost simplistic of all suchbiomechan-
ical models, but is still useful in identifying major
differences in skull construction among taxa.

Several other quantitative approaches are also
commonly used to study feeding behavior in dino-
saurs. Although these do not require the construc-
tion of a representative model, they are similar to
the above modeling techniques in their explicit
methodology and quantitative rigor. Some workers
have estimated the bite forces of various taxa by
physically driving metallic replicas of dinosaur
teeth into extant bovine bones (Erickson et al.,
1996; Gignac et al., 2010) (Fig. 7.2). These studies
indicate that theropods such as Tyrannosaurus and
Deinonychus required high bite forces, larger than
those employed by extant mammals, to produce
indentations similar in depth to bite marks found
on fossil bones. Other scientists havemeasured the
orientation of microscopic wear patterns on dino-
saur teeth and used statistical techniques to identi-
fy distinct, consistent sets of scratches that record
the primary motions of the jaws during feeding
(Williams et al., 2009) (see Fig. 7.17). Finally, theo-
retical ecological studies have predicted howmuch
energy certain dinosaur species would need to ob-
tain from food per day, based on assumptions about
body size, metabolism, and foraging ability (i.e.,
speed) of the species in question. Armed with this
prediction, it can then be hypothesized that a cer-
tain food source (such as different types of plants for
herbivores, or carrion vs. live prey for carnivores)
either was or was not a tenable source of nutrition
(Colbert, 1993; Ruxton and Houston, 2003; Barrett,
2005; Hummel et al., 2008).

Quantitative techniques are clearly the most
promising method for studying dinosaur feeding
and diet in any sort of rigorous detail, but they
do have some drawbacks. The construction of
idealized models sometimes reduces a complex
structure such as a skull into amuch too simplified
abstraction. Most published quantitative studies
are also taxonspecific: theyassess the skull strength,
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bite forces, tooth wear, or energy requirements in a
single dinosaur species only. Some recent studies,
however, have begun to explore these topics in
a phylogenetic framework, by analyzing skull
strength or bite forces across a range of taxa whose
genealogy iswell established (Rayfield, 2005a; Ther-
rien et al., 2005; Sakamoto, 2010). Futureworkmust
follow this path, as only this type of study can reveal
major differences in inferred feeding habits among
close relativesorcontemporaries,permitcorrelation
of certain anatomical characters or other organismal
attributes with feedingmodes across a wide range of

taxa, and help uncover the major evolutionary
changes in dinosaur diet and feeding during the
Mesozoic.

The Evolution of Feeding
and Diet in Dinosaurs

Dinosaurs boasted a wide range of diets and feeding
styles, and diversified to fill many ecological
niches throughout the Mesozoic, but the common

Figure 7.4 The use of biomechanical modeling in studies of dinosaur feeding. (A) Skull of a theropod dinosaur plotted into

three-dimensional space, used to build a model to study bite force and feeding habits. (B) Theropod skull showing various

measurements that can be input into equations, derived from beam theory, indicating the relative bite force and biting

style of theropods. (C) Similar beam theory schematic of the lower jaw of a ceratopsian. (D) Frame and truss model of the

skull of Tyrannosaurus. Image (A)modified fromHenderson (2002), and reproducedwith permission; image (B) courtesy of

Dr Manabu Sakamoto and modified from Sakamoto (2010); image (C) modified from Tanoue et al. (2009), and reproduced

with permission; image (D) modified from Molnar (2000), and reproduced with permission.
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ancestor of all dinosaurs was likely a small-bodied
carnivore. The carnivorous habits of this ancestor
have long been assumed based on the fact that some
of the closest relatives of dinosaurs, such as the
basal dinosauromorph Marasuchus (Sereno and
Arcucci, 1994), and many of the oldest dinosaurs
such as Herrerasaurus (Sereno and Novas, 1992),
possess unequivocal carnivorous features such as
serrated and recurved teeth, sharp claws, large
heads, and skeletons designed for speed.

New discoveries, however, have muddied this
picture (Langer et al., 2010; Barrett et al., 2011a).
The very closest relatives of dinosaurs, the spe-
ciose clade Silesauridae, are primarily herbivorous
or omnivorous, as indicated by their leaf-shaped
teeth with coarse denticles and beak-like anterior
tip of the lower jaw (Dzik, 2003; Nesbitt et al.,
2010). Furthermore, the basal theropod Eoraptor
and basal sauropodomorph Panphagia have re-
markably similar dentitions, in which the anterior
teeth are sharp and recurved as is common in
carnivores, but the posterior teeth are broader and
more leaf-shaped as in herbivores (Sereno et al.,
1993; Martinez and Alcober, 2009). It is likely that
these animals were omnivorous, and not either
strict carnivores or herbivores as were more de-
rived members of their respective subclades (how-
ever, recent work indicates that Eoraptor may in
fact be a sauropodomorph: Martinez et al., 2011).

Current phylogenies still posit carnivory as the
ancestral condition for Dinosauria (Nesbitt et al.,
2010; Barrett et al., 2011a). This is largely due to
one fact: the most basal silesaurid, Lewisuchus,
possesses the recurved teeth of carnivores and
lacks the numerous herbivorous adaptations seen
in more derived silesaurids (Romer, 1972). This
indicates that herbivory probably evolved inde-
pendently in derived silesaurids and various dino-
saur groups. This being said, any conclusion about
the ancestral dietary modes of dinosaurs or their
constituent subclades is liable to change with the
discovery of new fossils. In short, it is clear that
dietary evolution near the base of the dinosaur
family tree is much more complicated than previ-
ously thought.

Regardless of the exact diet of the dinosaur
ancestor, more derived dinosaurs developed a re-
markable array of feeding strategies and dietary
modes. Most theropods were carnivorous,
probably retaining the primitive condition of the
dinosaur ancestor, but some species likely sub-
sisted on fish, insects, and even plants. Other
theropods, most notably the colossal tyrannosaur-
ids, were hypercarnivores that could crunch
through the bones of prey much larger than them-
selves. All ornithischians, with the exception of
some possible omnivorous basal forms, seem to
have been herbivorous. Derived ornithischians,

Figure 7.5 A morphospace of theropod skull shape, using measurements from the beam theory analysis of Sakamoto

(2010). The position of individual species in morphospace roughly indicates their style of biting (weak and fast vs. high

efficiency). See Sakamoto (2010) for more details. Image courtesy of Dr Manabu Sakamoto.
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the ornithopods and ceratopsians, developed so-
phisticated chewing mechanisms for cropping and
processing large amounts of food at once. Sauro-
pods were also obligate herbivores, and almost
certainly developed their plant-eating diet inde-
pendently of ornithischians. More basal sauropo-
domorphs, however, may have been capable of
eating a great diversity of food items, ranging from
meat and plants to insects and fruits. Therefore, it
appears as if the ancestral dinosaur was carnivo-
rous, that most theropods retained this habit, and
that herbivory evolved at least three times within
dinosaurs: at least once apiece in theropods, saur-
opodomorphs, and ornithischians (Barrett and
Rayfield, 2006; Barrett et al., 2011a).

Theropod Feeding and Diet

Carnivorous theropods
Most theropods clearly ate meat, although some
derived subclades closely related to birds possess
leaf-shaped teeth, edentulous beaks, barrel-shaped
guts, and other features indicative of herbivory,
omnivory, or a specialized diet. These aberrant
forms will be discussed later in this section, but
the focus first is on the vast majority of theropods
that were obligate carnivores. These species are
united by a consistent bauplan, as they all possess
large skulls with bone sutures optimized for endur-
ing feeding-related stresses (Rayfield, 2005b), a ki-
netic joint between the bones of the lower jaw that
allowed the mandible to gape outward when feed-
ing on large or struggling prey (Sereno and Novas,
1994), sharp teeth with serrations for puncturing
and gripping meat (Abler, 1992; D’Amore, 2009),
piercing clawson thehands and feet for slashing and
grasping prey (Carpenter, 2002; Manning et al.,
2006), and relatively rapid bipedal locomotion for
chasing down their victims.

The relatively conservative nature of the thero-
pod body plan, among those species thatwere clear-
ly carnivorous, contrasts with the greater variety of
skull and tooth shapes seen in living carnivoran
mammals (Van Valkenburgh and Molnar, 2002). It
is likely that carnivorous theropods exploited a
narrower set of dietary strategies than extant car-
nivoran mammals, and specifically it seems as
if they did not experiment with the bone-cracking

and more omnivorous ecotypes of hyenas and ur-
sids and canids, respectively. Although large tyr-
annosaurids could crush through the bones of their
prey, there is little evidence that they, or other
theropods, regularly cracked, gnawed on, or con-
sumed large bones as a primary source of nutrition.
The teeth of most species were simply too weak to
allow bone crunching, theropod coprolites rarely
include traces of bone and, most importantly, fos-
silized dinosaur bones rarely exhibit the character-
istic gnawing traces that hyenas make when
chewing the ends of long bones (Farlow et al.,
1991; Fiorillo, 1991; Jacobsen, 1998; Hone and
Rauhut, 2010).

It seems, therefore, as if the great majority of
unequivocally carnivorous theropods were ‘‘hyper-
carnivorous,’’ in the sense that they obtained most
of their nutrition from the flesh of prey. Like most
living hypercarnivores, such as lions, it is plausible
that theropods preferentially hunted small, young,
and weak individuals, although this is difficult to
conclusively support using the fossil record (Hone
and Rauhut, 2010). It is not straightforward, at least
based on fossil evidence, to shoehorn carnivorous
theropods into different guilds as is often done for
living mammals, and it is likely that ecological
separation among coexisting theropods was en-
abled more by differences in body size and prey size
than overall dietary strategy (Van Valkenburgh and
Molnar, 2002).

Although the theropod bauplan is quite conser-
vative generally, it is still possible to recognize
differences between species based on gross mor-
phology, sensory abilities, and biomechanical anal-
yses of skull strength. These differences are
probably indicative of subtly different feeding styles
among species, which could have helped enable
niche partitioning if all these species were hyper-
carnivorous. Differences in gross morphology are
often obvious: there is great variability in theropod
body size and inferred speed, and species frequently
differ in the size and robusticity of their skulls and
the length and range of motion of their arms.
A large-bodied tyrannosaurid, for instance, has an
enormousmuscular skull but puny arms,whereas a
man-sized dromaeosaurid has a relatively smaller
skull but enormous forearms tipped with large
claws and powerful hindlimbs with a hyperexten-
sible ‘‘killer claw’’ on the second digit. It is no great
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stretch to imagine that these animals, which did
live side by side in some ecosystems, probably
targeted different prey and hunted using different
styles.

More sophisticated and quantitative studies also
reveal general differences among theropod hyper-
carnivores. Biomechanical analyses using beam
theory and lever mechanics indicate that skull
strength and bite force varied greatly among ther-
opods (Henderson, 2002; Therrien et al., 2005;
Sakamoto, 2010). Therrien et al. (2005) divided
carnivorous theropods into five basic morphotypes
based on the shapes and inferred strength of their
jaws. Abelisaurids were found to be similar to Ko-
modo dragons in their skull strength, and were
posited as ambush predators that dispatched their
prey with weak bites. Dromaeosaurids were de-
scribed as slashers, whereas spinosaurids had a
strong anterior mandible that would have been
useful in capturing small prey and allosauroids
were well suited for delivering hatchet-like
blows to large prey (see also Rayfield et al., 2001).
Tyrannosaurids were found to be the strongest of
theropods, as the nearly circular cross-section of
their anterior mandible was well adapted for endur-
ing extreme bite forces and high stresses from
struggling prey. A similar comparative analysis
by Sakamoto (2010) used lever mechanics to
identify dromaeosaurids and spinosaurids as
possessing weak but fast bites, and tyrannosaurids
and allosauroids as possessing stronger and slower
bites (Fig. 7.5).

Comparative assessments of theropod skull
strength and sensory abilities using FEA and CT
are still in their infancy. In a particularly illuminat-
ing analysis that compared the feeding-induced
stress patterns in three phylogenetically disparate
theropods, Rayfield (2005a) demonstrated that
peak feeding stresses in the tyrannosaurid skull are
concentrated over the snout, whereas those in coe-
lophysoids and allosauroids are focused over the
orbits (Fig. 7.3). Mazzetta et al. (2009) compared
FEA models for Allosaurus and the abelisaurid
Carnotaurus, and argued that the latter had aweak-
er and faster bite than the former,which agreeswith
the findings from beam theory and lever mechanics
described above. Finally, in one of the few compar-
ative studies of sensory abilities across theropods,
Zelenitsky et al. (2009) used high-resolution CT

scans to show that tyrannosaurids and dromaeo-
saurids had significantly larger olfactory bulbs
in relation to body mass than other theropods,
indicating that they had a particularly strong
sense of smell. As is clear, there are many recogniz-
able differences among species that share the
generally conservative theropod body plan, which
is likely indicative of different feeding strategies
and prey choices.

Tyrannosaurids: megapredatory theropods
Among the carnivorous theropods, the colossal
Late Cretaceous tyrannosaurids are set apart by
their extreme adaptations for feeding on large prey.
As such, these animals are commonly referred to as
dinosaurian ‘‘megapredators’’ and are recognized as
among the largest andmost formidable predators to
ever live on land. Although they evolved from
smaller and more gracile ancestors, almost all
members of the derived clade Tyrannosauridae are
characterized by a unique set of anatomical fea-
tures, including a deep skull with enormous jaw-
closing muscles, thickened teeth that are nearly
circular in cross-section, a fused set of nasals along
the snout, deeply interlocking sutures between
individual skull bones, large olfactory bulbs, and
puny forelimbs of the same absolute size as a hu-
man’s (Holtz, 2004; Brusatte et al., 2009a, 2010d;
Sereno et al., 2009). The largest tyrannosaurids,
Tyrannosaurus and Tarbosaurus, reached lengths
of 13m andmasses of up to 6 tonnes, and they were
undoubtedly the only colossal predators in their
ecosystems.

The feeding habits, bite force, and prey selection
of tyrannosaurids, especially T. rex itself, have
been studied using a great diversity of evidence,
including observations of gross morphology, study
of bite marks and coprolites, and biomechanical
modeling (Barrett and Rayfield, 2006). The diet of
no other single dinosaur species has been studied in
such extensive detail, and this legacy of research is a
prime example of howa toolkit of varied techniques
and evidence can confidently illuminate the
biological habits of long-extinct animals. All lines
of evidence agree that tyrannosaurids were truly
unique among theropods. They were capable of
bite forces of more than 13,400N, an order of
magnitude greater than lions and probably substan-
tially greater than the strongest living chompers,
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alligators (Erickson et al., 1996; Meers, 2002). The
jaw muscles were obscenely large to produce such
bite forces and the skull bones were optimized to
endure stress fromboth the bite and struggling prey.
In particular, the fused and vaulted nasals of tyr-
annosaurids were a stress sink (Rayfield, 2005a;
Snively et al., 2006), the thick bars of bone around
the orbit provided strength and rigidity (Molnar,
2000; Henderson, 2002), and the robust lower jaw
was almost circular in cross-section so that it could
endure high stresses from all directions (Therrien
et al., 2005). None of these features are present, at
least to this degree, in other theropods, even allo-
sauroids, ceratosaurs, and spinosauroids that are
nearly as large as Tyrannosaurus and in some cases
even larger.

Suchextremebiteforces,andthestrongskullthat
enabled them, allowed tyrannosaurids to employ an
unusual method of feeding called ‘‘puncture–pull
feeding’’ (Erickson and Olson, 1996). Tyrannosaur-
ids would have bit deeply and powerfully into their
prey,oftenthroughbone itself, andthenpulledback,
creating long cuts in the flesh and dragmarks on the
bones. Biomechanical models indicate that the ty-
rannosaurid skull was strong enough to produce the
bite forces, and endure the stress, required of this
activity (Fig. 7.3).However, unequivocal evidence is
preserved in trace fossils. Tyrannosaurid bitemarks
have been found on the bones of a wide diversity of
species, and these usually take the form of deep
puncturesthatgradeintoelongatefurrows(Erickson
andOlson,1996;Carpenter,2000;HoneandWatabe,
2010) (Fig. 7.1A,B). A gargantuan coprolite from the
Late Cretaceous of North America, which by its
massive size and bone-filled interior could only
belong to the sole large predator in its fossil assem-
blage (Tyrannosaurus), containschunksofbone that
were broken during feeding (Chin et al., 1998)
(Fig. 7.1C,D). Finally, characteristic ‘‘spalled’’ wear
facets on the robust teeth of tyrannosaurids could
only be produced by consistent contact with hard
food, such as bone (Farlow and Brinkman, 1994;
Schubert and Ungar, 2005) (Fig. 7.6). It is possible
that tyrannosaurids targeted bone as a source of
sustenance, but it is equally likely that they inci-
dentallyplowedthroughbonewithbruteforcewhile
stripping flesh (Hone and Rauhut, 2010). Bone-
crunching behavior is currently unknown in other
theropods, and likelywould have been very difficult

in species that were not endowed with such strong
bites or robust skulls.

Tyrannosaurids: predators, scavengers, or both?
One specific question about tyrannosaurid feeding
has generated substantial speculation: were Tyran-
nosaurus and kin active predators or primarily
scavengers? Horner (1994) and others have argued
that tyrannosaurids were not tenacious megapre-
dators as often envisioned, but merely 5-tonne
collectors of dead carcasses. This argument is based
on general observations of tyrannosaurid anatomy:
it has been asserted that a predator would not
possess characteristic tyrannosaurid features such
as small eyes, large olfactory bulbs, tiny forelimbs,
and stocky hindlimbs incapable of great speed.
Rather, it is said that some of these features,

Figure 7.6 Wear facets on the teeth of Tyrannosaurus,

which reflect strong tooth-on-bone bite forces. Image

courtesy of Dr Blaine Schubert and modified from Schu-

bert and Ungar (2005).
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especially the large olfactory bulbs, would be ideal
for a carrion-sniffing lifestyle.

These arguments were thoroughly dismantled
by Holtz (2008) in a lively and passionate review of
the subject. The eyes of tyrannosaurids are no
smaller than the eyes of other large theropods, and
in fact small eyes seem to be a required component
of a strong skull that is capable of sustaining high
forces during feeding (Henderson, 2002). The olfac-
tory bulbs of tyrannosaurids are indeed large, but so
are those of the obviously predatory dromaeosaur-
ids (Zelenitsky et al., 2009). Hindlimbs are known

to become stockier and locomotion generally
slower in larger animals (see review in Holtz,
2008), and although the forelimbs of tyrannosaurids
are comically small, their extreme robusticity and
large muscle attachments suggest some functional
utility (Carpenter and Smith, 2001; Lipkin and
Carpenter, 2008). Finally, and most persuasively,
healed bite marks attributed to Tyrannosaurus
have been found on the bones of Triceratops
and Edmontosaurus: clearly, these animals must
have survived a predatory attack (Carpenter, 2000;
Happ, 2008) (Fig. 7.7). Therefore, in sum, none of

Figure 7.7Bitemarks made by tyrannosaurids, with evidence that the prey survived and healed after the attack. (A, B) Bite

marks on the tail of the hadrosaurid Edmontosaursus. (C, D, E) Bitemarks on the skull of Triceratops; (C) is a left postorbital

horn core in left lateral view and (D) is the same specimen in dorsal view, with arrows denoting two marks that match the

spacing and size of Tyrannosaurus teeth and show evidence of healing; (E) left squamosal in dorsal viewwith two parallel

score marks circled, which also match the spacing of Tyrannosaurus teeth and show evidence of healing. Images (A)

and (B) courtesy of Dr Ken Carpenter; images (C–E) modified from Happ, J.W. in Larson, P., Carpenter, K. (eds),

Tyrannosaurus rex: The Tyrant King, pp. 355–368. Copyright� 2008, IndianaUniversity Press. Reprintedwith permission of

Indiana University Press.
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the features proposed as evidence of a scavenging
lifestyle hold up to scrutiny, and explicit fossil
evidence proves that tyrannosaurids hunted, at
least on occasion. As is true of most predators, it
is likely that tyrannosaurids both hunted and scav-
enged, depending on the availability of food.

Theropod cannibals
Some carnivorous dinosaurs were cannibals, a fact
trumpeted with sophomoric zeal by the media but
which is unsurprising given that cannibalism is
extremely common in livingmammalian, crocodil-
ian, and reptilian predators (Fox, 1975). Bite marks
matching the size, shape, and spacing of tyranno-
saurid teeth have been described on several Tyran-
nosaurus specimens from the Late Cretaceous of
North America, and it is logical to consider Tyran-
nosaurus itself as the culprit given that it is the only
large theropod in this ecosystem (Longrich et al.,
2010b) (Fig. 7.8). Similarly, bitemarksmatching the
size and spacing of Majungasaurus teeth are found
on bones of conspecifics from the Late Cretaceous
of Madagascar (Rogers et al., 2003). However, one
celebrated case of dinosaur cannibalism, parroted
for decades in popular accounts and museum ex-

hibits, turns out to be fictional. It was thought
that some specimens of the common Late Triassic
theropod Coelophysis contained bones of juvenile
conspecifics in their stomach region (Colbert,
1989). Recent reexamination of the specimens,
however, reveals that the small bones belong
to crocodylomorphs, not juvenile Coelophysis
(Nesbitt et al., 2006). Regardless of this single in-
stance of falsification, the commonality of canni-
balism among living carnivores, and its known
occurrence in two species of dinosaurs, suggests
that it was a usual occurrence for theropods.

Spinosaurids: fish-eating theropods
Not all carnivorous dinosaurs may have subsisted
primarily on a diet of terrestrial vertebrate flesh.
The aberrant spinosaurids, a subclade of large-
bodied basal tetanurans, probably fed mostly on
fish, a feeding strategy that seems to be unique
among theropods (Fig. 7.9). The most conclusive
evidence for a piscivorous diet is the presence of
partially digested fish scales in the gut region of one
of the most complete spinosaurid specimens, the
holotype of Baryonyx (Charig and Milner, 1997). It
is likely that fish were not merely a circumstantial

Figure 7.8 Evidence that Tyrannosauruswas a cannibal. The images depict bite marks, which match the size and spacing

of Tyrannosaurus teeth, on the bones of Tyrannosaurus. Images modified from Longrich et al. (2010b). Reproduced with

permission from Elsevier.
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component of this one individual’s diet, because
spinosaurids display a range of morphological
features expected in a piscivore. The skull is long,
narrow, and studded with conical teeth – eerily
similar to the condition in living crocodiles – and
the forelimbs are remarkably robust for a basal
tetanuran and capped with enlarged claws that
may have been used as ‘‘hooks’’ for catching
fish (Charig and Milner, 1997; Sereno et al., 1998;
Sues et al., 2002).

More sophisticated biomechanical studies also
support crocodile-like feeding behaviors for these
bizarre dinosaurs. Rayfield et al. (2007) used FEA to
show that the skull of Baryonyx was functionally
similar to that of the living gharial, as the tubular
snouts of both species are well optimized to resist
torsional stresses that are regularly caused by
snatching and subduing large fish (Fig. 7.9B). The

beam analysis of Therrien et al. (2005) found that
spinosaurids had a unique mandibular morphology
among theropods, as they were particularly well
adapted for catching small and agile prey due to
their reinforced mandibular symphysis and termi-
nal rosette of teeth that would have functioned as a
toothy net. Sakamoto’s (2010) approximation of the
spinosauridmandible as a lever indicates that it had
an unusually fast bite, which would be expected in
an animal that needed to snatch small slippery prey
such as fish (Fig. 7.5). Both Sakamoto (2010) and
Henderson (2002) found that the spinosaurid skull
was weak and incapable of strong bites, which
contrasts with the skull architecture in most other
large theropods and would be truly unexpected if
spinosaurids were targeting large-bodied prey.

Not only do spinosaurids exhibit anatomical
tools and skull shapes ideal for fish-eating, but

Figure 7.9 Evidence that spinosaurids had a semiaquatic habitat. (A) Oxygen isotopic data showing that spinosaurid teeth

have an isotopic signature similar to that of unambiguously aquatic contemporaries such as crocodilians and turtles, but a

different isotopic signature from contemporary theropods with more traditional skulls and teeth (i.e., hypercarnivorous

theropods). Image modified from Amiot et al. (2006). Reproduced with permission from Elsevier. (B) Finite element

biomechanical skull modeling of bending and torsional stresses across the skulls of crocodilians, traditional theropods,

and spinosaurids. Note that the spinosaurid has a similar stress profile to the long-snouted crocodilian, but a quite

different stress profile from the broad-snouted crocodilian and traditional theropod. Modified from Rayfield et al. (2007),

and reproduced with permission.
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geological evidence indicates that they lived pri-
marily in semiaquatic habitats. Spinosaurid fossils
are usually found in rocks deposited on floodplain
and coastal environments (Milner, 2003). More
convincingly, Amiot et al.’s (2010) clever study of
tooth enamel composition suggests that spinosaur-
ids, but not other theropods, spent a large amount of
their daily time in the water, as do living crocodiles
and hippos (Fig. 7.9A). These authors measured the
oxygen isotope composition of phosphate in the
tooth enamel of spinosaurids and made compari-
sonswith the enamel composition of contemporary
species that were unequivocally terrestrial (thero-
pods) and semiaquatic (crocodilians and turtles).
Anydifferences in composition among these groups
would likely be due to environment, because the
oxygen isotope composition of tooth enamel in
living animals is known to be controlled primarily
by the composition of drinking water and food.
Amiot et al. (2010) found that spinosaurids had a
significantly different tooth enamel composition
comparedwith contemporary terrestrial theropods,
but were indistinguishable from the contemporary
semiaquatic species.

In sum, Amiot et al.’s (2010) isotopic work pro-
vides prime evidence that spinosaurids occupied a
semiaquatic habitat, and were something of a dino-
saurian equivalent to a hippo. Fish was almost
certainly the primary component of their diet, as
indicated by gut contents, gross anatomical fea-
tures, and quantitative biomechanical analyses.
That being said, gut contents and bite marks also
indicate that spinosaurids fed on herbivorous dino-
saurs and pterosaurs, suggesting that these unusual
theropods may have been something of an ecologi-
cal generalist (Charig and Milner, 1997; Buffetaut
et al., 2004).

Dromaeosaurids: pack-hunting theropods?
The mostly small, sleek, bird-like dromaeosaurids
exhibit some of the most remarkable, and unusual,
predatory adaptations among dinosaurs. Their lithe
but muscular skeletons are clearly optimized for
agility and speed, their enormous and clawed fore-
limbs were ideal for grasping and snatching their
victims, and they could procure prey with brains
(keen senses) and brawn (arsenal of sharp teeth and
claws). However, their most salient anatomical
feature is certainly the hyperextensible ‘‘killer

claw’’ on the second digit of the foot, whose enor-
mous size and wide range of motion would have
allowed a dromaeosaurid to disembowel or latch
onto prey with a kickboxer’s vigor (Ostrom, 1969,
1990; Manning et al., 2006) (Fig. 7.10). One particu-
lar dromaeosaurid, Balaur from the Late Creta-
ceous of Romania, even had a double set of
‘‘killer claws’’ on its feet (Csiki et al., 2010)
(Fig. 7.10D). These animals were clearly ‘‘killing
machines,’’ to use the evocative terminology of
Ostrom (1994), despite the fact that most species
were barely larger than a human.

Dromaeosaurids are often depicted in movies,
museum exhibits, and popular accounts as pack-
hunting theropods that cooperated in groups to
take down prey much larger than themselves.
A pack-hunting lifestyle for Velociraptor,Deinon-
ychus, and other dromaeosaurids was passiona-
tely put forward by Ostrom (1990) and Maxwell
and Ostrom (1995). Their argument was almost
completely based on fossils from one site, the type
locality forDeinonychus in theMiddleCretaceous
Cloverly Formation of Montana, in which the
remains of four dromaeosaurids are found associ-
ated with the skeleton of a larger herbivorous
Tenontosaurus. The large number of shedDeinon-
ychus teeth found at the site, as well as the pres-
ence of several individuals, suggested to Maxwell
and Ostrom (1995) that a Deinonychus pack
was actively feeding on Tenontosaurus when
the five individuals died. They suggested that the
larger Tenontosaurus was able to kill the four
dromaeosaurids, but then later succumbed to its
injuries.

Although plausible, there is little unequivocal
evidence for this scenario. Maxwell and Ostrom
(1995) admit that this fossil site could record scav-
enging by several individual dromaeosaurids, not
active pack hunting. Furthermore, based on com-
parisons with the social and feeding behavior of
living crocodiles and birds, which comprise the
extant phylogenetic bracket for dinosaurs, Roach
and Brinkman (2007) suggested that it was more
plausible thatDeinonychuswas not a pack hunter,
because this behavior is rare in living archosaurs.
Yet this conclusion is also tenuous: just because a
behavior is not common among living archosaurs
does not mean that it was impossible, or even
implausible, for dinosaurs (because, remember, it
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is present in some living archosaurs). Therefore,
there is a lack of current consensus or clear evi-
dence for the pack-hunting abilities of dromaeo-
saurids. What is undoubted is that these animals
possessed a sophisticated armory of predatory
weapons and would have been formidable
carnivores.

Non-carnivorous theropods
Theropods have the reputation of being the biggest
and baddest predators in earth history, and mega-
predators such as Tyrannosaurus and ‘‘killing ma-
chines’’ such as Deinonychus certainly fulfill the
stereotype. However, not all theropods were well
adapted for taking down large prey or processing

Figure 7.10 Dromaeosaurid theropods, the ‘‘killer-clawed’’ predators that are among the closest relatives of birds. (A) The

foot of Deinonychus, showing the enlarged and hyperextensible second digit (second from left, with largest claw in foot);

(B) the enlarged ‘‘killer claw’’ of the second digit of the foot of Velociraptor; (C) an articulated, well-preserved, and nearly

complete specimen of Velociraptor from the Late Cretaceous of Mongolia; (D) the articulated foot of Balaur, a

dromaeosaurid with hyperextensible ‘‘killer claws’’ on both the first and second digits of the foot (top two digits), from

the Late Cretaceous of Romania. All photographs � Mick Ellison.
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flesh with sharp teeth and claws. Several species,
including a number of entire subgroups that are
closely related to birds, were not carnivores at all,
but rather ate plants or subsisted on a more special-
ized diet (Kobayashi et al., 1999; Barrett, 2005;
Barrett and Rayfield, 2006; Zanno et al., 2009;
Zanno and Makovicky, 2011) (Fig. 7.11). It is even
possible, and perhaps likely, that obligate carnivory
was not the ancestral condition for the derived
theropod clade Maniraptora, which includes birds
and their closest relatives (Zanno et al., 2009;
Zanno and Makovicky, 2011) (Fig. 7.11).

Recognition that not all theropods ate meat, but
rather had diverse and often specialized diets, has
followed from the discovery of new fossils. The
roster of non-carnivorous theropods is constantly
expanding with new discoveries, and now it seems
as if the majority of maniraptorans were not obli-
gate carnivores. The peculiar therizinosauroids,
perhaps the most inconceivable dinosaurs of all,

have small skulls with leaf-shaped teeth and enor-
mous pot-bellies for digesting plant matter, both of
which are unequivocal indicators of herbivory
(Paul, 1984; Zanno et al., 2009; Zanno, 2010). The
ostrich-mimic ornithomimosaurs were probably
the fastest of all theropods, but the skulls of most
species are toothless and capped by a beak, and their
gut housed a mill of gastroliths (Kobayashi et al.,
1999; Norell et al., 2001b; Barrett, 2005). These
features are expected in a herbivore, or perhaps an
omnivore that ingested a large amount of plant
material, but not in animals that are obligate car-
nivores. Oviraptorosaurs, the alien-like theropods
closely related to birds, are also mostly toothless
and have been found with gastric mills. The most
primitive members of the group possess teeth, but
these are procumbent and reduced to the front of
their snout, an arrangement suboptimal for killing
and processing large prey (Ji et al., 1998; Xu et al.,
2002b). Instead, it is likely that oviraptorosaurs had

Figure 7.11 Non-carnivorous theropods. A phylogeny of coelurosaurian theropods indicating the inferred diets of

individual subgroups, based on anatomical evidence (including the various features listed in the figure) and

direct evidence of diet (such as gut contents and coprolites). Image courtesy of Dr Lindsay Zanno and modified from

Zanno et al. (2009).
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similar dietary habits to ornithomimosaurs. Final-
ly, it is also possible that some of the most derived
bird-like maniraptorans experimented with herbiv-
ory. Troodontids, which together with dromaeo-
saurids comprise the sister group to birds, possess
convincing predatory weapons such as a hyperex-
tensible ‘‘killer claw,’’ but their teeth are studded
with coarse denticles like those seen in herbivores
(Holtz et al., 2000).

Other theropods probably did not subsist on
either meat or plants, but had a more specialized
diet. The alvarezsaurids, a subclade that has only
recently been revealed by new fossil discoveries, are
immediately recognized by a peculiar body plan.
The skull is long, tubular, and contains small,
simple, and somewhat conical teeth quite different
from the sharp and recurved teeth of obligate car-
nivores (Clark et al., 1994). The forearms are stubby
but strong and the sternum is enlarged and espe-
cially robust to anchor powerful pectoral muscles.
The large sternum originally fooled paleontologists
into classifying alvarezsaurids as a primitive group
of birds, because birds possess large sterna to sup-
port their flight muscles (Perle et al., 1993). How-
ever, it is now thought that these large muscles of
alvarezsaurids, as well as their robust and small
forelimbs, were optimized for a very different be-
havior: insect-eating (Senter, 2005; Longrich and
Currie, 2009). Not only would themassivemuscles
have powered an efficient digging stroke for ripping
into insect nests, but the small and conical teeth
were ideal for puncturing insect carapaces. Further-
more, and perhaps most convincingly, the range of
motion of the alvarezsaurid forelimb was different
from that of other theropods. The humeri sprawled
laterally, the forearmwas positioned vertically, and
the palms of the hands could face ventrally (and
were not restricted to a medially facing position as
in other theropods) (Senter, 2005). This configura-
tion simply would not have allowed grasping or
prey capture, but was perfect for delivering strong
blows to an insect nest or performing the ‘‘hook-
and-pull’’ movements that living anteaters use to
open nests (Senter, 2005).

Non-carnivorous theropods are clearly quite di-
verse (Fig. 7.11). Carnivory was not the only dietary
strategy among theropods, and it has been hypoth-
esized that the development of herbivory, omniv-
ory, and specialized dietsmay have helped drive the

explosive diversification of derived maniraptoran
theropods (Zanno et al., 2009). This idea is difficult
to test in a convincing fashion, but is provocative
and stimulating. Equally provocative is the contin-
ued discovery of new examples of non-carnivorous
theropods, even within subclades that were previ-
ously thought to be exclusively carnivorous.
A great example is Limusaurus, a primitive cera-
tosaurian theropod with a toothless skull and gas-
tric mill (Xu et al., 2009b). Some of the closest
relatives of Limusaurus, which is currently the
most primitive record of an unequivocally non-
carnivorous theropod, are hypercarnivores such as
abelisaurids andCeratosaurus. It is possible, and in
my opinion likely, that Limusaurus will later be
remembered asmerely the first discovered example
of a speciose clade of basal theropod herbivores. As
is evident, the study of non-carnivorous diets in
theropods is an exciting and promising area of
research, and new discoveries will surely change
our understanding of dietary evolution in this quin-
tessential ‘‘carnivorous’’ clade.

Sauropodomorph Feeding
and Diet

Basal sauropodomorphs
The most primitive sauropodomorphs – the
evolutionary grade commonly referred to as
‘‘prosauropods’’ – have been said to possess nearly
every conceivable type of diet (see reviews in
Galton, 1985; Barrett, 2000; Galton and Upchurch,
2004b). Many early workers regarded these moder-
ately large, bipedal or quadrupedal, long-necked
species as carnivores or scavengers of carrion, large-
ly due to the discovery of recurved serrated teeth
near their skeletons (Swinton, 1934). However, the
discoveryofmorecompletespecimensrevealedthat
the skulls of prosauropods never contained these
types of teeth, which almost certainly belonged to
predatorytheropods that lost their teethwhilehunt-
ing or scavenging prosauropod carcasses. It is now
generally agreed that most prosauropods, which
exhibit a relatively conservative skeleton and set
of feeding-related cranial features, were primarily
herbivorous, although they probably dabbled in om-
nivory aswell (Barrett, 2000; Galton andUpchurch,
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2004b; Barrett and Upchurch, 2007). As such,
prosauropods represented the first major radiation
of herbivorous dinosaurs, because they were re-
markably common during the earliest phase of di-
nosaur history during the Late Triassic. They were
also the first high-browsing vertebrates in the his-
tory of terrestrial life that were routinely able to
access plants higher than a meter or two off the
ground.

The general body plan and specific features of
the skull and dentition support a primarily herbiv-
orous lifestyle for most prosauropods (Fig. 7.12D).
The jaw joint is depressed below the dentary tooth
row, allowing the two jaws to come together simul-
taneously like a guillotine. The vast majority of
teeth in most taxa are broad and spatulate, with
coarse denticles, remarkably similar to the teeth in
living herbivorous reptiles such as iguanas (Barrett,
2000). The expansion of the tooth crowns relative

to the root, and the en echelon arrangement of
individual teeth along the jaw, resulted in a closely
packed dentition, forming something of a continu-
ous cutting edge that would have been ideal for
shearing plants (Galton and Upchurch, 2004b).
In contrast, the teeth of carnivorous or insectivo-
rous reptiles, including theropod dinosaurs, are not
usually tightly packed, because they need to func-
tion as individual cutting blades to slice through
flesh (Abler, 1992). Furthermore, the moderately
long necks of prosauropods, which are admittedly
shorter than those of true sauropods but much
longer than the necks of other Late Jurassic
to Early Cretaceous terrestrial herbivores, would
have allowed access to higher vegetation. Several
prosauropod skeletons have also been found with
gastrolith mills, which in living birds are used to
aid digestion of tough plant material that cannot be
processed in the mouth alone (Shubin et al., 1994).

Figure 7.12 Sauropodomorph skull montage illustrating major skull shapes that were associated with different feeding

styles: (A) Diplodocus; (B) Camarasaurus; (C) Europasaurus; (D) Plateosaurus. Also note the thin pencil-like teeth of

Diplodocus, which are restricted to the anterior end of the snout, and contrast these with the broader, more spatulate

teeth of Camarasaurus and Europasaurus that extend across much of the jaw. Plateosaurus also has an extensive tooth

row, but simpler leaf-shaped teeth similar to those of living iguanas, which were perhaps useful for an omnivorous

diet. Images (A) and (B) courtesy of WitmerLab at Ohio University.
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Although prosauropods did possess features that
are commonly present in herbivores, it is clear that
their plant-processing abilities were not as sophis-
ticated as those of ornithischians, true sauropods,
and other Mesozoic herbivores such as rhyncho-
saurs, dicynodonts, and procolophonids (Galton
and Upchurch, 2004b). The skulls of prosauropods
are lightly constructed andwere probably incapable
of enduring high feeding stresses, although this has
yet to be adequately tested by FEA or other bio-
mechanical methods. Most sutures between indi-
vidual bones are loose, not rugose and interlocking
as in animals with strong skulls. However, the
bones along the snout midline were firmly inter-
digitating, which would have prevented kinetic
motions of individual bones that would have en-
abled chewing or other complex oral processing.
Furthermore, prosauropods only had small cheeks
restricted to the posterior end of the jaw, not
the large and fleshy cheeks of ornithischians that
retained food in the mouth during chewing (Paul,
1984; Barrett and Upchurch, 2007). Finally, the jaw
muscles of most prosauropods were quite weak, as
evidenced by their shallow and small attachment
sites on the bones, and the quite simple and gener-
alized teeth lack wear facets that would indicate
complex occlusion between the upper and lower
tooth rows.

In sum, various features of the skeleton suggest
that prosauropods ate plants, but probably simply
stripped leaves and ingested themwithout chewing
or other refined oral processing. Their unsophisti-
cated cranial masticatory apparatus, along with the
presence of gastric mills to break down food, imply
that prosaropods probably employed an unusual
feeding strategy. Leaves, branches, and other
high-reaching plant material that was difficult for
other herbivores to collect could easily be procured
by the long neck of prosauropods. This vegetative
matter was thenminimally processed in themouth
and delivered to the barrel-shaped gut, where the
repetitive action of the gastric mill would facilitate
digestion. Ingested plants would remain in the gut
for long periods of time, enabling prosauropods to
ingest poor-quality vegetation that was nutrition-
ally unfeasible for more sophisticated herbivores
to feed on.

It is likely that many prosauropods supplemen-
ted their diets with meat. As noted by Barrett

(2000), extant reptilian herbivores such as igua-
nas, whose teeth share an uncanny resemblance
to those of prosauropods, are not strict herbivores
as often considered. Although primarily herbivo-
rous, these reptiles include a large amount of
meat in their diet, and will often succumb to
malnutrition if they are restricted to eating only
plants. Most teeth of iguanas are broad and leaf-
shaped, with coarse denticles ideal for cropping
plant matter, but their anterior-most teeth, which
are used to procure and cut meat, are subconical,
recurved, serrated, and terminate in sharp points.
The same is also true of many prosauropods,
making it plausible that they also habitually
included meat in their diet. Even more convinc-
ing is the discovery of a heavily worn mandible of
a small reptile, seemingly etched and pitted by
the activity of digestive enzymes, within the
gastric mill of a well-preserved prosauropod skel-
eton (Shubin et al., 1994). It is plausible therefore
that most prosauropods were primarily herbivo-
rous but also facultative omnivores that regularly
included meat in their diet (Barrett, 2000).

The evolution of ‘‘sauropod’’ feeding characters
Prosauropods, of course, are not a single clade of
animals but rather an evolutionary grade of species
along the evolutionary line toward true sauropods
(Fig. 7.12A–C). Sauropods are unmistakably herbiv-
orous to an extreme degree, and must have pro-
cessed enormous quantities of vegetation in order
to fuel their large bodies (Coombs, 1975; Farlow,
1987; Sander et al., 2011). Several anatomical fea-
tures enabled sauropods to ingest and digest plants
in bulk amounts: their long necks may have
enabled them to reach vegetation inaccessible to
other herbivores, their large body size allowed
slower passage time through the gut and longer
periods of gut fermentation to break down low-
quality plant matter, and their broad muzzles
and spatulate or pencil-shaped teeth would have
formed an efficient apparatus for gathering plants
en masse. In short, sauropods employed a highly
unusual ‘‘megaherbivorous’’ feeding style that set
them apart from all other dinosaurs, and may have
enabled their evolutionary success (Farlow, 1987;
Sander et al., 2011).

Until recently, however, it was very difficult to
study the evolution of this novel dietary strategy.
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Did all the various megaherbivorous adaptations
develop simultaneously, perhaps in the earliest
sauropods? Alternatively, were these features as-
sembled piecemeal throughout millions of years of
sauropodomorph evolution, only eventually (and
perhaps serendipitously) culminating in the unique
dietary apparatus of sauropods? New fossil discov-
eries have helped bridge the gap between the char-
acteristic ‘‘prosauropods’’ that are so common in
the Late Triassic and Early Jurassic and the enor-
mous, unequivocally megaherbivorous sauropods
that dominated the Middle Jurassic and beyond.
This new evidence, interpreted in an increasingly
robust phylogenetic framework, conclusively indi-
cates that the sauropod feeding system evolved
incrementally, over millions of years (Barrett and
Upchurch, 2007; Upchurch et al., 2007). There was
a general increase in neck length, body size, and
muzzle width across basal sauropodomorph phy-
logeny (Barrett and Upchurch, 2007). Furthermore,
individual characters that relate to skull and
muzzle shape, such as the width of the lower jaw,
the robusticity of the jaw symphysis, and the depth
of the skull, did not develop at the same time, but
seem to follow each other in a general series of
progressive changes.

That being said, therewas not a simple and clean
progression of dietary evolution on the line to
sauropods. There was substantial variability in
neck length, body size, and skull shape of basal
sauropodomorphs, and optimizing these characters
onto a cladogram reveals great amounts of homo-
plasy (Barrett and Upchurch, 2007). Furthermore,
even closely related basal sauropodomorphs may
have differed in their tooth shapes and cranial
adaptations for herbivory (e.g., depth of the jaw
joint below the tooth row, size of the coronoid
eminence for jaw muscle attachment). What is
clear, however, is that dietary evolution on the line
to sauropods was more complex than previously
thought, and many features thought to be unique
to sauropods or specifically related to sauropod
megaherbivory first appear in older, smaller, more
generalized prosauropods.

Sauropods
All sauropods possessed the aforementioned mega-
herbivorous diet and suite of anatomical features
that enabled bulk feeding at large size (Figs 7.12

and 7.13). There is no question that sauropods were
among themost extreme and unusual herbivores in
earth history, and scientists have long been puzzled
as to exactly how such animals could fuel them-
selves. This mystery has attracted the attention,
and in recent years the collaborative teamwork, of
paleontologists, functional biologists, animal beha-
viorists, and nutrition scientists (see review in
Sander et al., 2011). Using a breadth of information,
ranging from observations of gross anatomy to
comparative studies of digestive physiology in liv-
ing analogues, these workers have assembled a
convincing picture of what sauropods ate, how they
fed, and how they sustained their massive frame. In
sum, it appears as if sauropods were megaherbi-
vores that ingested enormous amounts of plant
matter, perhaps up to 40kg per day, and relied on
their large gut rather than advanced chewing me-
chanisms or a gastric mill to break down their food.
In other words, sauropods simply guzzled massive
quantities of vegetation, much of it probably low in
nutritional quality, and let their large size take care
of the rest (Hummel et al., 2008; Franz et al., 2009;
Sander et al., 2011). No other herbivores, living or
extinct, functioned in this way.

A megaherbivorous bulk-feeding strategy, with-
out any mechanical manipulation of food, is sup-
ported by several lines of evidence. First, it is clear
that sauropods were incapable of sophisticated oral
processing of their food. Although wear facets on
their teeth indicate that tooth-on-tooth occlusion
was present, the short tooth rows, lack of cheeks,
and akinetic skulls would have made chewing im-
possible (Fiorillo, 1998; Upchurch and Barrett,
2000; Upchurch et al., 2004; Sander et al., 2011;
Whitlock, 2011a). Instead, teeth concentrated at the
front of the jaws, alongwith the possession of awide
muzzle and reinforced dentary symphysis, would
have allowed sauropods to efficiently and quickly
crop and ingest large amounts of foliage
(Fig. 7.12A–C). Second, it seems as if sauropods did
not employ other mechanicalmethods for breaking
down food, namely a gastric mill. Although gastro-
liths are commonly discovered with sauropod ske-
letons, Wings and Sander (2007) argued that these
were probably only incidentally swallowed and
served little, or no,mechanical function.Compared
with the sizes of gastric mills in living organisms,
masses of gastroliths preserved with sauropod ske-
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letons were simply too small to mechanically pro-
cess large amounts of vegetation, and their surfaces
are polished rather than covered with networks of
scratches that indicate repeated use in grinding
food. Therefore, sauropods did not seem to employ
any mechanical mechanism for breaking down
food. How, then, could they process such large
quantities of plant matter? The answer probably
lies in their great bulk: because the size of the gut
increases with body mass, the colossal size of saur-
opods would have guaranteed long digestion times
(Hummel et al., 2008; Sander and Clauss, 2008;
Franz et al., 2009). If food is digested long enough,
enzymes can chemically degrade even very hard
plants or large amounts of foliage, without any need
for mechanical mechanisms.

Determining exactly what types of plants saur-
opods ate is a more complicated matter. Direct
evidence of sauropod food choice, such as coprolites
and fossilized stomach contents, are remarkably
rare (Sander et al., 2010). It is difficult to assign a
particular coprolite to a sauropod source, because
there were many different dinosaurian herbivores
living in most Mesozoic ecosystems. One set of
coprolites from India, which are tenuously assigned
to sauropods, contain remnants of small silica in-
clusions (phytoliths) that match those known from
extant grasses, providing remarkable evidence that
these advanced flowering plants were present dur-
ing the Cretaceous and formed a major component
of some dinosaurian diets (Prasad et al., 2005).
These and other coprolites from India also contain
fragments of many other types of plants, including
conifers and palms, as well as fungi and algae
(Ghosh et al., 2003; Prasad et al., 2005). Therefore,
if sauropods were the culprits, then they must have
fed on a wide variety of plants. Neontological ex-
periments, which measure the energy content of
several living plantswhose close relativesmayhave
been eaten by dinosaurs, also suggest that a diver-
sity of plants could have fulfilled the predicted
energy requirements of most sauropods (Hummel
et al., 2008). This is not surprising, given the many
lines of evidence supporting an indiscriminate
bulk-feeding lifestyle, as opposed to more selective
food choice. Nonetheless, it is not likely that saur-
opods haphazardly ate any plant that was available.
Some plants, such as the energy-rich but slow-
fermenting Araucaria, were ideal for the languidly

digesting sauropods, whereas other plants such as
cycads probably could not provide enough energy to
power a massive 25-tonne animal even if eaten in
bulk (Hummel et al., 2008).

Although all sauropods were probably bulk fee-
ders that subsisted on a variety of plants, not every
species fed in the exact same way. Important differ-
ences in body size, skull morphology, neck length
and mobility, and dental features probably allowed
coexisting sauropods to target different food
sources and feed in distinct ways. It has long
been recognized, for instance, that coexisting Late
Jurassic diplodocoids (such as Diplodocus) and
macronarians (such as Camarasaurus and Brachio-
saurus) have distinctly different cranial and dental
designs (Upchurch and Barrett, 1994, 2000; Chris-
tiansen, 2000b; Upchurch et al., 2004; Whitlock,
2011a). The skulls of Brachiosaurus and Camara-
saurus are short and deep, the jaw muscles were
oriented nearly vertically, the individual teeth
are robust and spatulate, and the tooth row
extends across most of the upper and lower jaws.
Diplodocus, on the other hand, possesses a longer
snout in which the jaw muscles were oriented at a
more anteroventral inclination and thinner cylin-
drical teeth that are restricted to the front of the
skull and project at a procumbent angle. Further-
more, the articular surface between the upper and
lower jaws is more anteroposteriorly extensive in
Diplodocus than Brachiosaurus, and Camarasarus
has more severe tooth microwear, consisting
of deep pits and scratches, than Diplodocus
(Fiorillo, 1998).

Based on these features, several authors have
hypothesized that Diplodocus and kin fed by ‘‘rak-
ing’’ softer plantmaterial, using their anterior tooth
arcade and ability to move the jaw in a fore–aft
fashion (propaliny) to efficiently strip leaves from
branches (see summary in Upchurch et al., 2004).
Brachiosaurus and Camarasaurus, on the other
hand, were better suited for eating harder foods,
due to their more robust teeth, deeper skulls, and
jaws constrained to an up-and-downmotion (orthal
shearing, althoughCamarasaurus itself could prob-
ably move its jaws back and forth to some degree).
The more extensive microwear in Camarasaurus
would agree with this hypothesis (Fiorillo, 1998), as
would the inclination ofwear scratches on the teeth
of all three genera (Christiansen, 2000b). It is likely
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that the stronger, orthal chewing stroke of these
macronarians was primitive for sauropods, as it
seems to be present in basal sauropodomorphs,
whereas the propalinal ‘‘raking’’ capabilities of di-
plodocidswere unusual andhighly derived. It is also
plausible that diplodocids were better suited for
browsing on lower vegetation (Upchurch and
Barrett, 2000). Their necks may not have been able
to reach as high as those of macronarians (Stevens
and Parrish, 1999), and the orientation of the semi-
circular canals of the inner ear indicate that the
head was habitually held in a downturned position,
ideal for feeding near the ground and not high in the
treetops (Sereno et al., 2007). Interestingly, broad-
toothed sauropods such asBrachiosaurus disappear
from the fossil record by the dawn of the Late
Cretaceous, at which point macronarians conver-
gently acquired the narrow-crowned morphologies

of diplodocoids. Although skulls of these late-
surviving macronarians are poorly known, it is
likely that they also fed on softer foods and browsed
closer to the ground (Chure et al., 2010).

Aside from the general differences between di-
plodocoids and many macronarians, which may
have enabled niche partitioning when they coex-
isted, some individual sauropod genera or small
subclades of sauropods are just plain bizarre
(Fig. 7.13). The dicraeosaurids, a subgroup of diplo-
docoids that is currently only known from a few
genera, had the shortest necks of all sauropods. One
genus in particular, Brachytrachelopan, was only
about the size of Tyrannosaurus and had a neck
only a few meters in length (Rauhut et al., 2005). It
is likely that these sauropods filled a unique eco-
logical niche, perhaps by employing a low or mid-
browsing feeding strategy similar to that of some

Figure 7.13 Aberrant sauropods. (A) Digital skull model and skeletal reconstruction ofNigersaurus, a small sauropod with

a tooth battery at the front of its jaws (images courtesy of Dr Paul Sereno and Carol Abraczinskas and modified from

Sereno et al., 2007). (B) Skull illustration and skeletal reconstruction ofBonitasaura, a small sauropodwith a guillotine-like

beak at the posterior end of its jaws (directly below the eye) (illustrations by Jorge Antonio Gonzalez and courtesy of

Dr Sebasti�an Apesteguia; see Apesteguia, 2004 for additional information).
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ornithopods. The derived macronarian Bonita-
saura, from the Late Cretaceous of Argentina, had
a squared-off lower jaw that sported a sharp beak
behind the teeth, probably used to crop plants like a
guillotine (Apestegu�ıa, 2004). Itwas also quite small
for a sauropod, of the same general size as Brachy-
trachelopan, andmayhave been adapted for feeding
on harder vegetation close to the ground.

However, the most sublime sauropod of all is
undoubtedly Nigersaurus, a member of another
small and poorly known diplodocoid subclade
called the Rebbachisauridae (Sereno et al., 1999;
Sereno and Wilson, 2005; Sereno et al., 2007; Whit-
lock, 2011a, 2011b). This sauropod was also small,
about the same size as its distant relatives Bonita-
saura and Brachytrachelopan, but its most extraor-
dinary features are in its skull. All teeth are
restricted to the front of the squared-off jaws and
form a tightly packed battery composed of more
than 30 individual columns. Each tooth was re-
placed at the astounding rate of approximately one
per month and preserved teeth are decimated by
extreme amounts of wear. The individual bones of
the skull are paper thin, so much so that they are
translucent when held up to light. And the semicir-
cular canal orientation indicates that the head was
habitually held perpendicular to the ground, such
that Nigersaurus would literally look downward.
All these features persuasively suggest that Niger-
sauruswas adapted for slicing large amounts of soft
vegetation that grew near the ground (Sereno et al.,
2007). This ‘‘extreme’’ lifestyle is substantially dif-
ferent from the usual image of sauropods browsing
high in the treetops, and may have been a more
common feeding strategy among sauropods than is
currently indicated by the handful of rare rebbachi-
saurid fossils.

Ornithischian Feeding
and Diet

The ornithischian body plan
The third and final major radiation of dinosaurian
herbivores, the ornithischians, had a sophisticated
array of cranial, dental, and postcranial characters
finely tuned to their plant-eating diet (Fig. 7.14).
They were clearly the most refined of all herbivo-

rous dinosaurs, and probably subsisted on a diet of
higher-quality vegetation that was extensively pro-
cessed in the mouth before swallowing (Weisham-
pel and Norman, 1989; Norman and Weishampel,
1991; Norman, 2001). Their feeding style therefore
differed from that employed by the bulk-feeding
sauropods, which simply guzzled large amounts of
low-quality vegetation en masse, and the aberrant
herbivorous theropods,which seemed tohave lacked
complex oral processing mechanisms and relied pri-
marily on gastric mills to break down their food.

Several features of the anatomy convincingly
demonstrate that ornithischians were sophisticat-
ed herbivores that used advanced techniques, rel-
ative to those of other dinosaurian herbivores, to
procure and process their food (Galton, 1986;
Weishampel and Norman, 1989; Norman and
Weishampel, 1991; Norman, 2001) (Fig. 7.14). The
teeth at the front of the snout are absent and
replaced by a sharp keratinous beak that would
have grown continuously through life, therefore
allowing ornithischians to crop abrasive plants
(Fig. 7.14C–F). A bone unique to ornithischians,
the predentary, supports the beak on the lower jaw,
and the ceratopsians further developed a second
novel bone, the rostral, to form much of the
beak on the upper jaw (Fig. 7.14D). The teeth of
ornithischians are large, robust, and shaped like a
leaf, with coarse denticles ideal for grinding plant
matter (Fig. 7.14A,B). Importantly, these teeth are
inset relative to the external surfaces of the
jaws, which acts to form a deep depression that
almost certainly housed muscular cheeks in life
(Fig. 7.14D). Although not present (or extremely
small) in sauropodomorphs and herbivorous ther-
opods, cheeks would have prevented food from
haphazardly falling out of the mouth during feed-
ing, therefore enabling it to be chewed over and
over before swallowing. Finally, the most salient
character of ornithischians, their backward-
projecting pubis, provided more area for a large
gut, a necessary feature of herbivores. Aside from
being larger, the gut was now positioned below the
center of mass of the animal, allowing at least
some ornithischians to stand bipedally and move
at fast speeds. Sauropods, whose large gut was
restricted to a more anterior position in the abdo-
men, were limited to a quadrupedal posture and
slow movement.
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Basal ornithischians
Most of the aforementioned features are present in
every ornithischian, even the oldest andmost prim-
itive members of the group from the Late Triassic.

The most primitive of all ornithischians, the het-
erodontosaurids, may have supplemented their
diet with somemeat. Although heterodontosaurids
possess all the aforementioned skeletal features

Figure 7.14 Features of ornithischian cranial anatomy related to feeding: (A) leaf-shaped teeth of a basal ornithischian;

(B) leaf-shaped teeth of a pachycephalosaurid; (C) lower jaw of a ceratopsian; (D) the skull of the ceratopsian

Titanoceratops, showing the sharp rostral and predentary bones that would have supported a beak and the inset fossa on

the lateral surface of the jaws that would have supported a cheek; (E) the skull of Pachycephalosaurus; (F) the anterior

portion of the snout, showing the broad ‘‘duck-like’’ bill, in the hadrosaurid Corythosaurus. Image (A) courtesy of

Dr Richard Butler; images (B–F) courtesy of Dr Thomas Williamson.
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optimized for high-level herbivory, they also boast
large hands that were capable of grasping and
capped with enormous claws (Butler et al., 2007).
Furthermore, several species had enlarged ‘‘canine-
like’’ teeth at the front of their jaws, which were
almost certainly not sexually dimorphic or orna-
mental features as long assumed because they are
present even in small juveniles (Butler et al., 2008b).
Together, the powerful hands and sharp teeth may
have been used to procure and dismember prey.
Alternatively, Norman et al. (2004a) hypothesized
that the large hands and sharp claws may have
functioned as digging implements, perhaps to exca-
vate burrowsor uproot tubers. It is difficult to assess
both of these dietary hypotheses at present, and
clearly more work is required to understand the
feeding habits and functional morphology of the
most primitive ornithischians.

The thyreophorans, which include stegosaurs
and ankylosaurs, seem to have employed a some-
what simple and primitive style of food proces-
sing, at least compared with more derived
ornithischians such as ornithopods and ceratop-
sians (Norman, 2001). The teeth were small, sim-
ple in shape, and not arranged into complex
dental batteries, and only a limited range of jaw
motion was possible during the feeding stroke
(Fig. 7.15). In particular, stegosaurs had a relative-
ly unsophisticated masticatory apparatus. Their
teeth lack extensive wear, their bite forces were

probably lower than those of extant dogs, and
most of the forces incurred during feeding were
probably endured by the beak (Reichel, 2010). The
skull of most thyreophorans was essentially aki-
netic: the quadrate fit tightly into the glenoid of
the lower jaw, preventing any substantial fore–aft
propalinal movement, and the individual bones of
the upper jaw could not move against each other
to facilitate complex chewing motions (Barrett,
2001). Therefore, most thyreophorans orally
processed food by simply bringing their jaws to-
gether orthally to produce a vertical shearing
motion between the maxillary and dentary teeth
(Norman and Weishampel, 1991; Barrett, 2001;
Norman, 2001). There is some evidence, however,
that at least one ankylosaur had more complex
jaw motions, in which some propalinal shifting at
the quadrate–glenoid contact and a small degree
of medial pivoting of the lower jaws were permit-
ted (Rybczynski and Vickaryous, 2001). However,
it is unclear whether this style of cranial kinesis
was present more broadly among ankylosaurids,
and regardless it paled in comparison to the
extreme cranial kinesis and extensive dental
batteries of the more refined ornithopods and
ceratopsians.

Because of their relatively simple feeding styles,
and inability to process food in the more sophisti-
cated manner of derived ornithischians, thyreo-
phorans are usually posited as something of an

Figure 7.15 Features of stegosaur anatomy relating to feeding: (A) skull of Huayangosaurus; (B) skull of Stegosaurus;

(C) leaf-shaped teeth of Huayangosaurus. All images courtesy of Dr Susannah Maidment.
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ornithischian equivalent to sauropods, albeitwith a
greater capacity to process food in the mouth (Nor-
man, 2001; Norman et al., 2004b). It is likely that
stegosaurs and ankylosaurs were bulk feeders and
needed to ingest large quantities of vegetation,
relying on mechanical or chemical processing of
plant matter in the gut more so than complex oral
processing. It is no stretch to imagine the tank-like
ankylosaurs, which were probably only capable of
slow locomotion and which were restricted to
walking on four legs, as something of an ornithis-
chian version of a sauropod. Because of their short
legs and stout necks, ankylosaurs were probably
limited to feeding on plants near ground level.
Stegosaurs, on the other hand, may have had access
to a greater diversity of plants. In general, stegosaurs
have much shorter forelimbs than hindlimbs, so
their neutral limb posture would bring the skull
close to the ground during feeding. This has led
most authors to consider them as specialized
for feeding on ground-level plants (Bakker, 1978).
However, the recent discovery of the aberrant long-
necked stegosaur Miragaia indicates that some
species were able to browse at greater heights
(Mateus et al., 2009).

Sophisticated feeding mechanisms in derived
ornithischians
Two major clades of derived ornithischians, the
ornithopods and ceratopsians, had even more spe-

cialized dietary habits than basal species (Figs 7.16
and 7.17). Members of these clades were capable of
sophisticated oral processing of their food prior
to swallowing, due largely to the presence of ex-
pansive dental batteries and, in ornithischians,
complex chewing motions enabled by the kinetic
nature of the skull (Norman, 1984; Weishampel,
1984; Norman and Weishampel, 1985, 1991;
Weishampel and Norman, 1989). These advanced
feeding styles evolved independently in the two
groups, because their common ancestor did not
possess tightly packed dental batteries. Moreover,
marked differences in skull architecture clearly
demonstrate that the elaborate dentition of or-
nithopods and ceratopsians functioned in distinct-
ly different ways.

The dental batteries of ornithopods and ceratop-
sians are among the most fantastic feeding adapta-
tions ever developed in a herbivorous animal
(Fig. 7.16). The ancestors of both groups possessed
a traditional array of large leaf-shaped teeth that
were widely spaced along the jaws (Norman et al.,
2004a, 2004b, 2004c). Within the ceratopsian and
ornithopod clades, however, the teeth progressively
increased in number and became ever more
tightly packed together, forming a single functional
cutting surface that could efficiently shear even
the toughest of plant matter (Dodson et al., 2004;
Horner et al., 2004; Norman, 2004). In the most
derived ornithopods, such as the duckbilled

Figure 7.16 Features of ornithopod anatomy relating to feeding: the dental battery. Lower jaw of a lambeosaurine

hadrosaurid, shown in medial view (A) and with a close-up of the tightly packed teeth of the dental battery (B). Images

courtesy of Dr Albert Prieto-M�arquez and the University of Alberta Vertebrate Paleontology Laboratory.
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Edmontosaurus, there are more than 60 individual
columns of teeth comprising the dental battery,
each of which consists of up to three functional
teeth and up to five replacement teeth ready to
erupt in a conveyer-belt fashion as the exposed
teeth are worn down during feeding (Fig. 7.16). The
individual teeth are tightly interlocked and the
enamel is restricted to only one side of each tooth
so that the cutting surface self-sharpens as the
softer dentine wears away. Each tooth is strong,
coarsely denticulated for pulverizing plants, and
strengthened with robust longitudinal ridges that
would have both increased the stability of the tooth
and provided additional surface area for grinding.
Nearly identical dental batteries are present in the
most derived ceratopsians, although the number of
tooth columns is usually lower (Ostrom, 1966;
Dodson et al., 2004). In both clades, these remark-
able structureswould have allowed a great degree of
oral processing prior to food ingestion (although
only ornithopods could probably chew in the strict
sense, due to their cranial kinesis), and permitted
the ingestion of tough plants that caused individual
teeth towear downquickly. And, in both clades, the
size and complexity of the dental battery progres-
sively increased during the evolution of more de-
rived species.

Ceratopsians
Although ornithopods and ceratopsians both pos-
sess extraordinary dental batteries and sophisciated
oral processing capabilities, their feeding styles
differed in detail. The tooth batteries of ceratop-
sians are arranged in a nearly vertical manner
(Ostrom, 1964, 1966; Dodson et al., 2004). That is,
the individual teeth erupted straight vertically and
the entire interlocking array of teeth is oriented
perpendicular to the floor of the mouth. This ar-
rangement, along with the akinetic nature of the
skull and the limited range of motion at the jaw
joint, restricted the jaws to moving in a simple up-
and-down orthal fashion. Therefore, during the bit-
ing stroke the upper and lower tooth rows would
have sheared past each other like opposing guillo-
tine blades. Additional cutting ability was con-
ferred by the beak, which was the largest, most
robust, and probably sharpest of any dinosaur. The
narrow profile of the beak in anterior view was
probably better suited for plucking rather than

strong bites (Ostrom, 1964, 1966), and based on
comparisonswith living animals probably indicates
that ceratopsians were specialist feeders (as op-
posed to broader-muzzled generalists). It is likely
that ceratopsians, especially the largest and most
derived forms that possess themost extensive tooth
batteries, subsisted primarily on low-growing and
abrasive vegetation. These plant sourceswere prob-
ably inaccessible to sauropods, thyreophorans, and
herbivorous theropods, because they did not pos-
sess complex dentition that could withstand high
amounts of wear (Ostrom, 1966; Dodson et al.,
2004).

Ornithopods
Derived ornithopods, on the other hand, were
capable of much more complicated jaw motions
than the simple up-and-down shearing of ceratop-
sians. Like livingmammals, ornithopodswere able
to chew their food by repeatedly grinding it in the
mouth using a multidimensional array of feeding
strokes. Mammalian chewers are able to move
their jaws in a wide range of motion, including
orthal (up–down), propalinal (fore–aft), and trans-
verse (sideways) directions. The primitive ances-
tors of ornithischians were limited to a simple
orthal stroke, like that of ceratopsians and most
other dinosaurs, which restricted their degree of
oral processing. These animals, as well as more
derived ornithopods, simply could not slide their
lower jaws sideways relative to the upper jaws,
because the tight articulation between the quad-
rate and articular at the jaw joint prevented any
substantial motion. Derived ornithopods, howev-
er, seemingly developed an ingenious solution to
this problem: their ‘‘pleurokinetic’’ skulls permit-
ted a wide range of motion between some individ-
ual bones of the snout, such that a passive
transverse stroke occurred as the result of the
primitive orthal stroke (Norman, 1984; Weisham-
pel, 1984; Norman and Weishampel, 1985, 1991;
Weishampel and Norman, 1989). This novel func-
tional system entailed the rotation of a unit of
bones, including much of the side of the face and
the palate, relative to the snout and skull roof via a
loose ‘‘hinge’’ at the premaxilla–maxilla suture.
Because of this moveable articulation, the maxilla
and associated bones would literally swing out-
ward as a passive consequence when the upper and
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lower jaws came together.When this occurred, the
diagonally oriented tooth batteries of the two jaws
slid past one another, with the maxillary cutting
surface shearing against the outer surface of the
dentary tooth battery. In effect, this provided a
transverse power stroke, in addition to the orthal
stroke. Derived ornithopods were therefore able to
employ a range of jaw motions when feeding,
which allowed them to chew their food in a man-
ner analogous to mammals.

Originally, the evidence for this unusual feeding
mechanism was based on gross observation of the
ornithopod skull, especially careful observation of
the degree of motion between various sutures
(Norman, 1984; Weishampel, 1984). More recent
studies, relying on a toolkit of analytical techni-
ques unavailable to earlier scientists, lend credi-
bility to the pleurokinetic hypothesis. Analysis of
tooth wear on hadrosaurid teeth revealed four
discrete sets of scratches arranged in consistent,
statistically significant orientations (Williams
et al., 2009) (Fig. 7.17C,D). Some of these could
only be produced via transverse motion of the
lower jaw relative to the upper jaw, as would occur
during pleurokinetic skull movement. Further-
more, FEA demonstrates that the lower jaws of
hadrosaurids were remarkably robust and well
suited to withstand high torsional forces caused
by medial rotation of the lower jaw relative to the
maxilla during pleurokinetic feeding (Bell et al.,
2009).

However, some recent work has cast doubt on
someaspects of the pleurokinetic hypothesis. Rybc-
zynski et al. (2008) constructed a digital model of
the Edmontosaurus skull and used a computer
animation program to simulate the motion of skull
bones during a pleurokinetic bite (Fig. 7.17A,B).
This exercise found that large amounts of second-
ary motion between other cranial bones was
required to accommodate the motion of the
maxilla and prevent the skull from systematic dis-
location. Some of these motions required large
separations of more than 1 cm between individual
bones, including between the jugal and quadrato-
jugal and pterygoid and palatine. This may indicate
that the skull was not pleurokinetic to the extreme
degree posited by gross morphological studies, but
it is important to remember that the digital model
only studied the relative motions of bones during

pleurokinetic feeding. Muscles, tendons, liga-
ments, and cartilage were not incorporated into the
model, and in a living animal these soft tissues
would surely have constrained bone motion and
limited disarticulation. Holliday andWitmer (2008)
criticized the pleurokinetic hypothesis from the
standpoint of sutural geometry: they could not find
sufficient evidence for extreme mobility at the
premaxilla–maxilla suture, as well as other bone
contacts that simply must be kinetic in order for
pleurokinesis to work. On the contrary, they sug-
gested that the broad contact areas between these
bones, and in some cases tighter and more inter-
locking sutural relationships thanpreviously appre-
ciated, seriously argued against the notion of
pleurokinesis. However, Holliday and Witmer
(2008) acknowledged that tooth microwear data
does indicate the presence of a transverse chewing
stroke in some ornithopods, and therefore more
work is needed to harmonize observations from
gross anatomy, sutural relationships, and tooth
wear. It is possible that some ornithopods hadmore
pleurokinetic skulls than others, meaning that
large comparative studies ofmany species are need-
ed to help resolve questions about ornithopod
feeding.

Regardless of how kinetic their skulls were,
ornithopods were probably well suited for feeding
on ‘‘mid-level’’ plants growing several meters
above the ground. Their moderate size and ability
to rear up on two legs would have given ornitho-
pods access to higher-blossoming plants not easily
accessible to most thyreophorans and shorter-
necked sauropods. Only the very largest ornitho-
pods, such as the 15-m Shantungosaurus from the
Late Cretaceous of Asia, could browse at heights
accessible to longer-necked sauropods. Therefore,
most ornithopods probably exploited a feeding
envelope between that of low-browsing thyreo-
phorans and high-browsing sauropods. Fossilized
stomach contents and coprolites prove that hadro-
saurs ate a variety of plants, including conifers and
angiosperms, as well as specific plant structures
such as fruits and even decayingwood (Chin, 2007;
Tweet et al., 2008; Sander et al., 2010). Because
ornithopods had a wide range of muzzle shapes,
ranging fromnarrow to extremely broad, it is likely
that some were more specialist feeders and others
generalists.
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Did dinosaurs ‘‘invent’’ flowers?
Angiosperms, the ‘‘flowering plants’’ that are
so exceptionally diverse in the modern world,
originated sometime during the reign of dinosaurs,

probably in the Early Cretaceous (Sun et al., 1998).
Bakker (1978, 1986) hypothesized that the rise of
angiosperms from amarginal clade to their modern
dominance was driven by a coevolutionary arms

Figure 7.17 Pleurokinesis in hadrosaurids. (A, B) Digital model of the skull of Edmontosaurus in left lateral (A) and

dorsolateral oblique (B) views, with the straight lines indicating the hypothesized position of the pleurokinetic hinge

between bones of the skull roof and those of the side of the face. (C, D) Tooth microwear in hadrosaurids, including a

scanning electron microscope image of wear on the surface of a hadrosaurid tooth (D) and a schematic illustration

showing the major patterns of wear in hadrosaurids in general (C). These wear patterns indicate the presence of a

transverse chewing stroke, which could be explained by pleurokinesis, although the model shown in (A) and (B) suggests

that the classic pleurokinesis hypothesis may be incorrect (see text for details). Images (A) and (B) courtesy Alex

Tirabasso � Canadian Museum of Nature (see Rybczynski et al., 2008 for further details); image (C) modified from

Williams, V.S. et al. (2009) Quantitative analysis of dental microwear in hadrosaurid dinosaurs, and the implications for

hypotheses of jaw mechanics and feeding. Proceedings of the National Academy of Sciences (USA) 106, 11194–11199,

and reproduced with permission; image (D) courtesy of Dr Vince Williams.
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racewith dinosaurs.More specifically, he suggested
that the sophisticated oral processing capabilities of
ceratopsians and ornithopods, which also became
exceptionally abundant and diverse in the Creta-
ceous, developed in concertwith the diversification
of flowering plants. A careful look at the fossil
record, however, indicates that there is no strong
correlation between the diversity patterns of dino-
saurs and angiosperms (Sereno, 1997; Weishampel
and Jianu, 2000; Barrett and Willis, 2001; Lloyd
et al., 2008; Butler et al., 2009b) (Fig. 7.18). In other
words, angiosperm diversity does not rise in close
association with the diversity of any herbivorous
dinosaur groups, and major pulses in angiosperm
diversification do not correspond to any major
radiations of dinosaurian herbivores. Furthermore,
if ornithopods coevolved in harmony with angios-
perms, then angiosperm fossils should regularly be
found in association with ornithopods, but only
rarely with the less dietarily refined sauropods.
However, a comprehensive database of fossil dino-
saur and plant occurrences recovers no statistically
significant correspondence between ornithopod
and angiosperm fossils (Butler et al., 2010b). There-
fore, there is little evidence at present that dino-
saurs and angiosperms evolved together in a
dynamic waltz throughout the Cretaceous.

Conclusions

One of the primary functions required of all living
organisms is the acquisition of nutrients. There-
fore, understanding how dinosaurs fed and what
they ate is essential for understanding how they
functioned as biological species (Fig. 7.19). Informa-
tion from gross anatomy, trace fossils (coprolites,
bite marks, gastroliths, stomach contents), and
computational biomechanical analyses can shed
light on dinosaurian diets and feeding strategies.
The commonancestor of all dinosaurswas probably
carnivorous, although the realization that several of
the closest dinosaurian relatives were herbivorous
indicates that dietary evolution in early dinosaurs
was more complex than previously thought. Most
theropods were carnivores, and some were special-
ized for piscivorous diets, megacarnivorous feeding
strategies in which large prey were dispatched by
haphazardly crunching through bone, and perhaps
even pack hunting. Other theropods, such as the
herbivorous therizinosauroids and insect-eating
alvarezsaurids, had distinct diets. All sauropods
were obligate bulk-feeding herbivores that guzzled
enormous quantities of vegetation in order to fuel
their colossal bodies. More primitive sauro-
podomorphs, however, were probably omnivores.

Figure 7.18 Plots showing the diversity of dinosaurs and plants across the Cretaceous. The plots show the proportion of

the total fauna/flora of the time in question that is comprised of each individual dinosaur subgroup/major plant group.

Images modified from Butler et al. (2009b), and reproduced with permission.

C O N C L U S I O N S 189



All ornithischians were herbivorous, and the de-
rived ornithopod and ceratopsian subclades devel-
oped sophisticated feeding mechanisms in which
extensive dental batteries were used to efficiently
crop tough vegetation. Some ornithopods were

probably capable of chewing, enabled by their pleur-
okinetic skulls, although this is an active subject
of debate. There is no evidence, however, that
dinosaurs and angiosperms coevolved during the
Cretaceous.

Figure 7.19 A hypothetical illustration of a carnivorous theropod (the carcharodontosaurid Tyrannotitan) feeding on the

carcass of a sauropod. Illustration by Brett Booth.
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8 Reproduction, Growth,
and Physiology

A 25-tonne sauropod or a 13-m Tyrannosaurus did not begin life as such colossal

majestic creatures. Like any animal, they were conceived, underwent embryonic

development, were born, and then matured into a fully grown adult capable of

reproducing yet another new generation. How dinosaurs reproduced and grew

are some of themost fascinating aspects of their biology. It was no quick or easy

task for a sauropod hatchling to develop into a multi-ton adult that was capable of

shaking the earth as it walked. Even smaller dinosaurs went through substantial

changes in their transition from embryo to adult. Understanding how dinosaurs

reproduced and grew provides yet more critical information, along with data on

locomotion and feeding, necessary to comprehend dinosaurs as living animals.

Not only that, but some grasp of how dinosaurs grew should help reveal exactly

how some species were able to achieve such enormous sizes and dominate

terrestrial ecosystems for millions of years.

Studies of dinosaur reproduction and growth, as well as the physiological

attributes that underpinned their development and fueled their lifestyles, have

moved to the forefront of dinosaur paleobiological research in recent years. Some

of the most exciting new research techniques are being used to address several

important questions about dinosaur life history (Horner, 2000; Chinsamy-Turan,

2005; Erickson, 2005; Varricchio, 2011). Did dinosaur parents care for their young

and, if so, did some species exhibit bird-like behaviors? Did dinosaurs grow

extremely rapidly like modern birds, or slower like living crocodiles and other

reptiles? Were faster growth rates or prolonged periods of growth the key to

attaining gigantic size? What major changes in body proportions, feeding habits,

and locomotor capabilities occurred as dinosaurs matured from embryos into

adults? Did many quintessentially ‘‘avian’’ characters, such as a fast growth rate

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.
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and high levels of egg brooding and parental care, first evolve in birds or originate

in non-flying, non-avian dinosaurs? And, perhaps most fascinating of all, were

some or all dinosaurs capable of high metabolic activity enabled by internal

temperature control (endothermy)?

Like many questions explored in previous chapters, these mysteries are

actively being addressed with a combination of evidence from skeletal fossils,

trace fossils, and experimental and quantitative analytical techniques.

Discoveries of eggs, nests, and embryonic skeletons have helped scientists

understand the reproductive mechanisms of dinosaurs and the level of parental

care invested by some species. Histological techniques have opened a new

frontier for studying dinosaur growth, as growth line counts allow individual

specimens to be aged andmicroscopic bone texture imparts information on how

fast or slow an animal was developing. The ever-expanding inventory of dinosaur

fossils now includes relatively complete growth series for several species,

allowing researchers to pinpoint howbody size, skeletal proportions, and discrete

features (such as those relating to feeding or locomotion) changed during

ontogeny. Finally, a range of evidence has been used to study dinosaur

physiology, including features of gross anatomy, bone texture and inferred

growth rates, preserved soft tissues, and information on the isotopic composition

of dinosaur bones and teeth. The overall picture that has emerged from this

research is provocative: all dinosaurs laid eggs, many species grew into adults

remarkably fast and began reproducing long before they were mature, several

species exhibited advanced ‘‘avian-style’’ egg brooding and parental care, and

most species probably had high metabolisms and were capable of elevated

activity levels.

Reproduction: Eggs, Nests,
and Parental Care

Dinosaur eggs
All dinosaurs, as far as we know, laid eggs (Figs 8.1–
8.3). Fossilized eggs containing embryos have been
discovered for all three of the major dinosaurian
subgroups: theropods, sauropodomorphs, and or-
nithischians (Carpenter, 1999;Horner, 2000;Varric-
chio, 2011) (Fig. 8.1). More precisely, within these
major clades, embryos are known from a range of
taxa: basal tetanurans, therizinosauroids, oviraptor-
osaurs, and troodontids among theropods (Norell
et al., 1995, 2001c; Mateus et al., 1997; Varricchio
etal.,2002;Kundr�atetal.,2008); ‘‘prosauropods’’and
large-bodied sauropods among sauropodomorphs

(Chiappe et al., 1998; Reisz et al., 2005, 2010); and
hadrosaurs and ceratopsians among ornithischians
(Horner andWeishampel, 1988; Horner and Currie,
1994; Horner, 1999; Balanoff et al., 2008). Although
someworkers suchasBakker (1986)havespeculated
that some dinosaurs may have given birth to live
young,this isnothingmorethanconjecturebasedon
no solid evidence. The prevalence of fossilized eggs
fora rangeofdinosaur species, aswell as the fact that
the closest living relatives of dinosaurs (birds and
crocodiles) are exclusively oviparous, is more than
enough evidence to infer that most (if not all) dino-
saurs laid eggs.

As is true of the eggs of living animals, dinosaur
eggs would have provided protection and nutrition
for the growing embryo (Carpenter, 1999). The
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eggshell was both a buffer from the outside world
and a source of calcium for the embryo’s developing
bones. All dinosaurs, as far as is known, laid hard-
shelled eggs composed of one or more layers of
calcite crystals (Fig. 8.2), although it is possible that
some primitive dinosaursmayhave produced softer
eggs like those of their close pterosaurian cousins
(Unwin and Deeming, 2008). Calcitic eggshell frag-
ments, which are remarkably common in many
Jurassic and Cretaceous dinosaur assemblages, are
incredibly rare in Triassic sediments, and currently
represented only by a few specimens associated
with sauropodomorph embryos (Bonaparte and

Vince, 1979; see alsoEarly Jurassic eggs andembryos
described by Reisz et al., 2005, 2010). It is possible
that this rarity reflects the fact that many Triassic
dinosaurs did not produce hard-shelled eggs, but
alternatively itmay stem froma preservational bias.
Future discoveries, or the lack thereof, should help
determine which of these two explanations is
correct.

Different types of dinosaurs produced different
eggs, which is not unexpected given the great di-
versity of egg size and shape among living birds
(Carpenter, 1999) (Figs 8.1 and 8.3). Dinosaur eggs
run the gamut from spherical to elliptical, and some

Figure 8.1 Dinosaur eggs and embryos: (A) embryo of the basal sauropodomorph (‘‘prosauropod’’)Massospondylus from

the Early Jurassic of South Africa; (B) embryo of the oviraptorosaurian theropod Oviraptor from the Late Cretaceous of

Mongolia; (C) the egg of a large theropod (probably an oviraptorosaur); (D) the egg of a troodontid theropod; (E) the skull of

a sauropod embryo from the Cretaceous of Argentina. Image (A) modified from Reisz et al. (2010), and reproduced with

permission; (B) photograph�Mick Ellison; (C) courtesy of Dr Gerald Grellet-Tinner; (D) courtesy of Dr David Varricchio;

(E) courtesy of Dr Luis Chiappe.
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even possess the classic asymmetrical shape of
most extant bird eggs, which exhibit blunt and
pointed ends. The recovery of embryonic remains
inside some eggs indicates that sauropods largely
produced spherical eggs, whereas theropods had
more elliptical eggs which were asymmetrical in
the most derived bird-like species (Norell et al.,
1995; Varricchio et al., 1997, 2002; Chiappe et al.,
1998; Grellet-Tinner et al., 2006; Zelenitsky and
Therrien, 2008a). Dinosaur eggs also vary greatly in
size, although remarkably no known examples are
larger than about 10 liters in volume (Carpenter,
1999; Horner, 2000). Instead, the largest dinosaur
eggs are approximately the same size as those pro-
duced by the extinct 3-m ‘‘elephant bird’’Aepyornis.
This strongly suggests that even the most colossal
dinosaurs came into the world as pint-sized hatchl-
ings and attained their giant bulk almost entirely
after birth. There seems to be no relationship what-
soever between egg size and adult size: some of the

smallest dinosaur eggs on record, with a volume
of less than 1 liter, belong to sauropods, whereas
closely related and similarly sized hadrosaurs
have egg volumes that differ threefold or fourfold
(Horner, 2000).

Because they are not components of a dinosaur’s
skeleton, eggs themselves are classified according
to their own ‘‘parataxonomic’’ classification sys-
tem. This is also true of other trace fossils, such as
footprints and even, in some cases, bite marks. A
dinosaur egg that contains an embryo inside will
not be given the name of the embryo, but rather
receives its own moniker. Therefore, for example,
eggs containing embryos of the hadrosaur
Maiasaura are referred to as their own ‘‘ootaxon,’’
Spheroolithus (Horner, 2000). The parataxonomic
classification of eggs is akin to the classification of
biological species: egg species, genera, families, and
higher taxa are named and described based on un-
ique combinations of characters, which usually

Figure 8.2 The microstructure of dinosaur eggs: (A) histological thin section of a maniraptoran theropod egg (most likely

Deinonychus) illustrating the two calcite crystal layers that are diagnostic of most theropod eggs; (B) thin section of a

troodontid egg, also exhibiting two calcite layers; (C) thin section of a sauropod egg showing the primitive condition of a

single calcite layer; (D) surface ornamentation of a maniraptoran theropod egg (most likely Deinonychus); (E) surface

ornamentation of a sauropod egg; (F) surface ornamentation of a sauropod egg. All images courtesy of Dr Gerald Grellet-

Tinner and include histological thin sections viewedwith traditional microscopy (A–C) and surface structure viewed using

a scanning electron microscope (D–F).
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relate to size, shape, microstructural calcite crystal
orientation, surface ornamentation, and surface
pore geometry (Mikhailov, 1991, 1997; Carpenter,
1999). In recent years, dinosaur egg specialists have
begun using cladistics to group together similar egg
types and study the acquisition of primitive and
derived eggshell features (Varricchio and Jackson,
2004; Zelenitsky and Therrien, 2008a).

Dinosaur nests
Dinosaur eggshells are often found broken and
isolated, but numerous well-preserved sites have
yielded organized assemblages of complete or
nearly complete eggs (Horner and Makela, 1979;
Norell et al., 1995; Varricchio et al., 1997, 1999;
Chiappe et al., 1998, 2004; Zelenitsky and Ther-
rien, 2008b; Grellet-Tinner and Fiorelli, 2010; Vila
et al., 2010). In many cases, these assemblages
clearly represent nests (Fig. 8.3). Known dinosaur
nests come in a wide range of shapes, most com-
monly either elliptical or circular, and can contain
few or many eggs, sometimes haphazardly gath-
ered together, in other cases arranged in a neat
order. In general, it seems as if sauropods built
elliptical nests filled with a small number of eggs
(�25) arrayed in no discernible pattern (Chiappe
et al., 1998, 2004; Grellet-Tinner and Fiorelli,
2010; Vila et al., 2010) (Fig. 8.3D). Sedimentary
evidence indicates that these nests were bowl-like
depressions, actively dug out of the surrounding
earth by the adult and later filled in during flooding
episodes (Chiappe et al., 2004).

The nests of derived theropods, on the other
hand, seem to have been mostly circular, and in
some cases built onmounds surrounded by a rim of
sediment (Varricchio et al., 1999; Zelenitsky and
Therrien, 2008b) (Fig. 8.3A,B,E–G). Egg number
varies depending on the species in question –
Oviraptor nests contain 20–36 eggs whereas those
of Troodon hold 12–24 – but the eggs are paired and
the pairs are arranged together into a ring-like
configuration (Norell et al., 1995; Varricchio
et al., 1997; Zelenitsky and Therrien 2008b) (Fig.
8.3E–G). Moreover, the individual eggs are asym-
metrical in these species, and in well-preserved
nests the blunt end of each egg usually points
inward (Fig. 8.1C,D). It is thought that the narrower
end of the egg was exposed first during egg-laying,
based on comparisons with living birds, which

suggests that the mother dinosaur sat at the center
of the nest (which is usually flat) during egg deposi-
tion (Zelenitsky and Therrien, 2008b). In these
nests, the eggs are often partially buried, which
would have helped stabilize the eggs and main-
tained the circular shape of the nest, and this may
have been particularly important in species that
incubated their eggs by brooding (see below).

Although fossil nests are quite rare, the known
evidence demonstrates that dinosaurs nested in a
variety of settings. Dinosaur eggs and nests are
known from nearly every conceivable terrestrial
sediment, including limestones, mudstones, and
sandstones (Horner, 2000). It seems as if some
dinosaurs nested near streams and rivers, along the
shores of lakes, lagoons, and seas, on tidal flats and
beaches (Sanz et al., 1995; L�opez-Mart�ınez et al.,
2000), and even in Yellowstone-like hydrothermal
geyser settings (Grellet-Tinner and Fiorelli, 2010).
There have been some suggestions that certain
dinosaurs nested in more nearshore or upland en-
vironments, or in wetter or drier conditions, than
others, but this deserves further study as more
fossils become available for comparative research
(Horner 1999).

Remarkably, some dinosaur nests are found as-
sociated with large numbers of other nests at what
appear to be nesting sites, which in some cases are
spread over hundreds of square meters and contain
thousands of individual eggs (e.g., Horner 1982,
2000; Chiappe et al., 1998; Grellet-Tinner and
Fiorelli 2010). Sometimes these sites are extensive
laterally, which reflects a large colony of indivi-
duals reproducing at once, and also stacked one on
top of the other in vertical stratigraphic section,
probably representing hundreds or thousands of
years of continued nesting activity. Both of these
conditions characterize some of the famous nesting
sites studied by John Horner and colleagues in
Montana (e.g., Horner and Makela, 1979; Horner,
1982). Here, individual nesting horizons are repeat-
edly stacked upon each other vertically, and indi-
vidual horizons contain more than 10 nests, which
are evenly spaced from each other at large enough
distances so that full-grown adults could walk be-
tween them. This is stunning and convincing evi-
dence for ‘‘site fidelity’’: the continued usage of a
nesting area by a communal group over an extended
time period.
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Figure 8.3 Dinosaur nests: (A) nest of a maniraptoran theropod with a central platform where the mother (and perhaps

father) sat during egg-laying (and brooding); (B) the egg clutch of a therizinosauroid; (C) the egg clutch of a hadrosaurid;

(D) the egg clutch of a sauropod; (E) the nest of a troodontid (covered with a plaster jacket), surrounded by a rim of

sediment; (F) the egg clutch of a troodontid; (G) a spectacular fossil of an oviraptorosaur parent preserved brooding a nest

of eggs. Images (A–C) courtesy of Dr Darla Zelenitsky; (D) modified from Vila et al. (2010); (E) and (F) courtesy of Dr David

Varricchio; (G) photograph � Mick Ellison.
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Parental care
Living birds and crocodiles exhibit varying degrees
of parental care, so it is reasonable to hypothesize
that dinosaurs did as well (Carpenter, 1999; Horner,
2000; Varricchio, 2011).However, ‘‘parental care’’ is
an imprecise umbrella term that can refer to many
different behaviors. It is more informative to ask
three specific questions about dinosaur parental
habits. Did dinosaurs invest substantial time and
energy inmaking nests?Did somedinosaurs active-
ly incubate their eggs with brooding behaviors? Did
dinosaur parents actively care for their offspring
after hatching? In each case, it is also possible to
ask whether dinosaurian behaviors were similar,
and perhaps even directly homologous, to those of
their living avian descendants.

First, there is solid evidence that various dino-
saur species devoted large amounts of time and
energy to construction of their nests, rather than
haphazardly depositing their eggs in a hastily built
structure. Nests belonging to troodontids are com-
monly surrounded by a rim of sediment 15–40 cm
beyond the edge of the egg clutch, which probably
functioned as something of a barrier against flood-
ing and predation (Varricchio et al., 1997) (Fig. 8.3E).
A maniraptoran nest described by Zelenitsky and
Therrien (2008b) was carefully constructed on a
mound of sediment, and built at the precise size
needed for the mother to sit in the center and lay
eggs without disturbing those eggs that were al-
ready present (Fig. 8.3A). This level of parental care
is not characteristic only of derived theropods, but
is also present in other dinosaurs. The communal
hadrosaurs described by Horner and Makela (1979)
and Horner (1982) keenly arranged their nests so
that there was enough room for large adults to
navigate around the nesting ground, whereas some
sauropods clearly excavated their bowl-like nests
by using their hind feet (Chiappe et al., 2004; Vila
et al., 2010).

Second, several discoveries firmly demonstrate
that derived bird-like theropods sat on their nests
and actively incubated their eggs. Spectacular fos-
sils preserve adults of Troodon and the oviraptorids
Oviraptor and Citipati in contact with their eggs
and, in the case of the oviraptorids, in the stereo-
typical brooding posture of living birds inwhich the
wing is extended over the eggs to provide heat and
protection and the abdomen is in contact with the

clutch (Norell et al., 1995, 2001c; Dong and Currie,
1996; Varricchio et al., 1997; Clark et al., 1999;
Horner, 2000; Varricchio, 2011) (Fig. 8.3G). Clearly,
these stimulating fossils are the most direct evi-
dence possible of brooding, active incubation, and
intentional parent–egg interaction in extinct dino-
saurs. Not all dinosaurs, however, likely behaved in
this way. There is no fossil evidence that sauropods
or hadrosaurs sat atop their nests and incubated
their eggs, and indeed this would be physically
difficult given the enormous sizes of most of
these animals. Many, if not most, dinosaur species
probably incubated their eggs passively, either by
burial in sediment or covering the nests with vege-
tation. The former is more likely, because there is
little evidence from dinosaur nesting grounds of
fossilized plants in association with eggs or nests
(Carpenter, 1999; Horner, 2000). Furthermore,
Deeming (2006) showed that the substantial thick-
ness and high porosity of many dinosaur eggs indi-
cated that they were buried in humid conditions.
Even some eggs of derived theropods, such as those
of oviraptorids, possess these features, suggesting
that the eggs may have been partially buried and
received much of their incubation heat from sedi-
ment and not the brooding parent. Brooding may
therefore have functioned more in protection than
incubation in these bird-like species, although this
is difficult to test with certainty.

Third, there is some evidence that some dino-
saur parents may have cared for their offspring
long after hatching, but this is debatable and open
to interpretation because of the uncertainty of
taphonomic and sedimentological evidence.
There are many instances in the fossil record of
adult dinosaurs preserved in association with ju-
veniles, but these records are not sufficient to
demonstrate active parental care. On the contrary,
they may represent chance associations of fossils
that were brought together after death. One good
example, which more than any other may truly
represent parental care of offspring, is the discov-
ery of adult and juvenile Oryctodromeus bones
within their burrows. Because there is evidence
that this species actively burrowed, and that the
burrow it was found within was its dwelling, it is
no great stretch to conclude that Oryctodromeus
adults at least interacted with their offspring
(Varricchio et al., 2007).
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Another classic and convincing case, based sole-
ly on the discovery of juvenile remains, is Horner
and Makela’s (1979) discovery of hatchling and
larger juvenile (�1m long) Maiasaura preserved
within their nests. Histological evidence indicates
that the bones of these juveniles were poorly ossi-
fied and likely incapable of powering active loco-
motion (Horner and Weishampel, 1988; Horner
et al., 2000), and the prevalence of broken and
trampled eggshells suggests that the juveniles were
actively inhabiting the nests. Based on this infor-
mation, it is reasonable to hypothesize that juve-
niles remained in the nest, where they were fed and
cared for by adults, for quite some time after hatch-
ing. Of course, it is possible that the association of
nests and larger juveniles was due to taphonomic
happenstance or another behavior unrelated to
parental care of offspring. Perhaps, for instance, a
flock of juveniles retreated into an abandoned nest
to escape a predator. A scenario like this cannot be
ruled out, but what is important is that the associ-
ation of nests, trampled eggshells, and juveniles
poorly suited for gathering their own food is consis-
tent with the hypothesis of active parental care in
Maiasaura.

The evolution of ‘‘avian-style’’ reproduction
The ever-improving fossil record of dinosaur eggs
and nests, along with the increasingly well under-
stood phylogenetic relationships of birds and their
closest dinosaurian relatives, allows scientists to
study the evolutionary development of stereotypi-
cally ‘‘avian’’ reproductive features that are unique
to birds among living animals. These features in-
clude asymmetrical eggs with blunt and pointed
ends, which probably result from the physical con-
straints of the small avian oviduct; eggs with three
distinct layers of calcite crystals, which probably
lend strength that is necessary to bear the brunt of a
brooding parent’s weight; brooding and active in-
cubation behaviors; and a single functional oviduct
that lays only a single egg at one time. These and
other reproductive features of dinosaurs, such as
egg shape and ornamentation, have been explicitly
studied in a phylogenetic framework (Grellet-
Tinner et al., 2006), and in one case even using
cladistic methodology (Zelenitsky and Therrien,
2008a). These studies convincingly demonstrate
that most of these so-called ‘‘avian’’ features devel-

oped long before the evolution of birds or flight, as is
the casewith somany other stereotypically ‘‘avian’’
features of osteology, soft tissue anatomy, and loco-
motion that have been discussed in previous
chapters.

Although the current fossil record of dinosaur
eggs and reproductive behaviors is far from com-
plete, there seems to have been an incremental
development of avian-like characters during dino-
saur evolution. Grellet-Tinner et al. (2006) argued
that sauropod dinosaurs retained many primitive
reproductive features that are present in living
crocodiles. Sauropod eggs are usually spherical and
symmetrical, composed of a single layer of calcite
crystals, and arranged in haphazard piles in the nest.
This latter feature suggests that therewere still two
functional oviducts, neither ofwhichwas restricted
to producing one egg at a time. Furthermore, there
is no evidence that sauropods incubated their
young, much less provided much direct care or
protection before hatching. Derived theropods,
however, exhibit more derived reproductive beha-
viors shared with birds (Grellet-Tinner et al., 2006;
Zelenitsky and Therrien, 2008a). Oviraptorosaurs
and troodontids have asymmetrical eggs that were
actively cared for, and perhaps incubated, by par-
ents (Figs 8.1 and 8.3). Their eggs are composed of
two calcite layers, and Varricchio and Jackson
(2004) argue that some troodontid eggs may even
exhibit three layers as in birds; however, Grellet-
Tinner and Makovicky (2006) argue that the sup-
posed third layer is a diagenetic artifact (Fig. 8.2).
The eggs are not strewn about in the nest, but are
rather paired together (Fig. 8.3). This indicates that
there were still two functional oviducts, but that
each could produce only one egg at a time. The
discovery of two eggs within a female oviraptoro-
saur supports this hypothesis: clearly two function-
ing oviducts were present, but there simply was not
enough room in the body cavity for more than two
eggs (Sato et al., 2005).

Troodontids, which are the closest non-avian
relatives of birds for which egg and nest fossils are
known, are eerily bird-like in their reproductive
traits. They are even more bird-like than oviraptor-
osaurs, due to their far more asymmetrical eggs,
which are nearly conical as in many living birds
(Fig. 8.1D). In these birds, the pointed tip of the
conical egg houses an advanced ‘‘air cell’’ that helps
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the embryo breathe. The eggs of unequivocal birds
from the Late Cretaceous of Argentina are almost
indistinguishable from those of troodontids, aside
from their unambiguous triple-layered calcite.
Because of their remarkable similarities, Grellet-
Tinner et al. (2006) hypothesized that troodontids
had a ‘‘fully avian style’’ of incubating their eggs,
and would have looked and behaved much like
nesting birds. This is yet more convincing evidence
that birds and their closest dinosaurian relatives
were nearly identical anatomically and functional-
ly. One important difference between birds and
their closest relatives does remain: the presence of
only a single functioning oviduct in birds. However,
it is unknown exactly when this trait evolved.
Fossil nests are unknown for primitive Mesozoic
birds, so it is possible that the single oviduct devel-
oped much later during the evolutionary history of
birds, long after their origination from theropods.

In summary, nearly every single egg-related char-
acter and reproductive behavior unique to modern
birds is now known to have been present in non-
avian, non-flying dinosaurs. No single character,
with the possible exception of a single functional
oviduct and three calcite crystal layers, distin-
guishes the eggs and reproductive biology of birds
from those of their closest non-avian theropod re-
latives. Avian-style reproductive features are not
present in all dinosaurs, however, and sauropods in
particular seem to possess many primitive features
and behaviors shared with crocodiles. It is difficult
to study the pattern and tempo of the evolutionary
transition between primitive ‘‘crocodile-like’’ and
more derived ‘‘avian-like’’ reproductive features,
because so few dinosaur groups are represented by
well-preserved eggs, embryos, and nests. What we
do know is that most of these avian-style features
originated somewhere within theropod phylogeny,
long before birds took to the skies.

Paternal care in dinosaurs?
It seems natural for humans to assume that most
animals exhibit maternal care, based on our own
anthropocentric experiences, but this is by no
means universally true. Most crocodile mothers
care for their young, but living birds are usually
either biparental, with both parents involved in
child care, or paternal, in which themale takes the
lead role in caring for the offspring (Carpenter,

1999; Varricchio, 2011). It seems like this latter
condition was characteristic of derived theropods.
Varricchio et al. (2008a) collected data on clutch
size and body size of the brooding parent in over
400 species of living archosaurs. They found indi-
vidual diagnostic correlations between clutch size
and body size that distinguish paternal, maternal,
and biparental living archosaurs. When these
two measurements were compiled for Troodon,
Oviraptor, andCitipati, these maniraptorans were
found to have the signature clutch size/body size
relationship of parental birds (Fig. 8.4). More spe-
cifically, these theropods have clutch sizes that
closely match those of paternally caring living
ratites of similar body size, but clutches that
would be far too large (for their body size) for a
maternal or biparental bird. Furthermore, these
scientists also examined the bone histology of the
brooding adults found in association with the eggs
of all three taxa. None of them exhibited medul-
lary bone, the characteristic calcium-storing bony
tissue that female birds use as a calcium source for
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shelling eggs, nor extensive internal bone remo-
deling, which female crocodiles undergo in order
to mine calcium from their bones. This indicates
that the brooding adults are male, in agreement
with the paternal care strategy predicted by the
clutch size/body size comparison. It is unclear if
more primitive theropods and non-theropods be-
haved this way, and more fossil discoveries are
clearly needed.

Methods for Studying
Dinosaur Growth

Once dinosaurs hatched from their eggs they need-
ed to continue growing into an adult, a process that
took considerable time and energy. Several intrigu-
ing questions about dinosaur growth have cap-
tured the imagination of scientists. How fast did
dinosaurs grow and how do dinosaurian growth
rates compare with those of living taxa? At what
ages did dinosaurs become sexually mature, reach
full size, and ultimately die? How did some dino-
saurs, such as tyrannosaurids and sauropods, at-
tain such giant size? Conversely, howdid the small
body sizes and astonishingly fast growth rates of
living birds evolve? All these questions have been
addressed with a spate of recent studies, using
sophisticated analytical techniques applied to an
ever-expanding sample of fossils. Study of dinosaur
growth is one of the most exciting areas of con-
temporary research and promises to remain so for
many years to come.

Histological techniques
The most useful and powerful means for studying
dinosaur growth is through histological techni-
ques (Chinsamy-Turan, 2005; Erickson, 2005; see
Plate 15). As described below, thin sections of
dinosaur bone impart critical information on the
age of individual specimens and the tempo of
growth at the time bony tissue was deposited.
Before interpreting thin sections, however, these
samples must be extracted from dinosaur bone.
Two general techniques are commonly used by
researchers (Erickson, 2005). First, bones can be
sectioned transversely, usually atmidshaft, using a
diamond-tipped saw. The section is thin affixed to

a glass slide and slowly polished until it is thin
enough to be viewed under polarized and/or
reflected light microscopy. Second, Sander (2000)
developed an alternative method that uses a dia-
mond-tipped drill to extract a cylinder of bone
from a specimen, analogous to how geologists
sample cores of rock or ice. This core, which slices
through each successive bone layer from the ex-
ternal surface to the inner cortex, is then polished
into a thin section using the same methods as the
transverse section described above.

Although these methods can be applied to any
specimen, scientists should carefully choose
which bones to sample. In order for a thin section
to give any meaningful information on specimen
age or growth rates, the sampled bone should show
minimal remodeling. Bones are not static ele-
ments but are dynamically remodeled throughout
life as an animal grows, reproduces, and recovers
from injuries. Heavily remodeled bones may no
longer contain bony tissues deposited during ear-
lier stages of development, preventing a complete
understanding of the growth history of the animal
and hindering our ability to age a specimen
(Horner and Padian, 2004; Chinsamy-Turan,
2005). In many cases it seems as if bones that do
not bear the weight of the animal, such as ribs,
gastralia, and the fibula, are not as extensively
remodeled as those that do (Erickson et al.,
2004; Erickson, 2005). Therefore, these bones are
often preferentially sampled. However, if possible,
researchers try to sample multiple bones from the
same individual and look for consistent patterns. If
many bones from across the skeleton indicate the
same age and growth rate, then scientists can be
confident that what they are seeing is not biased by
remodeling.

Bone texture
The organization and texture of the mineral crys-
tals in a bone gives information on the rate of
bone deposition and the general style of growth
(Chinsamy-Turan, 2005). There are two common
textures of compact bone, which define the end
points on a spectrum of slow-growing to rapidly
deposited bone (Fig. 8.5). Slow-growing compact
bone is typically lamellar, with the mineral crys-
tals arranged in discrete concentric rows called
laminae that are stacked on top of each other in
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thin section (Fig. 8.5A). Fast-growing bone is de-
scribed as fibrolamellar, because the collagen fibers
in the original bone (and hence the mineral crystals
in a fossil bone) are more randomly and haphaz-
ardly arranged to form a fibrous, or woven, texture
(Fig. 8.5B). Fibrolamellar bone is deposited so
quickly that collagen and minerals literally entrap
blood vessels, much like a person being engulfed in
a mosh pit at a rock concert. Later, as the bone
begins to be remodeled, slowly growing lamellar
bone forms around each vessel, producing a char-
acteristic structure called a primary osteon. Often,
these primary osteons are further remodeled by the
addition of more lamellar bone, forming secondary
osteons. Dense patchworks of several generations
of secondary osteons, which chaotically overlap
each other like sheets of paper on a messy desk,
define a characteristic fibrolamellar bone texture
called Haversian bone. As was first recognized by
pioneering paleohistologist Armand de Ricql�es
(1980), dinosaur bone typically consists of fibrola-
mellar bone with a Haversian texture, which is
highly vascularized and indicative of rapid growth
rates (see also Erickson et al., 2001; Padian et al.,
2001; Chinsamy-Turan, 2005; Erickson, 2005).
Similar bony tissues are common in extant mam-
mals and birds, both of which exhibit fast growth,
whereas slower-growing lamellar bone is typical of
living reptiles.

Aging dinosaur bones
As well as indicating whether an animal was grow-
ing relatively fast or slow, histological thin sections
sometimes record howmany years old an individu-
al was at the time of death (Fig. 8.6). Three general
techniques, each with its own benefits and limita-
tions, are commonly used to age individual dino-
saur specimens. The most common, useful, and
reliable technique entails counting growth lines,
technically termed ‘‘lines of arrested growth’’
(abbreviated as LAGs) (Reid, 1981, 1997).Much like
the rings of a tree trunk, these lines represent
periods when the deposition of bone tissue slowed
or stopped completely, probably because of seasonal
shifts in climate or nutrient availability (Fig. 8.6).
Conversely, the highly vascularized regions be-
tween the rings were formed during periods of
active growth. In some specimens, several LAGs
are tightly stacked together near the external sur-
face of the bone, forming a structure called an
‘‘external fundamental system’’ that represents re-
markably slow bone growth over a long period of
time, probably because the animal is fully grown. It
was long thought that dinosaurs did not exhibit
growth rings in thin section, but this conclusion
was based on only a handful of examples. However,
extensive histological sampling by British paleon-
tologist Robin Reid identified clear growth rings on
nearly every dinosaur thin section he examined.

Figure 8.5 Histological thin sections of two major types of bone, slow-growing lamellar bone (A) and faster-growing

fibrolamellar bone (B). Note that lamellar bone is characterized by numerous individual orderly layers, whereas

fibrolamellar bone has a more woven, random texture. Images courtesy of Dr Gregory Erickson.
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Growth rings are therefore normal for dinosaurs,
but some specimens (especially many sauropods)
do genuinely lack these structures in most
long bone elements traditionally used for aging
(Erickson, 2005).

Growth rings can be used to age specimens if it is
assumed that these structures formed annually.
This is not mere wishful thinking, because the
yearly spacing of growth lines is supported by a
range of evidence, as reviewed by Erickson (2005).
First, annual growth rings are known to form in a
wide variety of living animals, including lepido-
saurs and crocodiles. Second, in most dinosaur

specimens the spacing between the lines is consis-
tent with annual deposition: growth lines close to
the center of the bone are spaced far apart, indica-
tive of rapid juvenile growth, whereas those closer
to the external surface are packed more closely
together. If growth lines were formed by some
other, non-cyclical process – say, completely unpre-
dictable fluctuations in food supply – then random
widths between the individual rings would be
expected. Finally, the clever study of T€utken
et al. (2004) measured the oxygen isotope composi-
tion across individual thin sections, from the center
of the bone to the external surface. They reported a

Figure 8.6 Lines of arrested growth (LAGs, or ‘‘growth lines’’) in a histological thin section of Tyrannosaurus. Individual

arrows denote individual LAGs and the arrow at bottom right indicates the direction of newer bone deposition toward the

outer surface of the bone. Image courtesy of Dr Gregory Erickson.
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cyclical change in composition that corresponds to
the alternation between LAGs and the vascularized
regions of growth. Because oxygen isotope compo-
sition is closely tied to climate and drinking water
sources, it is likely that these cyclical changes
represent annual climate variations. If there was
no annual change, or other clear cyclical change,
random isotope variation across the bone would be
expected. In sum, these three lines of evidence lend
firm support to the annual nature of dinosaur
growth lines.

Not all dinosaur specimens preserve growth
rings, however, requiring that alternative methods
be used to age these specimens. Two approaches in
particular are used, one which can determine abso-
lute age and the other relative ontogenetic stage,
but each of these are subject to more uncertainty
and bias than counts of growth lines. First, scien-
tists can use the principles behind Amprino’s Rule,
which holds that there is a correlation between
bone texture and depositional rate, to estimate
the numerical age of a bone (see reviews and cita-
tions in Chinsamy-Turan, 2005 and Erickson,
2005). In other words, distinct bone textures are
thought to form at their own unique rates, and
therefore scientists can determine the age of a
specimen by dividing the amount of bone present
by the rate at which that type of bone forms.
Unfortunately, studies of living animals show that
there is no clear correlation between bone texture
and rate of deposition: two textures that may look
indistinguishable may be formed at rates that vary
by up to 10-fold (Castanet et al., 2000; de Margerie
et al., 2002). This is a clear problem with the
reasoning behind Amprino’s Rule, which renders
it almost useless in determining an accurate age for
individual specimens. That being said, Erickson
(2005) accepted that these types of calculations are
still somewhat useful in very roughly determining
the age of specimens when no other information is
available.

A potentially more useful system forgets about
determining the precise numerical age of a speci-
men, but instead focuses on identifying relative
ontogenetic stage (Fig. 8.7). Klein and Sander
(2008) introduced the concept of ‘‘histological on-
togenetic stages’’ (HOS), which comprise a relative
scale indicating the level of histological maturity of
a specimen. Identification of hundreds of sauropod

thin sections allowed Klein and Sander (2008) to
identify commonbone textures and features usually
associatedwith certain ontogenetic stages, such as
juveniles, sub-adults, and fully grown adults
(Fig. 8.7). The general idea is that growth rates
slow but bone remodeling increases progressively
throughout the life of an individual, and by identi-
fying histological features associated with these
ontogenetic changes the relative age of a specimen
can be plotted on the HOS scale. Each discrete
stage on the scale is defined based on the organi-
zation of bone tissue (fibrolamellar vs. more lami-
nar), the degree of infilling and remodeling of
vascular canals (no infill, primary osteons, second-
ary osteons), and the degree of bone remodeling
(little remodeling up to dense accumulations of
many secondary osteon generations). The scale
ranges from HOS 1, representing embryonic bone,
to HOS 14, representing individuals with
completely remodeled bones (Klein and Sander,
2008; Stein et al., 2010). It is important to remem-
ber that anHOS does not indicate numerical age: it
is not true, for instance, that an animal exhibiting
the bone characteristics of HOS stage 8 is always
13 years old. However, Klein and Sander (2008)
demonstrated that, in general, the histological
stages exhibited throughout the growth series of
an individual taxon correlate closely with body
size, suggesting that ontogenetic stage and abso-
lute age are closely related to each other (see plot in
Fig. 8.7). These correlations donot necessarily hold
true across taxa, however, because one speciesmay
become histologically mature earlier or later in its
life relative to another species.

Growth curves
If scientists wish to understand the growth rates of
dinosaurs or the mechanisms by which some spe-
cies attained giant or miniature size, the construc-
tion of a growth curve is essential. These curves
plot the age of individual specimens against some
measure of body size, usually either mass or length
(Erickson, 2005) (Fig. 8.8). Numerical ages are usu-
ally determined by counting growth lines, whereas
body mass can be calculated using many of the
methods described in Chapter 5. Alternatively, due
to the uncertainties of body mass reconstruction,
the length of a single standard bone (such as the
femur) is often used as a proxy for body size. When
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Figure 8.7 Histological ontogenetic stages. Histological thin sections from four specimens of the sauropod Apatosaurus

showing how the form and extent of remodeling changes during ontogeny. These four sections represent histological

ontogenetic stages (HOS) 6, 10, 12, and 13, respectively. The plot at the bottom left shows that body size and HOS are

tightly correlated in Apatosaurus, which indicates that HOS is a good indication of specimen age (if ontogenetic age is

assumed to be roughly correlated with body size). Modified from Klein and Sander (2008). Used with permission from the

Paleontological Society.
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constructing growth curves, it is essential to in-
clude specimens that span the ontogenetic series of
an individual taxon. Measuring the ages and body
size of several adults will not divulge much infor-
mation, but being able to plot juveniles, sub-adults,

and adults together will help reveal the overall
growth trajectory of an individual species through-
out its life. This permits the testing of explicit
hypotheses, such as those outlined above, as well
as the calculation of growth rates at any point

Figure 8.8Growth curves showing the growth rates of various dinosaur species, constructed by plotting estimates of body

size against ontogenetic age. (A) Tyrannosaurid curve showing that Tyrannosaurus grew to its enormous size by

increasing its growth rate relative to close cousins. Image courtesy of Dr Greg Erickson and modified from Erickson et al.

(2004) andBrusatte et al. (2010d). (B) Growth curve for the sauropod Janenschia showingmajor stages in the life history of

the animal (juvenile, adult, old age) and the hypothesized onset of sexual maturity when fast juvenile growth rates

transition to slower adult rates. Modified from Sander (2000). Used with permission from the Paleontological Society.

(C, D) Growth curves for the sauropods Apatosaurus and Alamosaurus showing the faster growth rate and larger size

attained by Alamosaurus. Modified from Lehman and Woodward (2008). Used with permission from the Paleontological

Society.

M E T H O D S F O R S T U D Y I N G D I N O S A U R G R OW T H 205



during ontogeny. Furthermore, growth curves sug-
gest when important life history milestones were
reached: sexual maturity is often hypothesized as
occurring when growth rate dramatically slows,
whereas full adult size is indicated by a plateauing
asymptote. Because of their utility in addressing all
sorts of interesting questions, growth curves are
commonly constructed for individual taxa, and this
type of research is primed to continue at a rapid pace
as more complete ontogenetic series are compiled
for individual taxa (see reviews inChinsamy-Turan,
2005 and Erickson, 2005).

How Did Dinosaurs Grow?

In general, dinosaurs were capable of growing rap-
idly. All but the smallest dinosaurs possess fibrola-
mellar bone texture that is highly vascularized,
indicative of fast growth (de Ricql�es, 1980; Chinsa-
my-Turan, 2005; Erickson, 2005; Scheyer et al.,
2010; see Erickson et al., 2009a and Butler et al.,
2010a for small-bodied exceptions). However, the
bones of most dinosaurs exhibit lines of arrested
growth, indicating that growth slowed or even
stopped during certain times of the year (Reid,
1981, 1997). However, many sauropods do not ex-
hibit such growth lines, suggesting that they may
have grownmore continuously throughout the year
(Sander, 2000). Many dinosaur thin sections are
marked by an external fundamental system – a
series of tightly packed growth lines near the exter-
nal surface – clearly showing that growth rate de-
creased markedly and that any substantial growth
of newbony tissue had ceased. This is firmevidence
that dinosaurs stopped growing at a certain age and
size, as is true of most animals. It is often said that
crocodiles and other reptiles grow continuously
throughout their lives, and therefore have different
growth dynamics from dinosaurs, but this is incor-
rect. Living reptiles do in fact exhibit a slowdown in
growth later in life and attain a stable adult body
size (Pough et al., 2003). In dinosaurs, individual
longevity was probably related to body mass: small
theropods may have only lived for 3–4 years, mod-
erate-sized dinosaurs such as larger theropods and
prosauropods for 7–15 years, colossal theropods
such as tyrannosaurids for 24–30 years, and

sauropods for up to 50 years (see reviews in Erick-
son, 2005 and Scheyer et al., 2010) (Fig. 8.8).

Although different species grew at different
rates, reached different adult sizes, and died at
different ages, one fundamental conclusion has
emerged fromnearly two decades of research. Based
on comparisons of growth curves in a range of living
and extinct species, it is clear that dinosaurs grew in
a unique way, not exactly the same as in living
reptiles, birds, or mammals (Erickson et al., 2001;
Chinsamy-Turan, 2005; Erickson, 2005; Scheyer
et al., 2010) (Fig. 8.9). All dinosaurs, it seems, grew
more rapidly than living reptiles of similar body
size. Smaller dinosaurs grew slower than birds and
placental mammals of similar body size, but at
about the same pace as living marsupials. Larger
dinosaurs, however, grew particularly fast: their
growth rates were larger than those of marsupials
and precocial birds (those species in which the

Figure 8.9 Dinosaur growth rates compared with those of

living animals: regression line of non-avian dinosaur

growth rates vs. body size, compared with regression

lines for extant altricial birds (birds born small that need

nourishment from parents), precocial birds (birds bornwell

developed and requiring less or no parental care), mar-

supials, and reptiles. Non-avian dinosaurs grew faster

than living reptiles of similar body size but slower than

extant altricial birds. Their growth rates were similar to

those of living marsupials and precocial birds. Image

courtesy of Dr Gregory Erickson and modified from Erick-

son et al. (2009a).
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young are born relatively mature) and about equiv-
alent to those of placentals. No dinosaurs, in truth,
grew at the breathtakingly fast rates of living altri-
cial birds, which are born small and immature but
develop into full-grown adults in just a couple of
months (Erickson et al., 2009a). It appears as if
dinosaurs had their own distinctive growth rates,
intermediate between those of living reptiles on the
one hand, and extant birds and placental mammals
on the other (Fig. 8.9). Their closest living analogue
may be marsupials, although large dinosaurs grew
much faster than living pouched mammals (Erick-
son et al., 2009a). Itmust be remembered, therefore,
that differences in growth rate between small and
large dinosaurs indicate that there was no universal
‘‘dinosaur growth rate.’’

The evolution of dinosaur growth strategies
All dinosaurs were capable of growing fast, as
indicated by their fibrolamellar bone textures and,
in some cases, growth curves that quantify the
speed of development (Fig. 8.8). This raises an
important question: is rapid growth unique to
dinosaurs among archosaurs, or did it first evolve
in basal archosaurs and was merely retained in
dinosaurs? Histological studies of other extinct
archosaurs indicate that rapid growth was not a
dinosaur innovation. Pterosaurs, which are among
the closest relatives of dinosaurs, exhibit fast-
growing fibrolamellar bone texture almost indis-
tinguishable from that in dinosaurs (de Ricql�es
et al., 2000, 2003a; Padian et al., 2004). Even many
crocodile-line archosaurs, as well as basal arch-
osauromorphs that are immediately outside the
archosaur crown group, possess highly vascular
fibrolamellar bone that is indicative of rapid
growth (de Ricql�es et al., 2003a, 2008). Living
crocodiles, which grow at a slow pace, are there-
fore unusual among archosaurs, and it is likely
that their glacial growth rates are a secondary
reversal to more primitive, non-archosaur growth
strategies. This being said, extinct crocodile-line
archosaurs probably did not grow quite as fast as
dinosaurs and pterosaurs. Extinct crurotarsans,
even taxa such as Effigia that were anatomically
convergent on the posture and gait of dinosaurs,
seem to have grown rapidly early in life but then
switched to slower-growing and less vascular
lamellar bone later in ontogeny (de Ricql�es

et al., 2003a, 2008; Nesbitt, 2007). Most dino-
saurs, on the other hand, formed fibrolamellar
bone throughout their lifetime. These growth
differences may have underpinned other biologi-
cal and functional differences between Triassic
crurotarsans and dinosaurs, and potentially could
help explain why the latter preferentially survived
the end-Triassic extinction and subsequently
dominated terrestrial ecosystems.

Ornithischians
Most ornithischians grew at fast speeds, including
the basal taxon Lesothosaurus, whose bones are
composedmostly of highly vascularized fibrolamel-
lar tissue (Knoll et al., 2010). All ceratopsians and
ornithopods that have been studied using histolog-
ical techniques also possess extensive fibrolamellar
bone and seem to have grown rapidly (Chinsamy,
1995; Horner et al., 1999, 2000, 2009; Erickson and
Tumanova, 2000; Cooper et al., 2008; Woodward
et al., 2011). The hadrosaurid Maiasaura, in partic-
ular, grew at extremely high rates after hatching,
continued to develop at high rates as a juvenile and
sub-adult, and gradually decreased its growth rate
as an adult until full size was reached at 6–8 years
(Horner et al., 2000). Thehigh rates of post-hatching
growth lend evidence to the hypothesis that juve-
niles were born in an immature precocial state and
depended on caring parents for food and protection
(Horner and Makela, 1979; Horner, 1982).

Not all ornithischians grew rapidly. Thyreophor-
ansseemtobecharacterizedbyanunusualcondition,
probably diagnostic for the group, in which growth
is exceptionally slow compared with other or-
nithischians.ThebasalthyreophoranScutellosaurus
exhibits very little fibrolamellar bone, but instead is
characterized by poorly vascularized and parallel-
fibered bone as is typical of slow-growing crocodiles
(Padianetal., 2004).The longbonesofamorederived
thyreophoran, Stegosaurus, indicate that it probably
grew faster than Scutellosaurus, due to the presence
of more extensive fibrolamellar tissue toward the
inner bone cortex (reflecting faster growth rates as
a juvenile) (Redelstorff and Sander, 2009). However,
poorly vascularized and parallel-fibered bone be-
comes more prevalent toward the outer surface of
the bone, showing that growth decreased dramati-
cally during ontogeny. Importantly, when com-
pared with other dinosaurs of similar body size,
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Stegosaurus clearly grew more slowly. Whether
such slow growth rates characterize other thyreo-
phorans,suchasankylosaurs,remainstobestudied.

Sauropodomorphs
All studied sauropodomorphs were capable of rapid
growth, based on the prevalence of fibrolamellar
tissue and, for some species, the construction of
growth curves (Chinsamy-Turan, 2005; Erickson,
2005; Scheyer et al., 2010) (Fig. 8.8B–D). This is true
of both basal ‘‘prosauropods’’ (Chinsamy, 1993;
Sander and Klein, 2005) and bona fide sauropods
(Curry, 1999; Sander, 2000; Sander et al., 2004; Leh-
man and Woodward, 2008; Sander and Klein, 2008;
Woodward andLehman, 2009).However, the growth
of sauropods generally seems to differ from that of
most dinosaurs. Growth lines are only rarely ob-
served, which suggests that sauropods deposited
their fibrolamellar bone tissue continuously
throughout the year (Sander, 2000; Erickson,
2005). This is clear evidence for rapid and sustained
growth. Furthermore, comparisons between the
growth curves of prosauropods and sauropods indi-
cate that the latter had amuch elevated growth rate,
which probably enabled sauropods to attain such
enormous sizes (Sander et al., 2004) (Fig. 8.10).

Constructing growth curves for sauropods, as
well as determining when species attained full size
and ultimately died, is exceptionally difficult be-
causemost specimens do not preserve growth lines.
Therefore, there is great uncertainty about the
numerical ages of sauropod individuals, which led
Klein and Sander (2008) to devise their relative
system of histological ontogenetic stages (Fig. 8.7).
Some specimens, however, do preserve either faint
growth rings or so-called ‘‘polish lines,’’ which
physically stand out in bas relief on thin sections
because of compositional differences between
different bone layers (Sander, 2000). These lines are
not equivalent to lines of arrested growth, but they
do seem to represent annual decreases in growth,
and therefore they can be counted to determine the
age of a specimen (see Sander, 2000 for details).
Growth curves based on counting either growth
lines or polish lines indicate that sauropods grew
very fast, and reached maximum size in only a
couple of decades (Fig. 8.8B–D), but different studies
disagree on the details. Curry (1999) suggested that
Apatosaurus grew to full size in as little as 15 years,
but another study using slightly different statistical
methodology found that full size was attained only
after 70 years (Lehman andWoodward, 2008). These
results imply an order of magnitude difference in
the annual average growth rate, which would be
approximately 520kg per year if Lehman andWood-
ward (2008) are correct and more than 2000kg per
year if Curry (1999) is correct. Regardless of these
differences, however, it is clear that sauropods grew
fast and did not take more than a century to slowly
beef up to full adult size, as was long assumed
(Case, 1978).

Comparisons of growth rates for different saur-
opods calculated using a single methodology indi-
cate that there was great variability in growth
dynamics within the sauropod clade. Lehman
andWoodward (2008) found thatApatosaurus took
70 years to reach full size, but that the titanosaurs
Janenschia and Alamosaurus attained adult size in
20–30 and 45 years, respectively (Fig. 8.8B,D). Some
titanosaurs were therefore larger thanApatosaurus
but achieved full size much earlier. This is sugges-
tive evidence that different sauropod subclades
experimented with different growth rates, in addi-
tion to the overall fast rates that were present in all
sauropods. In particular, the large-bodied titano-
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saurs may have been the fastest growing of all
sauropods (Lehman and Woodward, 2008; Wood-
ward and Lehman, 2009).

Theropods
Only a few theropod species have been studied in
extensive detail using histology and growth
curves, largely because the fossils of these carni-
vores are generally rarer than those of the herbivo-
rous ornithischians and sauropodomorphs. It is
difficult, therefore, to compile extensive growth
series for individual theropod species, although
such data are available for the basal theropod
Syntarsus (Chinsamy, 1990), the large-bodied Allo-
saurus (Bybee et al., 2006), and the colossal tyran-
nosaurids (Erickson et al., 2004). These theropods,
along with Troodon (Varricchio, 1993), all exhibit
the highly vascularized fibrolamellar texture typical
of fast growth. Troodon seems to have required 3–5
years to reach full size, Syntarsus 7–8 years, and
tyrannosaurids 16–20 years (Fig. 8.8A). No known
tyrannosaurid individual is older than 30 years,
indicating that most tyrannosaurids would have
died before this age (Erickson et al., 2004). The same
also seems to be true of Allosaurus (Bybee et al.,
2006). The aberrant alvarezsaurid Shuvuuia has also
been studied histologically, and it probably attained
full size in about 3 years (Erickson et al., 2001).

Major Questions about
Dinosaur Growth

How did some dinosaurs become so large?
Gigantic dinosaurs like Tyrannosaurus and
Brachiosaurus are some of the most awe-inspir-
ing, yet mysterious, creatures to ever live. How
exactly were these and other dinosaurs able to
attain their enormous sizes? Did they grow faster
than other dinosaurs? Did they simply live longer?
Did they delay their sexual maturity until later in
life, thereby extending the rapid juvenile phase of
growth? These questions are only beginning to be
answered, but an exceptional study has focused on
the evolution of gigantism in tyrannosaurids
(Fig. 8.8A). Erickson et al. (2004) constructed
growth curves for four genera of Late Cretaceous
tyrannosaurids: Albertosaurus, Daspletosaurus,

Gorgosaurus, and Tyrannosaurus. All four tyran-
nosaurids attained large size as adults, and all four
grew at fast speeds, but the 6-tonne Tyrannosau-
rus itself demonstrated an unusual growth trajec-
tory relative to its smaller cousins (which
probably grew to adult sizes of about 2 tonnes).
Between about 10 and 20 years of age Tyranno-
saurus experienced an exponential growth phase,
in which growth rates were elevated fourfold
compared with those in other tyrannosaurids.
During this time, T. rex grew at the astounding
rate of over 2 kg per day. Tyrannosaurus therefore
achieved its great stature by growing faster than
its closest relatives, which is quite unlike the
growth strategy employed by super-sized crocodi-
lians, which simply grow for longer than other
species (Erickson and Brochu, 1999; see also Hor-
ner and Padian, 2004).

Gigantism evolved several times indepen-
dently within Dinosauria, and the mechanisms
by which other theropods, as well as sauropods
and ornithopods, became large are not as well
studied. Sander et al. (2004) showed that sauro-
pods as a whole had an elevated growth rate com-
pared with ‘‘prosauropods’’ (Fig. 8.10), but exactly
how individual sauropod clades developed spe-
cies-specific instances of colossal size is un-
known. This is largely due to the difficulty of
constructing growth curves for sauropods, due
to the rarity of growth lines in most specimens.
Lehman and Woodward (2008) found suggestive
evidence that titanosaurs may have grown faster
than other sauropods, and perhaps it is no coinci-
dence that several titanosaurs are among the larg-
est land animals to have ever lived. More work is
clearly needed on the fine-scale histology and
growth dynamics of sauropods in order to assess
whether rate acceleration or another strategy
(such as delayed onset of maturity) was responsi-
ble for the most colossal species.

How did some dinosaurs become so small?
Not all dinosaurs were gigantic. Forgetting for a
moment about birds, which are the smallest dino-
saurs of all, it has been suggested that several
island-dwelling dinosaurs were dwarfed relative
to their closest cousins and mainland con-
temporaries (Fig. 8.11). Such dwarfing is thought
to reflect the so-called ‘‘island rule,’’ in which
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island taxa are morphologically modified because
of the limited resources of their reduced habitat
(Benton et al., 2010). Histological studies have
firmly demonstrated that many supposed island
dwarves really are small adults and not simply
juveniles, because these specimens possess exter-
nal fundamental systems and/or extensive remo-
deling indicative of advanced age (Sander et al.,
2006; Stein et al., 2010; Company, 2011)
(Fig. 8.11A,B). Europasaurus, a sauropod from the
Late Jurassic of Germany that does not seem to
have grown to more than 6m in length, is known
from 9-year-old specimens with an external fun-
damental system and heavy remodeling, both of
which occur at age 15 or greater in close relatives
(Sander et al., 2006). The presence of growth lines
sets this taxon apart from most other sauropods,
and is additional evidence that it grew slowly.
Another dwarf sauropod,Magyarosaurus from the
Late Cretaceous of Romania, exhibits the exten-

sively remodeled bones characteristic of Klein and
Sander’s (2008) oldest histological ontogenetic
stages, yet these bones are less than half the size
of those of close relatives (Stein et al., 2010)
(Fig. 8.11A,B). Furthermore, the internal bone tex-
ture is dominated by slow-growing laminar tissue,
not the faster-growing fibrolamellar bone charac-
teristic of most dinosaurs, indicating thatMagyar-
osaurus grew slower than its close relatives. A
similarly decreased growth rate seems to have
been present in the small titanosaur Lirainosaurus
from the Late Cretaceous of Spain: it exhibits
highly organized bone tissue and numerous lines
of arrested growth, both of which are rare in
fast-growing sauropods (Company, 2011). There-
fore, it seems as if dwarfing was common among
sauropod dinosaurs, and perhaps other dinosaurs,
that lived on islands, and was primarily achieved
by decreasing growth rates relative to closely re-
lated species.

Figure 8.11 Dwarf dinosaurs. (A, B) Histological thin sections of the tibia (450 mm long) of the dwarf sauropod

Magyarosaurus from the Late Cretaceous of Romania. Note the intense remodeling (numerous cross-cutting secondary

osteons), which is usually seen in very mature sauropod individuals that are much larger than this individual of

Magyarosaurus. This suggests thatMagyarosaurus stopped growing at a much smaller size than its more normal-sized

close relatives. (C, D) Comparison of the humerus (C) and femur (D) ofMagyarosauruswith amore traditionally sized large

sauropod (Ampelosaurus). Scale bar equals 10 cm. Images (A) and (B) courtesy of Koen Stein; images (C) and (D) courtesy

of Dr Zolt�an Csiki.
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At what age did dinosaurs become sexually
mature?
Living crocodiles and lizards become sexually
mature (i.e., capable of reproducing) long before
they reach full adult size, which is understandable
because their growth strategies permit relatively
slow continuous growth for many years. Birds, on
the other hand, grow so rapidly during their first
year of life that they become sexually mature only
after full size is reached. Which condition charac-
terized non-avian dinosaurs? Did the avian condi-
tion originate among non-avian dinosaurs, or only
after the origin of birds? It has sometimes been
suggested that the age at which a dinosaur became
sexuallymature can be estimated by identifying the
point on a growth curve where fast juvenile growth
rates transition to markedly slower adult rates,
because this is thought to reflect when primary
energy allocation shifted from growth to reproduc-
tion (Sander, 2000; Erickson, 2005) (Fig. 8.8B). How-
ever, this indirectmethod is not always convincing,
and it would be far more compelling if some direct
indicators of sexual maturity could be identified in
the dinosaur fossil record.

There are two unequivocal signs that an individ-
ual dinosaur specimen belonged to a sexually ma-
ture animal: either it possessesmedullary bone, the
ephemeral tissue used in living birds to shell eggs,
or it is found brooding a nest of eggs. Erickson et al.
(2007) studied the histology of seven theropod spe-
cimens found associated with nests, whereas Lee
andWerning (2008) examined the histology of three
specimens with medullary bone (one each of the
theropods Allosaurus and Tyrannosaurus and the
ornithopod Tenontosaurus). All these specimens
could be aged using growth lines, and because each
of these species is represented by growth series,
these unequivocally sexually mature individuals
could be placed on a growth curve to assesswhether
they were fully grown or not. Some of these repro-
ductively capable dinosaur specimens, including all
three specimens withmedullary bone and one ovir-
aptorid and one deinonychosaur brooding a nest,
were found to be much younger full-grown adults.
This is prime evidence that sexual maturity
occurred prior to the attainment of anatomical
maturity, similar to the condition in living reptiles
(indeterminate growth) but different from that in
birds (determinate growth). Even the most derived

bird-like theropods do not possess the avian condi-
tion, which must have evolved at some point after
the origin of birds.

Were some dinosaurs able to alter their growth
rates?
There are many dinosaurs whose growth rates
clearly slowed during ontogeny, such that adults
grew slower than juveniles (e.g., Varricchio, 1993;
Erickson et al., 2004; Erickson, 2005). However,
these dinosaurs seem to follow a constrained
growth trajectory, where there was little variation
in growth rate among individuals of a similar
age. This is true of most living endothermic verte-
brates (birds and mammals), but not necessarily
true of reptiles, which can alter their growth rates
depending on environmental factors such as
changes in climate or the availability of food. This
growth strategy is known as ‘‘developmental plas-
ticity’’ (Smith-Gill, 1983). It seems as if at least one
dinosaur, the ‘‘prosauropod’’ Plateosaurus, was ca-
pable of this reptilian tactic. Sander andKlein (2005)
found that an external fundamental system, which
is an unequivocal indicator of adult size and growth
cessation, was present in a number of Plateosaurus
specimens of varying sizes ranging from5 to 10m in
body length. Furthermore, growth line counts indi-
cated that these fully grown animals ranged from12
to 26 years old. This is intriguing evidence that
Plateosaurus was able to vary its growth rate, and
the age at which it attained adult size, and therefore
was developmentally plastic. Intriguingly, a close
‘‘prosauropod’’ relative, Massospondylus, was evi-
dently not capable of varying its growth rate, and
followed the narrow growth trajectory common to
dinosaurs (Chinsamy, 1993; Erickson et al., 2001).
Alternatively, however, it may be that Massospon-
dylus was capable of developmental plasticity but
did not utilize this strategy because it was living
in more stable environmental conditions than
Plateosaurus.

Sander and Klein (2005) suggest that Plateo-
saurus may have evolved developmental plasticity
in order to deal with fluctuating environmental
conditions, but this hypothesis remains to be criti-
cally tested. They also note that developmental
plasticity in living animals is correlated with low
metabolic rates and behavioral (rather than inter-
nal) regulation of body temperature, suggesting that
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Plateosaurusmayhave been ectothermic.However,
Plateosaurus does possess fast-growing fibrolamel-
lar bone and no other dinosaurs are known to have
exhibited developmental plasticity. This suggested
to Sander and Klein (2005) that Plateosaurus may
represent a transitional or initial stage in early dino-
saur evolution, in which faster growth and higher
metabolism were becoming decoupled from more
primitive, reptile-like ectothermic physiology.

How did high-latitude dinosaurs grow?
As discussed in more detail later in this chapter,
some dinosaurs lived in high-latitude polar regions
during theMesozoic. These regionswerenot as cold
as today, but they would still have had a substan-
tially cooler and more seasonal climate than the
rest of the Mesozoic world. Many dinosaurs inhab-
ited these polar regions, including various species of
theropods and ornithopods, whose fossils are com-
monly found in Australia, Alaska, and other areas
that were positioned in or near the polar belt in the
Cretaceous. Woodward et al. (2011) recently pre-
sented a histological examination of ornithopod
and theropod fossils from Cretaceous polar Austra-
lia, and showed that their bone texture (fibrolamel-
lar bone early in ontogeny, more ordered parallel-
fibered bone later in ontogeny, LAGs throughout)
was similar to the textures seen in low-latitude
relatives. This indicates that there may have been
nothing inherently special about the physiology
and growth dynamics of polar dinosaurs, but rather
that the generalized dinosaurian condition of rapid
growth (especially early in ontogeny) may have
enabled them to successfully inhabit even extreme
climates.

The evolution of ‘‘avian-style’’ growth strategies
To any birdwatcher, one of the rarest and most
desired sightings is that of a baby bird. On the face
of it, observing a still-growing juvenile in nature
doesn’t seem like anything too spectacular. After
all, it’s not that uncommon to see youngmammals
or lizards. Birds, however, are another story: even
those of us that live in large cities rarely, if ever, see
still-growing babies among the throngs of sidewalk
pigeons. Why is this so? Living birds are character-
ized by a remarkable growth strategy unique among
vertebrates: their growth rates are so explosive that
the transition from hatchling to adult usually takes

only a fewweeks, or in somecases, even ahandful of
days. In other words, baby birds grow into adults so
quickly that thewindowof opportunity to observe a
still-growing juvenile is incredibly small.

Becausebirdsevolved fromdinosaurs, it is tempt-
ingtoaskwhether theunusual ‘‘avian-style’’ growth
strategyoriginated indinosaursorevolved longafter
the dinosaur–bird evolutionary transition. A grow-
ingbodyofevidencefirmlyindicatesthatthelatteris
the case: the most bird-like theropod dinosaurs do
not exhibit remarkably fast growth rates (Erickson
etal.,2001,2009a)andnumerousspeciesofbonafide
Mesozoicbirds,whichareamongthemostprimitive
membersoftheavianclade,seemtohavegrownvery
slowly (Chinsamy et al., 1994, 1995, 1998; Chinsa-
my and Elzanowski, 2001; Chinsamy, 2002; Starck
and Chinsamy, 2002; de Ricql�es et al., 2003b; Chin-
samy-Turan, 2005; Erickson et al., 2009a). Histolog-
icalstudiesshowthatseveralMesozoicbirdspossess
more organized and less vascular bone textures in-
dicative of slowgrowth (comparedwith living birds)
and exhibit growth lines, which are not deposited
during the rapid growth cycle of living birds (Chin-
samyetal., 1994;deRicql�esetal., 2003b;Chinsamy-
Turan, 2005). Perhaps most unexpected of all, his-
tological analysis of the oldest known bird, Ar-
chaeopteryx, found this iconic taxon to possess
highly organized, parallel-fibered bone with very
little vascularity, a texture commonly seen in
living reptiles but completely unknown among
similarly sized modern birds (Erickson et al.,
2009a) (Fig. 8.12A–C). However, similar tissues
are present in some of the closest dinosaurian
relatives to birds, which happen to be among the
smallest known non-avian dinosaurs. It seems,
therefore, that slow-growing bone tissue in early
birds and their closest relatives was associated
with small size, and probably indicates that these
animals attained their miniature stature by grow-
ing more slowly than larger relatives (Erickson
et al., 2009a). Archaeopteryx would not have ex-
ploded to full adult size in a few weeks, but rather
probably took 2–3 years to fully mature
(Fig. 8.12D). Similar slow-growing bone tissues,
and similar inferred growth rates, are also present
in the basal birds Jeholornis and Sapeornis, persua-
sively demonstrating that the growth strategy of
Archaeopteryx was not aberrant but rather char-
acteristic of primitive birds (Erickson et al., 2009a).
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In sum, the oldest andmost primitive birds grew
in the same style as their closest dinosaurian rela-
tives, but quite differently from living birds.
Archaeopteryx and other primitive birds grew fas-
ter than living reptiles and had indeterminate
growth, as is characteristic of dinosaurs as a whole,
but grew approximately three times slower than
living precocial birds (Erickson et al., 2009a). It is
unclear exactly when the hyperelevated growth
rates of living birds originated, but more derived
Mesozoic birds such as Hesperornis and Ichthyor-
nis have more randomly arrayed and highly vascu-
larized bone textures indicative of faster growth,
and seem to have grown continuously until adult
size due to their lack of growth lines (Chinsamy
et al., 1998). Although living birds employ their
own distinctive growth strategy, this was some-

thing that evolved long after the origin of the avian
clade itself.

Anatomical and functional changes during growth
The body sizes and skeletal proportions of dinosaurs
would have changed, in some cases dramatically, as
individuals matured from embryos to adults. Some
dinosaurs are represented by sufficiently large fossil
samples that ontogenetic growth series – an ordered
sequence of specimens representing increasing age
and growth stage – can be compiled (Dodson, 1975;
Sampson et al., 1997; Carr, 1999; Carr andWilliam-
son, 2004; Horner and Goodwin, 2006, 2009; Evans,
2010; Scannella and Horner, 2010) (Figs 8.13–8.17;
see Plate 3). By looking at how the size, shape, and
proportions of dinosaur skeletons changed across
a growth series, paleontologists can gain a firm

Figure 8.12 Bone histology and growth rates of primitive birds. (A) Histological thin section of the femur of Archaeopteryx

showing parallel-fibered bone with poor vascularization. (B, C) Thin section of the femur of the primitive birds Jeholornis

(B) and Sapeornis (C), both also exhibiting parallel-fibered bone, low vascularization, and lines of arrested growth (best

example denoted with arrow). (D) Growth curve of Archaeopteryx, based on an equation (derived from the bone tissue

formation rates of living birds) that predicts age from body size, based on the noted bone histology of Archaeopteryx.

Archaeopteryx probably took more than 2 years to mature to adult size, and did not achieve full size within a few days or

weeks as in most living birds. Abbreviations next to each specimen illustration denote the name (usually the locality) of

each specimen and the equation at top describes the shape of the growth curve (see Erickson et al., 2009a for full details).

All images courtesy of Dr Gregory Erickson and modified from Erickson et al. (2009a).
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Figure 8.13 Changes in tyrannosaurid skull size and shape during ontogeny. (A, B) Skull of an 11-year-old juvenile (A) and

adult (B) Tyrannosaurus rex, scaled to the same length, showing how the skull becomes proportionally shorter

anteroposteriorly and deeper dorsoventrally during ontogeny. Scale bars for both equal 10 cm. (C) Ontogenetic growth

trajectory of Tyrannosaurus, depicting how skull shape and size change during ontogeny, with a list of discrete changes in

skull morphology that occur between different growth stages. (A) Courtesy of Scott Williams, Burpee Museum of Natural

History; (B) courtesy of American Museum of Natural History Photo Archives (#2752), Tyrannosaurus skull as mounted in

the old hall; (C) modified from Carr and Williamson (2004), and reproduced with permission.
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appreciation of how form and function changed as
an individual dinosaur matured.

Growth series clearly show that some species
experienced profound anatomical changes during
ontogeny, which in many cases probably related to
changes in locomotory, feeding, and reproductive
behaviors (Figs 8.13–8.17). In tyrannosaurids like
Tyrannosaurus and Albertosaurus, the elongate
and gracile skulls of juveniles became deeper, more
robust, and more heavily ornamented by various
cranial bosses in adults (Carr, 1999; Carr and Wil-
liamson, 2004) (Fig. 8.13). Furthermore, individual
sutures became deeper, more rugose, and more
interlocking during ontogeny, and the teeth became
larger andmore robust.Manyof these adult features
are integral components of the novel tyrannosaurid
‘‘bone-crunching’’ puncture–pull feeding abilities,
suggesting that this technique was only employed
by larger and older individuals. Not only that, but
theweaker-skulled juveniles havemuchmore elon-
gate and gracile hindlimbs, which would have im-
parted greater speed than was possible for adults,
and longer forelimbs, which unlike the stubby arms
of adults may have been useful in grasping prey
(Currie, 2003). Together, these major ontogenetic
changes indicate a behavioral and dietary shift dur-
ing ontogeny: juveniles were better suited for cap-
turing smaller and faster prey, whereas adults could
crunch through the bones of their prey but probably
could not run down their dinner with such ease. A
similar ontogenetic shift may have occurred in
some hadrosaurids: in juveniles the hindlimbs are
more robust and the forelimbs more gracile than
those of adults, suggesting that juveniles may have
walked primarily bipedally and adults quadruped-
ally (Dilkes, 2001; Kilbourne and Makovicky,
2010). Finally, embryos of the ‘‘prosauropod’’
Massospondylus indicate that juveniles walked
quadrupedally, due to their equally sized forelimbs
and hindlimbs, which differs from the adult condi-
tion in which proportionally longer hindlimbs is
thought to reflect at least facultative bipedal pos-
ture (Reisz et al., 2005, 2010).

In some of the most dramatic ontogenetic
changes of any dinosaurs, the ornately crested
skulls of hadrosaurs and ceratopsians were progres-
sively elaborated during growth, which is sugges-
tive evidence that the ostentatious adult skulls
were primarily used for sexual display (which

would have been unnecessary for juveniles)
(Dodson, 1975; Sampson et al., 1997; Horner and
Goodwin, 2006; Evans, 2010) (Figs 8.14,8.16
and 8.17). In particular, the characteristic ceratop-
sian Triceratops underwent a typical series of cra-
nial changes, as outlined in an excellent series of
papers byHorner andGoodwin (2006) andGoodwin
and Horner (2008) (Fig. 8.16). The postorbital horn
core is straight in the youngest individuals, curves
posteriorly in older individuals, and finally reori-
ents itself to a more erect, but slightly anteriorly
curving, position in adults. The juvenile frill is
encircled by a series of triangular ossifications
called epoccipitals, which fuse onto the frill later
in ontogeny. Finally, sutures between individual
bones, such as the opposing nasals, become fused
in adults, and the postorbital horn core becomes
progressively hollower during growth.

One of the great revelations emerging from the
study of ontogenetic growth series is that many
unusual dinosaur specimens once thought to repre-
sent distinct species are merely juveniles of well-
established species. Carr (1999) and Carr and Wil-
liamson (2004) persuasively showedhowa small and
elongate tyrannosaurid skull, once thought to repre-
sent a distinct ‘‘pygmy tyrannosaur’’ called Nano-
tyrannus, is a juvenile. Because it shares so many
features with the contemporary Tyrannosaurus rex,
and becauseT. rex is the only large theropod current-
ly known from the well-sampled Late Cretaceous of
North America, it is parsimonious to conclude that
‘‘Nanotyrannus’’ is merely a juvenile T. rex
(Fig. 8.13). More recently, Horner and Goodwin
(2009) showed that two supposedly distinct genera
of Late Cretaceous pachycephalosaurids, Dracorex
and Stygimoloch, are only known from specimens
that preserve characteristic juvenile features such as
spongy fast-growing bone texture, open sutures in
the skulls, and relatively flat cranial domes.Another
genus from the same Late Cretaceous rock units,
Pachycephalosaurus, is only known from mature
specimens in which the skull is highly domed, indi-
vidual cranial bones are indistinguishably fused to-
gether, and bone texture is denser and less
vascularized. They concluded that all three genera
actually represent different growth stages of one
genus, which is referred to as Pachycephalosaurus
because it was the first of the three given a scientific
name (Fig. 8.15). However, sample sizes for Late
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Cretaceous pachycephalosaurs are so low that it is
possible that the known examples of Dracorex and
Stygimoloch are juveniles of another taxon, not
specifically Pachycephalosaurus. Only new discov-
eries can test this possibility.

The biggest bombshell of all, however, is certain-
ly Scannella and Horner’s (2010) provocative (and
somewould say controversial) hypothesis that cera-
topsian specimens referred to as Torosaurus are
actually the oldest and most mature adults of
Triceratops (Fig. 8.17). Torosaurus, which is one of
the rarest discoveries in the well-sampled Late Cre-
taceous rocks of North America, has long been
differentiated from Triceratops by its proportionally
longer squamosals and large fenestrae that pierce the
frill. ScannellaandHorner (2010) identifiedunequiv-
ocal Triceratops specimens whose frills appear to be
thinning into the distinctive fenestrae of Toro-
saurus, and used a growth series to argue that the
squamosals became progressively larger as Tricera-
tops matured (Fig. 8.17). Circumstantial evidence
also supports their claims: Triceratops, which is one

of the most common fossil discoveries in the Late
Cretaceous of North America, is not represented by
any fossil specimenspertaining tounequivocally old
and fully mature individuals, whereas juvenile in-
dividuals of the rare Torosaurus are also unknown.
That being said, their claim that these two charac-
teristic genera are synonymous is bold, needs to be
corroborated with additional evidence (including
that from bone histology and growth rings), and is
still generating debate among specialists (see Farke,
2011 for a dissenting view). Compiling ontogenetic
series, and testingwhether supposeddistinct species
are real or merely different growth stages of a single
taxon, is currently one of the most exciting areas of
research in taxonomic dinosaur paleontology, and
future work will likely reveal many surprises.

Dinosaur Physiology

Were dinosaurs active and energetic creatures,
with elevated activity levels and internally con-

Figure 8.14 Changes in hadrosaurid skull size and shape during ontogeny. Growth series of two common hadrosaurid

dinosaurs from the Late Cretaceous of North America, Corythosaurus and Lambeosaurus, showing how skull morphology

changes as an individual matures. Images courtesy of Dr David Evans (see Evans, 2010 for more details).
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trolled body temperatures like living ‘‘warm-blood-
ed’’ birds and mammals? On the contrary, were
dinosaurs more akin to ‘‘cold-blooded’’ reptiles,
which regulate their body temperatures behavior-
ally (i.e., by basking in the sun) and have much
lower metabolic rates? Or, may dinosaurs have
been wholly different in their metabolism, physi-
ology, and temperature control? This question is
one of the fundamental riddles of contemporary
dinosaur research and has generated seemingly
endless debate and speculation over the past sev-
eral decades.

It was long thought that dinosaurs were nothing
more than lethargic overgrown lizards, whose
sluggish metabolism required behavioral control
of body temperature. This conception of dinosaurs
changed dramatically during the ‘‘Dinosaur Re-
naissance’’ of the 1970s, catalyzed by Robert

Bakker’s (1972) startling arguments that dinosaurs
behaved and grew much more like living warm-
blooded animals than cold-blooded lizards. During
the ensuing four decades, debate has oscillated
between these two positions, and many workers
have even suggested that dinosaurs had a physiol-
ogy unlike that of any living animal. Currently,
this debate has grown somewhat tedious, like a
television program that has far outlived the origi-
nality and excitement that made it interesting in
the first place. This is certainly not to say, however,
that understanding dinosaur metabolism and phys-
iology is not important; in fact, it is essential for
understanding how dinosaurs grew, moved, and
functioned as living animals. But, by now, argu-
ments and evidence have been presented ad nause-
am for cold-blood metabolisms, warm-blooded
physiologies, and everything in between. Frustrat-

Figure 8.15 Changes in pachycephalosaurid skull size and shape during ontogeny. Hypothesized growth series for the Late

Cretaceous genus Pachycephalosaurus (from Horner and Goodwin, 2009). The series illustrates how a small flat-headed

form (previously given its own genus name,Dracorex) grows into a larger, more heavily domed form (previously thought to

be the only form of Pachycephalosaurus). Images courtesy of Dr John Horner.
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Figure 8.17 Osteological evidence that Triceratops and Torosaurus are different ontogenetic stages of the same species:

(A) squamosals of Triceratops (first four specimens) and Torosaurus (final specimen, denoted with label) in right lateral

view showing the general elongation of the squamosal during ontogeny; (B) parietals of Triceratops (first two specimens)

and Torosaurus (final specimen, denotedwith label) showing the sequential development of a fossa and later a perforated

fenestra. Scale bar in (A) equals 30 cm; scale bars in (B) equal 10 cm. Modified from Scannella and Horner (2010), and

reproduced with permission.

Figure 8.16 Changes in Triceratops skull size and shape during ontogeny. Skulls of five individuals of Triceratops, figured

to scale, showing major changes during the transition from small juvenile to large adult. Scale bar equals 1 m. Images

courtesy of John Scannella and modified from Horner and Goodwin (2006).
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ingly, different scientists often examine the exact
same evidence and come to different conclusions
(for example, Chinsamy and Hillenius, 2004 versus
Padian and Horner, 2004).

Throughout this debate one fact is inescapable:
studying dinosaur physiology is not easy. Dino-
saurs cannot be observed directly, and their body
temperatures, activity levels, and energy expendi-
tures cannot be measured. Not only that, but
dinosaur fossils rarely, if ever, preserve unequivo-
cal indicators of a specific metabolic strategy. All
arguments are therefore based on interpretation of
bone textures, growth rates, body posture, chemi-
cal composition of bones, theoretical mathemati-
cal arguments, and other indirect sources. And
finally, it is not certain, or even likely that all
dinosaurs had similar physiologies. Mesozoic di-
nosaurs ranged in mass from less than a kilogram
to several tonnes, lived in a spectrum of different
environments, and behaved in different ways.
Some may have had fast metabolisms powered by
internal temperature control, whereas others may
have been more sluggish and varied their activity
levels depending on the temperature of their
environment.

Perhaps the greatest problem of all, however, is
that links between body temperature control and
metabolic activity are not always straightforward,
even in living animals. At this point, some termi-
nology is useful. Endotherms regulate their body
temperature internally, meaning that they can
maintain a constant temperature regardless of
environmental conditions, whereas the tempera-
ture of an ectotherm relies on the temperature of
the external environment. Homeotherms have
constant internal body temperatures, whereas
heterotherms (also known as poikilotherms) have
varying body temperatures. Finally, tachymeta-
bolic animals have high metabolic rates, whereas
bradymetabolic organisms have slower metabo-
lisms. Oftentimes endothermy, homeothermy,
and tachymetaboly are associated with each oth-
er: an organism with internal temperature control
often has a constant body temperature and a fast
metabolism. However, this is not always the case:
ectothermic animals can attain high metabolic
rates if they live in a particularly warm environ-
ment, or can attain homeothermy if the tempera-
ture of their environment is constant or their size

is so large that they lose heat slowly (so-called
‘‘gigantothermy’’). These subtle differences must
be remembered when studying the physiology of
extinct animals. Evidence for high metabolic rates
may not imply endothermic temperature control.
Similarly, evidence that an organism was ecto-
thermic may not imply that it was sluggish and
incapable of fast speeds and high activity. What,
then, should researchers actually look for when
trying to understand dinosaur metabolism? It is
exceedingly difficult to find fossil evidence that an
organism employed internal or external tempera-
ture control, so the focus is usually on determin-
ing whether dinosaurs had constant or fluctuating
body temperatures and whether they were capable
or incapable of high metabolic rates.

Numerous reviews have been written on the
subject of dinosaur physiology (Farlow, 1990;
Farlow et al., 1995b; Chinsamy and Hillenius,
2004; Hillenius and Ruben, 2004; Padian and
Horner, 2004; Chinsamy-Turan, 2005). Together,
these papers provide a nice summary of the his-
tory of the debate, specific studies that have
addressed the physiological strategies of certain
dinosaurs, and problematic questions that still
need resolution. This information will not be
rehashed in tiresome detail here; rather the fol-
lowing section will focus on the general evidence
used to infer dinosaur physiology and emerging
data that has come to light in recent years.
Careful consideration of the available evidence
does not yield any firm conclusions that hold for
all dinosaurs – it is not possible, for instance, to
say that all dinosaurs were tachymetabolic ho-
meothermic endotherms – but several provoca-
tive lines of evidence suggest some general
conclusions. First, dinosaurs clearly had height-
ened metabolisms compared with living reptiles,
but whether these were on the same level as
living birds and mammals, and whether they
were powered by fully endothermic temperature
control, is difficult to assess. Second, living birds
have an active endothermic metabolism, so this
specific physiological strategy must have evolved
somewhere along the theropod–bird evolution
continuum, perhaps in Mesozoic dinosaurs. It is
currently unclear exactly when avian-style endo-
thermy originated, but several features associat-
ed with high metabolism in living birds (feathers,
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unidirectional lungs, etc.) evolved in a piecemeal
fashion in extinct dinosaurs.

Bone texture and microstructure
When examined in thin section, dinosaur bone is
usually composed of highly vascular fibrolamellar
tissue, which in living animals is produced during
periods of rapid growth (Chinsamy-Turan, 2005)
(Fig. 8.5). Furthermore, dinosaur bones often show
evidence for extensive remodeling, in the form of
densely packed secondary osteons characteristic of
Haversian bone. Therefore, it is an inescapable
conclusion that most, if not all, dinosaurs grew
very fast and remodeled their bones at rapid rates
throughout life. Is such rapid growth an unequivo-
cal indicator of tachymetabolic metabolism or en-
dothermic control of body temperature? The
answer is not straightforward.

Because highly vascularized and extensively re-
modeled fibrolamellar bone is characteristic of liv-
ing endothermic and tachymetabolic mammals, de
Ricql�es (1980) hypothesized that these features are
suggestive of high metabolic rates and internal
temperature control in dinosaurs. However, Reid
(1984, 1987) cautioned against this interpretation,
noting that there is no distinctive ‘‘endothermic’’ or
‘‘exothermic’’ bone textures in living vertebrates.
Indeed, high vascularization, fibrolamellar bone,
and Haversian remodeling is not present only in
living endotherms, but also in living ectotherms
such as crocodiles. Clearly, these tissues are not
restricted to endothermic or tachymetabolic ani-
mals and are therefore not an unequivocal indicator
of high metabolic rates or internal temperature
control (Chinsamy-Turan, 2005). Furthermore, un-
like most living mammals and birds, dinosaur
bones are usually punctuated by growth lines,
which indicate a slowdown in growth during the
year (Fig. 8.6). Living endothermic and tachymeta-
bolic vertebrates are usually capable of growing
throughout the year due to their high metabolism
and body temperatures that are not depressed by
seasonal (or other) environmental changes. Histo-
logical evidence may therefore not be a strong
indicator that dinosaurs were endothermic or even
had high metabolisms. On the contrary, some
aspects of bone histology may suggest that dino-
saurs grew more like living reptiles, whose bones
are packed with growth lines.

That being said, although fibrolamellar bone is
present in non-endotherms, and although dino-
saurs exhibit growth lines, these arguments do not
falsify the hypothesis that some dinosaurs were
endothermic and/or had high metabolisms. As
explained by Padian andHorner (2004), fibrolamel-
lar bone is abnormal in living crocodiles, whereas
it is present in almost all dinosaurs, regardless of
body size, ecological habits, age, or environment.
When fibrolamellar bone is produced by living
reptiles, it is almost always in juveniles, which
grow more rapidly than adults. Dinosaurs, on the
other hand, continuously produce fibrolamellar
bone until late in ontogeny, which is a persuasive
indication that their physiologywas different from
that of living crocodiles and other fibrolamellar
bone-producing ectotherms. Second, although
growth lines do indicate a slowdown or cessation
of growth, this in itself is not a telltale sign of slow
metabolism. Some living mammals are known to
produce growth lines: these do not reflect an in-
herent inability to grow year-round, but rather
indicate that the animal simply did not grow con-
tinuously, probably because of seasonal shortages
of food or extreme environmental fluctuations
(Horner et al., 1999; Padian and Horner, 2004).
Furthermore, not all dinosaurs possess growth
lines: some species seem to lack growth lines
altogether, whereas some species exhibit some
bones with growth lines and others without (Chin-
samy-Turan, 2005). The reason for this variability
is not well understood but, at the very minimum,
the ability of some dinosaurs to grow continuously
falsifies the argument that dinosaurs were incapa-
ble of sustained growth as in living mammals and
birds, and demonstrates that some dinosaurs were
capable of a continuous growth strategy that is
unknown in living ectotherms.

What, then, does histology conclusively reveal
about dinosaur physiology? There is no doubt that
fibrolamellar bone is producedby fast growth rates –
everyone working on vertebrate bone histology
agrees on this point (Chinsamy-Turan, 2005). The
fact that this bone texture is so pervasive in dino-
saurs, and was still deposited by older individuals
that were no longer growing extremely fast, is
unequivocal evidence that dinosaurs had rapid
growth rates for long portions of their life. This is
also borne out by the constructionof growth curves,
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which often reveal periods of remarkably fast ex-
ponential growth as dinosaurs were maturing into
adults (Erickson et al., 2001, 2004) (Fig. 8.8). In
Tyrannosaurus, for example, individuals added an
astounding 2 kg of mass per day during their expo-
nential phase, which may have lasted up to 10
years. This type of growth differs from the more
languid, prolonged growth strategy of living
ecotherms and tachymetabolic organisms, and is
more similar to the ways in which living birds and
mammals grow. From a visceral perspective, it is
inconceivable how an animal with a slowmetabo-
lism could grow at sustained rates of several kilo-
grams per day and beef up to full size of 5 tonnes or
more in less than 20 years. Whether Tyrannosau-
rus and other dinosaurs fueled their rapid metabo-
lisms through endothermic temperature control,
as opposed to another means, is open to debate.
However, it is also difficult to imagine how a
hatchling tyrannosaurid could power such a fast
metabolism by anything but internal temperature
control. There is simply no living animal that
grows this fast, for such a long amount of time,
which is not endothermic. In sum, if these dino-
saurs did not control their temperature internally,
they must have boasted truly spectacular and bi-
zarre thermoregulatory strategies unlike anything
alive today.

Posture and locomotion
Because of their higher metabolisms, living en-
dotherms are able to sustain high levels of activity,
such as longer runs, compared to ectotherms. In his
landmark 1972 paper, Robert Bakker argued that
dinosaurs were well suited for a sustained active
lifestyle.One of his primary argumentswas that the
upright posture of dinosaurs, as well as their in-
ferred ability to run at high speeds,made themmore
comparable to birds andmammals, which are capa-
ble of sustained activity levels, and quite unlike
sprawling and slow-moving reptiles. This conclu-
sion is borne out by the more recent study of
Pontzer et al. (2009), which uses the latest in com-
puter modeling techniques to estimate the meta-
bolic rates required for various dinosaurs to walk or
run at certain speeds (Fig. 8.18). These authors
constructed digital models of several dinosaurs to
measure two important parameters: the length of
the hindlimb during locomotion and the estimated
muscle volume needed to propel the body at a
given speed. Importantly, like many modeling
approaches, this study utilized a range of sensitivity
analyses in order to control for uncertainties in
fossil preservation and reconstruction,which result
in varyingmeasures of hindlimb length andmuscle
mass. Once limb length and muscle volume were
calculated, they were inserted into equations that,

Figure 8.18 Dinosaur biomechanics and oxygen consumption. (A) Plot of oxygen consumption vs. body size showing that

the estimated oxygen consumption rates of dinosaurs above 20 kg in mass fall into the range of oxygen consumption

values known for living endotherms (and higher than those in living ectotherms). (B) Phylogeny showing the predicted

endothermic physiology of dinosaurs, based on the oxygen consumption biomechanical analysis of Pontzer et al. (2009).

Images courtesy of Dr John Hutchinson and modified from Pontzer et al. (2009).
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in living animals, can confidently predict the
amount of oxygen consumption required for an
animal of a certain size moving at a certain speed.
The results were fascinating: during both walking
and running the oxygen consumption, and thus
metabolic rates, required of the large-bodied dino-
saurs ( > 20kg) were within the range of values for
living endotherms, and far above the threshold for
living ectotherms (Fig. 8.18A). In other words, these
dinosaurs had such great energy demands that only
an endothermic tachymetabolic lifestyle could fuel
theirmetabolism, at least if living species are a good
comparative guide. Smaller dinosaurs required less
energy tomove, even at higher speeds, but they also
seem to have been more like living endotherms
than ectotherms.

Oxygen isotopes
The chemical composition of dinosaur bones and
teeth may give insight into the physiology of the
living animal that produced them. Bone is largely
composed of themineral hydroxyapatite, which is a
compound of calcium phosphate. Phosphate is fur-
ther composed of phosphorus and oxygen, the latter
of which can be in the form of several isotopes
(atoms with different numbers of neutrons). The
two most common oxygen isotopes are 16O and
18O, and the ratio of these in a bone depends on both
the temperature of the environment and the body
temperature of the organism. These ratios can be
quantified by calculating a d18O value, which
reflects the ratio of 18O to 16O in a sample and
compares this to a universal standard. Several re-
searchers have calculated d18O values for fossil
dinosaur bones and teeth, and based on compari-
sons among organisms and knowledge about how
d18O varies depending on temperature and latitude,
have used this information to infer whether dino-
saurs were endothermic or exothermic, and had
high or low metabolism (Fig. 8.19).

The first of these studies was presented by
Barrick and Showers (1994), and later followed by
Barrick and Showers (1995) and Barrick et al. (1996).
Theseworkersmeasured the d18Ovalues for several
bones across a single skeleton and several different
regions across a single bone. Most importantly,
these studies found that d18O values within single
skeletons and bones differed by only a small
amount, which indicates that body temperature

only varied slightly between different parts of the
skeleton. This, in turn, is suggestive evidence that
these dinosaurs, which include various theropods
(such as Tyrannosaurus) and ornithischians, were
homeotherms with a constant body temperature.
Because living homeothermic vertebrates are usu-
ally tachymetabolic endotherms, this physiological
strategy can reasonably be implied for the studied
Mesozoic dinosaurs. Although provocative, these
studies have been criticized because it is known
that the oxygen isotopes in fossil bone phosphate
are especially prone to alteration during fossiliza-
tion, burial, and weathering.

More recent studies have instead targeted teeth
for sampling, because enamel is more resistant to
alteration (Fricke and Rogers, 2000; Amiot et al.,
2006). This has been demonstrated empirically:
teeth of different species from the same localities
have been studied, and because each species has a
characteristic d18O value, this is firm evidence that
the original isotopic composition of the living ani-
mal has been preserved (Fricke and Rogers, 2000). If
the original material had been replaced, it would be
expected that teeth of many species found together
would show the same isotopic signal, because they
had been subjected to the same fossilization and
alteration processes.

Aside from using a better source of data in teeth,
the recent studies of Fricke and Rogers (2000) and
Amiot et al. (2006) have also made another concep-
tual advance: they compared d18O values of teeth of
different organisms across a broad latitudinal range.
Why is this important? Recall that d18O values
depend both on environmental temperature and
body temperature, so it is difficult to simply mea-
sure a specimen, calculate the d18O value, and
conclude whether it was endothermic or exother-
mic. However, there is a known relationship be-
tween d18Ovalues and environmental temperature,
so if this can be factored out then any variation
between specimens should be due to body temper-
ature differences alone. This known relationship
tells us that the ratio between 18Oand 16O should be
smaller at higher temperatures. Therefore, because
of the differences in how homeotherms and hetero-
therms incorporate oxygen isotopes into their
bones, it is expected that ectotherms should have
higher d18O values than endotherms at high lati-
tudes (above 50�), whereas endotherms should have
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higher values than ectotherms at low latitudes
(Fig. 8.19A). The details of this relationship, includ-
ing exactly how it is derived using chemical argu-
ments, are well summarized by Fricke and Rogers
(2000) and will not be repeated here. What is im-
portant to remember, though, are the expected
differences between d18O in homeotherms and het-
erotherms at different latitudes. These are notmere
chemical predictions, but also borne out by study of
living animals.

With this expectation in mind, the results of
both studies are thought-provoking. Fricke and Ro-
gers (2000) compared the d18O values of several
theropod dinosaur teeth to those of the teeth of
known ectotherms (crocodiles) at several different
sites, which were at different latitudes during the
Mesozoic. They found that, at lower latitudes, ther-
opods consistently had higher d18O than crocodiles,
regardless of which taxa were being analyzed,
which hemisphere the fossil site was located in, or
which environment the fossil site was formed in.
Conversely, at higher latitudes, crocodiles consis-

tently had higher d18O values than theropods. This
is exactlywhatwould be predicted if theropods had
homeothermic (and presumably ectothermic and
tachymetabolic) metabolisms. As this study only
focused on theropods, Amiot et al. (2006) later
expanded sample sizes to include a range of ther-
opods, sauropods, ornithopods, and ceratopsians
represented by over 100 specimens from 11 locali-
ties (Fig. 8.19B). They reported the same result: at
low latitudes dinosaurs had significantly higher
d18O values than crocodiles and other exothermic
organisms, whereas at high latitudes the dinosaurs
had significantly lower d18O values (Fig. 8.19B).
These authors also used d18O values to predict,
perhaps somewhat coarsely, body temperatures for
these dinosaurs, and found that all species had
relatively high temperatures within the range of
living endotherms, but higher than living ec-
totherms. The recent study of Eagle et al. (2011)
reported a similar result: the carbon and isotope
values of sauropod teeth indicated body tempera-
tures similar to those of modern mammals, and

Figure 8.19 Isotopic evidence for dinosaur endothermy and high metabolisms. (A) Theoretical expected relationship

between the d18O values of endotherms and ectotherms at different latitudes. (B) d18O values of dinosaurs and coexisting

exothermic animals (crocodiles and turtles) at different latitudes. Note that d18O values are higher for dinosaurs (thick

black line denotes mean value) than for ectotherms (thick gray line denotes mean value) at lower latitudes, but this

relationship is reversed at higher latitudes, as would be expected if dinosaurs are endothermic. (C) Theropod dinosaur

tooth, the type of specimen that provides d18O measurements for the analyses shown in the plots. Images (A) and (B)

courtesy of Dr Romain Amiot and modified from images in Amiot et al. (2006); image (C) courtesy of Dr Roger Benson.
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lower than predicted if sauropods were ectother-
mic animals that relied on their huge bulk to
keep warm. In sum, both lines of evidence – the
latitudinal differences and reconstructed body
temperatures – indicate that homeothermy, and
presumably endothermy and tachymetabolic
metabolism, were widespread in dinosaurs.

Blood flow to the skeleton
Endothermic living mammals power their active,
high metabolic lifestyle with high rates of blood
flow across the body, which ensures that the grow-
ing bones, muscles, and other tissues receive
enough oxygen to function. High blood flow rates
are reflected in the skeletal anatomy of mammals,
as their nutrient foramina (the holes that blood
vessels use to enter the interior of a bone) are
significantly larger than those of slower-growing,
lessmetabolically active reptiles. A recent study by
Seymour et al. (2011) found that 10 analyzed species
of dinosaur, including theropods, ornithopods, saur-
opodomorphs, ceratopsids, and stegosaurids, gener-
ally had even larger nutrient foramina relative to
their body size than living mammals. This suggests
that all these extinct dinosaurs experienced elevat-
ed rates of blood flow to their bones, which would
be expected in highly active animals with fast
metabolic rates.

Dinosaur distribution and paleoenvironments
Some dinosaurs lived in polar regions during the
Mesozoic. Although therewere probably no icecaps
(or only small ones) during this time, and although
global climateswere on averagewarmer than today,
these regions would still have been cold during the
dark winter months. In the modern world, tachy-
metabolic endotherms are the most common, and
in some cases the sole, organisms that can brave
these environments. Organisms that have slower
metabolisms and which cannot control their body
temperature internally have a very difficult time
surviving in extreme cold. What about polar eco-
systems during the Mesozoic? As in today’s world,
unequivocally ecotothermic organisms such as cro-
codiles, turtles, and amphibians are usually
completely missing from these localities. This is
especially true of polar tetrapod faunas of the latest
Cretaceous, which are extremely well sampled and
well studied (Clemens andNelms, 1993; Rich et al.,

2002; Godefroit et al., 2009). Dinosaurs, however,
are extremely diverse at these sites, and a number of
different taxa of varying body size are present. The
fact that so many dinosaurs could survive polar
conditions during the Late Cretaceous, whereas
undisputed ectotherms could not, suggests that
these dinosaurs had elevatedmetabolisms and body
temperature that was controlled internally.

Feathers and efficient lungs
Living tachymetabolic endotherms must deal with
two major issues. First, because fueling a high
metabolism and regulating body temperature by
internal physiological means is so energetically
expensive, these animals must conserve body heat
as much as possible. Much like a furnace placed
next to an open window, these organisms would
have to continuously and furiouslywork to produce
heat if it is being continuously lost to the environ-
ment. Second, they must have an efficient respira-
tory and circulatory system to deliver oxygen and
nutrients to their muscles and other body tissues,
which power their rapid activity. This is analogous
to a fast-moving car needing an efficient system for
delivering gasoline to its engine; if this not present,
the car will not be able to travel at high speeds and
will eventually stop.

Many dinosaurs possess features that would
have conserved body heat and efficiently delivered
oxygen to the body tissues. Integumentary struc-
tures, ranging from simple filaments to fully pen-
naceous feathers, are known to be present on a
number of dinosaurs, including several theropods
and ornithischians (Xu and Guo, 2009). Such struc-
tures can only be fossilized under certain condi-
tions, but as more exceptionally preserved fossil
localities are discovered the roster of feathered
dinosaurs continues to expand. This fact, and the
knownpresence of integument in both saurischians
and ornithischians, suggests that some form of
feathers were probably very common among all
dinosaurs. This is no trivial matter: living en-
dotherms, such as mammals and birds, possess
integumentary coverings, but living ectotherms
such as reptiles and amphibians simply do not need
them. Therefore, the presence of integument seems
to be a prerequisite for tachymetabolic endotherms
(especially small ones), whereas it is too metaboli-
cally expensive tomaintain, or simply unnecessary,
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in ectotherms with slower metabolisms. With this
in mind, the integumentary blankets of some di-
nosaurs are a strong indicator of high metabolism.
Furthermore, the presence of hollowed bones and
pneumatic foramina indicate that many dinosaurs
had an avian-style unidirectional lung, which is a
remarkably efficient respiratory structure
(O’Connor and Claessens, 2005; Schachner et al.,
2009, 2011b). This would also be expected in a
tachymetabolic animal, and is consistent with high
metabolisms and internal temperature control in
dinosaurs.

Could dinosaur metabolism be related to body size?
Severalworkershavesuggestedthatdinosaurswould
nothaveneededendothermytopowerconstantbody
temperatures, because the large size of dinosaurs
would have buffered these creatures from extreme
temperature fluctuations (‘‘gigantothermy’’) (Paladi-
no et al., 1990; Spotila et al., 1991; O’Connor and
Dodson, 1999; Seebacher, 2003; Gillooly et al., 2006;
McNab, 2009). It is a basic physical principle that
larger structures lose heat slower than smaller ones,
because larger structures have a smaller ratio of sur-
face area (which loses heat) to volume (which pro-
duces heat). Gigantothermy is an attractive
hypothesis, and has led many scientists to label
dinosaurs as having a ‘‘unique’’ physiology that is
something of an ‘‘intermediate’’ between that of liv-
ing ectothermic reptiles and endothermic birds and
mammals. This general idea holds that giant dino-
saurs did have nearly constant body temperatures,
due solely to their large size, whereas smaller dino-
saurs probably had fluctuating body temperatures,
and probably lower metabolisms, similar to those of
living reptiles.

However, some caveats immediately spring to
mind. Dinosaurs spanned a range of body sizes,
from less than 1 kg to several tonnes, and although
it is easy to imagine a gigantothermic 75-tonne
sauropod, this strategy would not have worked for
a small theropod or ornithischian. O’Connor and
Dodson (1999) hypothesized that dinosaurs greater
than 500kg were capable of gigantothermy (but see
Eagle et al., 2011), but the majority of species were
probably smaller than this. Many of these smaller
species had feathery integument, an avian-style
lung, rapid growth rates and extensive fibrolamellar
bone, and oxygen isotope ratios indicative of high

metabolisms. Chinsamy and Hillenius (2004) spec-
ulated that the ‘‘mild’’Mesozoic climatesmay have
allowed these smaller species to enjoy constant
body temperatures without high metabolisms or
any internal temperature control, but this vague
hypothesis would not explain why so many small
dinosaurs lived in polar regions that were devoid of
unequivocal ectothermic animals (Godefroit et al.,
2009). In summary, gigantothermymay have been a
legitimate thermoregulatory mechanism for the
largest dinosaurs, but it cannot explain dinosaur
physiology universally.

Dinosaur physiology: conclusions
So were dinosaurs ‘‘warm-blooded,’’ ‘‘cold-blood-
ed,’’ or neither? Did they have fast or slow meta-
bolisms, internal or external control of body
temperature, constant or fluctuating body tem-
peratures? As is evident, these questions are diffi-
cult to answer, but some general well-supported
conclusions have emerged. Giant dinosaurs prob-
ably could maintain relatively constant body tem-
peratures by their bulk alone, but there is other
evidence (oxygen isotopes, bone histology, in-
ferred avian-style lungs) which suggests that even
large sauropods had fast metabolisms, and possi-
bly endothermy. Smaller dinosaurs also probably
had fast metabolisms and constant body tempera-
tures powered by some type of endothermy. Al-
though their giant bulk would not have buffered
against temperature fluctuations, small dinosaurs
could have controlled heat loss with feathery
insulation. Their oxygen isotope compositions,
bone histology, body posture, inferred locomotory
speeds, and inferred avian-like lungs are all sug-
gestive signs of fast metabolisms and endothermy,
as is their presence in polar regions during the
Late Cretaceous. Maybe dinosaurs did not have
the exact same high-powered endothermic physi-
ology of living birds, and maybe some dinosaurs
(giant species) did largely control their body tem-
peratures through external means (gigantother-
my) rather than precise internal mechanisms.
What seems clear, however, is that dinosaur phys-
iology andmetabolismwasmore similar to that of
living birds and mammals than living reptiles.
Dinosaurs clearly were not overgrown lizards, and
most likely were biologically akin to modern
endotherms.
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Conclusions

Dinosaur reproduction, growth, and physiology
are fascinating topics that have generated a large
amount of research over the past several decades.
All dinosaurs laid eggs, and some species appear to
have built large nesting colonies that were used
over successive generations. Dinosaurs exhibited
varying levels of parental care: many species took
great care in building their nests, some actively
brooded their eggs, and some may have continued
to feed and care for their young long after hatching.
Many reproductive features typical of living birds,
such as asymmetrical eggs and active incubation of
nests, originated in non-avian dinosaurs, some of
which appear to have exhibited paternal care as in
many extant birds. Histological techniques now
enable scientists to study dinosaur growth in un-
precedented detail. By studying thin sections of
bone, scientists can determine the age at which a
dinosaur specimen died, identify bone textures
characteristic of certain growth rates, and con-
struct growth curves that show how body size
changed during the transition from embryo to
adult. These studies indicate that all dinosaurs
grew fast due to the widespread possession of
characteristic rapid-growing and well-vascular-
ized fibrolamellar tissue. Dinosaurs became sexu-

ally mature before they reached adult size,
exhibited indeterminate growth, and most species
probably died by age 50–70, unlike living reptiles
which grow slowly for long periods. However, it
doesn’t appear as if the hyperactive growth rates of
living birds, whichmature to adult size in amatter
of weeks, originated until long after birds them-
selves evolved. Giant dinosaurs such as Tyranno-
saurus developed their colossal size by amplifying
their growth rate to an exponential pace, whereas
dwarf island dinosaurs attained smaller size by
slowing their growth rates. The body sizes, physi-
cal proportions, and functional and ecological ha-
bits of many species changed dramatically during
ontogeny, so much so that many specimens once
thought to represent distinct species simply per-
tain to juveniles or old adults of well-known spe-
cies. Dinosaur physiology is the subject of endless
debate and speculation, and it is uncertain wheth-
er some, or all, dinosaurs had high metabolisms,
constant body temperatures, and the ability to
control body temperature externally. It is clear,
however, that dinosaurs had elevatedmetabolisms
compared with living reptiles, and it is likely that
their physiologies were quite similar (although
perhaps not identical) to those of living ‘‘warm-
blooded’’ mammals and birds.
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9 Paleoecology
and Dwelling

Like any living organism today, Mesozoic dinosaurs were components of larger

ecosystems and would have interacted with each other and with other species

(see Plate 16). Dinosaurs would have been part of complex food webs: certain

dinosaur specieswould have eaten particular plants or animals, and other animals

would have eaten dinosaurs. Some dinosaurs may have formed expansive,

gregarious, and structured communities in which adults and juveniles lived side

by side, but other species may have been more solitary. And of course, not all

dinosaurs lived in the same regions, habitats, and environments: some species

and groups were widely distributed across the globe, whereas others were

restricted to a particular landmass, were specialized for a certain habitat, or could

tolerate only a narrow range of environments.

Dinosaur paleoecology – how dinosaurs fit into their ecosystems, structured

their communities, and were distributed across the globe – is one of the more

fascinating topics in dinosaur paleontology. It is also one of the most difficult to

study in a rigorous manner, because large samples of fossils are usually required

to reach any convincing conclusions about howdinosaurs behaved and interacted

with their environment. A single specimen of a dinosaur, nomatter howcomplete

orwell preserved, will tell little aboutwhat habitats that species favored,whether

it was gregarious or solitary, or what other species it would have frequently

encountered. And even if many specimens of dinosaurs and other species are

found together, there is no guarantee that they belonged to a community that

would have interacted in life. Maybe, on the other hand, their remains were

simplywashed together after death, forming a randomhodgepodgeof fossils that

masquerades as a prehistoric ecosystem preserved in stone. Many questions

about dinosaur paleoecology and behavior are therefore currently intractable
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based on our knowledge of the fossil record, and some questions may never be

answered.

That being said, the study of dinosaur paleoecology is not entirely doomed.

Some dinosaur-bearing rock formations, such as the Late Jurassic Morrison

Formation and Late Cretaceous Hell Creek Formation of western North America,

have been studied in such meticulous detail that fossil samples are large enough

to make a reasonable reconstruction of the entire ecosystem (Dodson et al.,

1980;White et al., 1998; Foster, 2003).Whenmaking these reconstructions, and

drawing ecological hypotheses from even the most well-sampled formations,

researchers must always bemindful that specimens found in the same rock unit,

or even alongside each other, may not represent a true biological assemblage.

Thankfully, the past few decades has brought renewed focus on the issue of

taphonomy – the study of how fossils are preserved and how assemblages of

fossils are created in the rock record (Behrensmeyer and Kidwell, 1985;

Behrensmeyer et al., 2000; Fiorillo and Eberth, 2004). By carefully analyzing the

rocks fossils were deposited in, the quality of preservation, and the relative

abundance of different types of bones (compared with the entire skeleton),

researchers can often differentiate between fossil assemblages representing

animals that died (and presumably lived) together and those composed of

specimens randomly gathered by geological processes (Voorhies, 1969; Rogers

et al., 2008). Finally, as more and more dinosaur fossils are found across the

globe, researchers are now able to use statistical techniques to assess whether

certain types of dinosaurs are frequently found in association with other

dinosaurs, are especially common in particular environments, and are distributed

around the world in a recognizable pattern (Upchurch et al., 2002; Mannion and

Upchurch, 2010a; Lyson and Longrich, 2011). As is evident, contemporary

students of dinosaur paleoecology havemany analytical tools at their disposal for

studying what has long been one of themost elusive topics in dinosaur research.

The Dinosaur Fossil Record

Dinosaur fossils are known from all continents and
havebeen found in almost every conceivable type of
terrestrial sedimentary rock, ranging from arid
wind-blown sandstones to mudstones formed on
the floodplains of rivers and on themargins of lakes.
Dinosaur specimens are most commonly encoun-
tered in those rocks formed by streams, rivers, and
deltas in lowland environments, but their abun-
dance in these sediments probably reflects sam-

pling bias more than a genuine preference for
these habitats, because lowland fluvial rocks are
much more commonly preserved than those
formed in mountains, deserts, or upland regions.
Similarly, the vast majority of known dinosaur
fossils come from North America, South America,
Europe, and Asia, but their relative rarity in Africa,
Antarctica, and Australia is also surely due to sam-
pling bias. These continents have been explored in
much less detail than the four well-sampled con-
tinents, preserve only a fraction of the terrestrial
Mesozoic rock present on these other continents,
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and (except for Africa) are small landmasses that
offer considerably less physical space for preserving
and locating fossils. In sum, dinosaurs lived all over
the globe and in many environments, including
deserts and the cold polar regions. The dinosaur
fossil record is constantly expanding as new areas
are explored and more researchers specialize in
paleontology. A good overview of the dinosaur re-
cord and the geographical and environmental dis-
tribution of dinosaur fossils was presented by
Weishampel et al. (2004), but is becoming increas-
ingly outdated as new discoveries are made. The
best single source of information on the dinosaur
fossil record, which is both authoritative and con-
sistently updated, is the online Paleobiology Data-
base (http://paleodb.org/).

Dinosaur Distribution
and Biogeography

Dinosaurs were distributed across the globe, just
as birds and mammals are today, but not every
species ranged freely around the planet. Individu-
al species and subgroups had their own character-
istic distribution patterns, which were often
intimately related to the physical movement of
continents during the Mesozoic and the position
of climate and temperature belts. Dinosaurs orig-
inated during a time when all the world’s land-
masses were joined into a single supercontinent,
Pangaea, and the subsequent 160 million years of
dinosaur evolution played out on a dynamic plan-
et whose continents were fragmenting and drift-
ing, and whose climatic zones were shifting (see
Fig. 1.23). It is no surprise, therefore, that patterns
in dinosaur distribution seem to correspond quite
closely to patterns of physical geography and
climate. Dinosaur distribution is now understood
in such detail that some scientists are confident
enough to predict the timing of certain continen-
tal fragmentation events by simply studying the
dinosaur fossils on the continent in question,
with little regard for what is often much more
rigorous and convincing geophysical evidence in
the rock record. Understandably, such exercises
are prone to great error, but the fact that research-
ers frequently engage in this line of reasoning is a

strong sign that dinosaur distribution is an active
and important area of research.

Understanding the distribution of dinosaurs –
dinosaur biogeography – is a goal that has long
excited paleontologists, largely because it is
thought that by understanding the geographic
spread of dinosaurs onemay come to amore general
appreciation of how major groups evolve and dis-
perse over millions of years in relation to climate,
continental drift, mass extinctions, and other fac-
tors (Cox, 1974). Dinosaur biogeography has
emerged as one of the great case studies in biogeo-
graphic research more generally, and has engen-
dered generations of questioning, analysis, and
speculation. Most early workers relied on a literal
reading of the fossil record, by noting where certain
species were found and where they were absent. If
similar species were found in, for example, North
America and Asia, then it may be argued that these
two continents were connected by dispersal corri-
dors or land bridges during the time in question.
This crude approach, however, is obviously ham-
pered by sampling biases. In this example, similar
dinosaurs may only be recorded in North America
and Asia because they were genuinely absent from
other landmasses, but perhaps they were present
elsewhere but simply never preserved or have not
yet been found. And there is also another problem:
even if sampling is perfect, the distribution of one or
a few species may simply be random.What is really
needed is a method for uncovering statistically
robust patterns of similar geographic distributions
for many species.

These predicaments have motivated a newer
generation of specialists to think more quantita-
tively and rigorously. Dinosaur distributions are
commonly studied in the context of phylogeny:
various cladistic biogeographic methods use parsi-
mony or likelihood methods to search for congru-
ent patterns of geographical distribution among
many species of dinosaurs on a cladogram (Platnick
and Nelson, 1981; Page, 1988; Humphries and
Parenti, 1999; Crisci et al., 2003), and sensitivity
analyses can ameliorate the effects of sampling
biases (Turner et al., 2009). For instance, a cladistic
study may show that many subgroups of dinosaurs
contain Asian andNorth American species that are
more closely related to each other than to European
species. If this association of Asian and North
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American taxa is statistically robust – that is, if it
occurs more often than predicted by chance alone –
then it can be taken as evidence for some sort of
special relationship between these two continents,
which can be further interpreted by reference to
geological evidence. Perhaps, for instance, North
America and Asia remained connected to each
other after they separated fromEurope or, converse-
ly, perhaps North America and Asia collided with
each other and their faunas intermingled. Cladistic
biogeography can very rarely pinpoint exact reasons
why faunas from certain regions are similar to each
other (a process), but it can determine whether
there is an overarching pattern in the geographic
distribution of many species. This focus on pattern
over process has molded biogeography into a more
objective, rigorous analytical science that is the
focus of much current research.

Cladistic biogeographicmethods have been used
in several studies of dinosaur biogeography, usually
with the goal of constructing overarching ‘‘area
cladograms’’ that take information from phyloge-
nies to depict the degree towhich areaswere similar

to each other (Upchurch et al., 2002; Ezcurra,
2010b). In the above example, North America and
Asia would be depicted as sister areas on an area
cladogrambecause they share somany specieswith
each other, akin to how two species may be recov-
ered as sister taxa in a phylogenetic analysis be-
cause they share so many derived characters with
each other. Other cladisticmethods have been used
to predict the ancestral areas of origin for major
clades, using statistical modeling techniques that
assign various costs to dispersal, extinction, and
vicariance (the passive separation of organisms by a
geographic barrier), in proportion to an assumed
likelihood of their occurrence (Prieto-M�arquez,
2010b). These explicit cladistic-based studies, along
with other studies that interpret biogeographic
patterns in light of a phylogeny but do not neces-
sarily employ advanced statistics, have revealed
several general patterns about the distribution of
dinosaurs during the Mesozoic.

Although the earliest dinosaurs lived on a su-
percontinent, Late Triassic faunas were surprising-
ly provincial (Ezcurra, 2010b; Olsen et al., 2011;

Figure 9.1Middle to Late Triassic tetrapod biogeography. Plots at right are area cladograms depicting the degree of faunal

similarity between different regions, which are shown on the paleogeographic maps at left. Note that regions at similar

latitude, regardless of hemisphere, are often more similar to each other than physically closer regions at a different

latitude. Image courtesy of Martin Ezcurra, modified from Ezcurra (2010b).
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Whiteside et al., 2011) (Fig. 9.1). Major clades of
dinosaurs and other terrestrial vertebrateswere not
evenly distributed across the globe, but rather fau-
nas that occupied similar latitudinal belts (regard-
less of whether they were in the northern or
southern hemisphere) were more similar to each
other than to other regions, even those that were
physically contiguous. This suggests that climate,
which roughly correlates with latitude, was amore
important influence on early dinosaur distribution
than geography itself. Late Triassic endemicity is
most strikingly demonstrated by the fact that basal
sauropodomorphs,which are among themost com-
mon and diverse terrestrial vertebrates in Europe
and South America, are completely unknown from
the well-sampled North American fossil assem-
blages (Nesbitt et al., 2007, 2009b).Not all dinosaur
taxawere endemic, however: basal theropods seem
to have been more or less globally distributed
(Nesbitt et al., 2009b).

Provincialism continued into the Early and
Middle Jurassic, although thismayhave beenmore
to do with the fragmentation of Pangaea than the
influence of climate and latitude. Frustratingly,
very few continents preserve a decent Early to
Middle Jurassic fossil record, meaning that sam-
pling biases are difficult to factor out. Regardless, it
appears as if Asia, which separated early from
Pangaea, had a largely endemic fauna of large
theropods and sauropods, and such endemismmay
have persisted into the Late Jurassic (Upchurch
et al., 2002). Counterintuitively, the Late Jurassic,
and especially the Early Cretaceous, seem to have
been intervals of widespread cosmopolitanism
(Brusatte et al., 2009b; Barrett et al., 2011b).
Although Pangaea was fragmenting, most major
dinosaur subclades were globally distributed dur-
ing the Early Cretaceous, including sauropods
(Upchurch, 1995; Barrett et al., 2002), ornithopods
(Norman, 1998), and theropods (Brusatte et al.,
2009b, 2010c; Benson et al., 2010a, 2010b; Barrett
et al., 2011b). Carcharodontosaurid theropods,
which were once thought to be restricted to Gond-
wana, are now known from Africa, Asia, North
America, and South America, and the closely
related neovenatorids are known from Asia,
Australia, Europe, and South America (Brusatte
et al., 2009b; Benson et al., 2010a). Even the tyr-
annosauroids, a clade long considered a northern

hemisphere hallmark, have been reported from
Gondwana (Benson et al., 2010b). Clearly, despite
the slow drifting of continents, faunal connec-
tions between the now-dispersed Pangaean frag-
ments must have persisted until at least the Early
Cretaceous.

The LateCretaceous, however, was undoubtedly
an endemic world. Most continents had essentially
reached their modern positions, in which northern
and southern landmasses are largely separated by
oceanic barriers and great distances (Smith et al.,
1994) (see Fig. 1.23). Iconic groups such as the
derived tyrannosaurids, pachycephalosaurs, and
ceratopsids were restricted to the northern conti-
nents of Asia, North America, and Europe, which
during much of the Cretaceous formed a coherent
landmass called Laurasia (Sereno, 1997, 2000;
Upchurch et al., 2002). Other major clades, such
as the abelisaurid and noasaurid theropods, were
mostly or entirely limited to the southern conti-
nents, which until their break-up during theMiddle
to Late Cretaceous comprised a united landmass
called Gondwana (Bonaparte, 1991; Sampson et al.,
1998; Sereno et al., 2004; Sereno and Brusatte,
2008). Different clades seemed to have filled the
same niches on different continents: tyrannosaur-
ids were the apex predators in the north, whereas
abelisaurids and perhaps some late-surviving allo-
sauroidswere the largest predators in the south, and
sauropods were abundantly common in the south
but much rarer and less diverse in the hadrosaurid-
dominated north.

The general pattern of distinct northern and
southern faunas has been evident for quite some
time, but two more nuanced questions about Late
Cretaceous dinosaur biogeography have remained
puzzling. First, there has been great debate about
the sequence of Gondwanan fragmentation, and
whether the distribution of vertebrate fossils can
help elucidate when the various southern conti-
nents split from each other. It was once thought
that the abelisaurids were present on all southern
continents except for Africa, suggesting that they
evolved afterAfrica split fromGondwana (Sampson
et al., 1998). However, recent discoveries of African
abelisaurids have falsified this hypothesis, and it is
now unclear whether the dinosaur fossil record is
complete enough to lend any robust evidence for
understanding Gondwanan fragmentation (Sereno
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et al., 2004; Sereno and Brusatte, 2008). Instead,
geological and geophysical evidence, which is gen-
erally subject to less extreme sampling biases than
the vertebrate fossil record, will likely prove para-
mount in future studies.

Second, little is known about the biogeographic
affinities of European dinosaurs during the Late
Cretaceous. High sea levels reduced Europe to a
series of small islands during this time, an environ-
ment poorly conducive to the preservation of fossils
(Smith et al., 1994; Csontos and Voros, 2004). How-
ever, recent discoveries of spectacular new Europe-
an fossils demonstrate that many European taxa
(theropods, ceratopsians, ornithopods) are closely
related to contemporary or near-contemporaneous
Asian and North American species (Dalla Vecchia,
2009; Pereda-Suberbiola, 2009; Prieto-M�arquez and
Wagner, 2009; Csiki et al., 2010; O��si et al., 2010).
This indicates that Europe had a strong faunal
connection with other Laurasian continents during
the Late Cretaceous, and that the European islands
were not isolated refugia for endemic species or
primitive taxa stranded when sea levels rose. It is
true, however, that someLateCretaceous European
islands supported dwarves and other morphologi-
cally bizarre taxa, as well as some primitive forms
(Benton et al., 2010). These islands were therefore
an unusual combination of aberrant taxa and those
that were anatomically similar, and closely related,
to mainland contemporaries (Csiki et al., 2010).

Dinosaur Ecosystems
and Niche Partitioning

Any assemblage of dinosaur fossils represents part
of an ecosystem, and if fossil sampling is extensive
enough the entire ecosystem and a probable food
web can be reconstructed with reasonable confi-
dence. The literature is overflowing with paleo-
ecological studies of individual dinosaur-bearing
assemblages (see review in Fastovsky and Smith,
2004). Some of the more interesting studies have
focused on ecosystem reconstructions for the Trias-
sic–Jurassic Atlantic rift basins of North America
(Olsen et al., 1989), the Late Jurassic Morrison
Formation of western North America (Dodson
et al., 1980; Foster, 2003) and Solnhofen island

archipelago of Europe (Barthel et al., 1990), the Early
Cretaceous Jehol Biota (Zhou et al., 2003), and the
Late Cretaceous Hell Creek Formation of North
America (Lehman, 1987; White et al., 1998),
European islands (Weishampel et al., 1991; Csiki
and Benton, 2010), and arid Mongolian dune fields
(Loope et al., 1998). The really intriguing question,
however, is whether there are general rules for the
composition and structure of dinosaur ecosystems
across the board. Is there evidence that certain types
of dinosaurs preferentially occupied a certain habi-
tat? How did coexisting herbivores and carnivores
partition niches? Are there any clear relationships
between dinosaur ecosystem structure and cli-
mate? These questions are beginning to be an-
swered by applying rigorous statistical analyses
to ever-expanding datasets buoyed by new fossil
discoveries.

Dinosaur habitats
Not all dinosaurs living at the same time lived in
the same type of environment. Mesozoic environ-
ments were surely as heterogeneous as modern
ones, and the fossil record clearly shows that dino-
saurs were able to live along the coasts, on the
floodplains of rivers, around the margins of lakes,
within dune fields and deserts, and in forests and
upland areas (Weishampel et al., 2004). This raises
an important question: was the distribution of di-
nosaurs among different environments essentially
random, or is there an orderly pattern in which
certain species preferentially lived in certain
habitats?

Two recent studies have attempted to answer this
question using extensive databases that record indi-
vidual fossil occurrences and thepaleoenvironments
they were found in (based on the lithology of the
entombing rock). Butler and Barrett (2008) found
that, during theCretaceous, nodosaurid ankylosaurs
and hadrosaurs aremore commonly found in coastal
and marginal marine rocks than would be expected
by chance alone, whereas ceratopsians, pachycepha-
losaurs, theropods, sauropods, and ankylosaurid an-
kylosaurs are preferentially found in terrestrial
sediments. Mannion and Upchurch (2010a) specifi-
cally examined the fossil record of sauropods from
across the Mesozoic, including both skeletal fossils
and footprints. They found that titanosaurs were
significantlymore common in inland environments,
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whereas non-titanosaurs were preferentially found
in coastal and fluvial habitats. This study expanded
on a previous analysis of the footprint record that
recovered a strong association between sauropod
trackways and coastal settings (Lockley et al.,
1994). Exactly why titanosaurs may have preferred
inland environments is debatable, but some of the
clade’s most conspicuous features (wide-gauge
stance, highly flexible vertebral column, robust pel-
vic bones) may have allowed them to rear up to feed
on the taller plants that may have been more com-
mon away from the coasts, or may have bestowed a
more stable posture well suited for navigating the
uneven terrain of the uplands.

Clearly, these types of studies, which subject
expansive fossil databases to a litany of statistical
analyses to look for robust patterns, can give pro-
vocative results. These studies are in their infancy
and additional work is needed to examine the pos-
sible environmental preferences of theropod and
ornithischian dinosaurs across the Mesozoic.

Niche partitioning
One of the most salient, yet puzzling, features of
many dinosaur assemblages is the coexistence of
numerous species that seem to share a similar
feeding ecology. In the Late Jurassic Morrison For-
mation, for instance, there aremore than 10 species
of large-bodied, long-necked, barrel-chested sauro-
pod herbivores, many of which obviously lived side
by side because they are found together in individ-
ual quarries (Foster, 2003, 2007). How could so
many similar herbivores persist in the same general
environment? The answer is found in niche parti-
tioning – the process by which similar, potentially
competing species divide resources so that one does
not drive the other to extinction. In general, there
are three ways in which species can partition re-
sources: they may live in slightly different habitats
(spatial separation), feed on slightly different things
(dietary separation), or simply avoid each other
(temporal separation, such as noctural vs. diurnal
foraging habits). How, then, did dinosaurs partition
niches? It seems as if spatial and/or dietary separa-
tion were particularly important.

In many cases it is obvious, merely by observing
morphology, that coexisting species fed on different
foodstuffs or by using different techniques. Some
Late Jurassic sauropods had long necks ideal for

reaching high into the canopy, whereas others had
shorter necks and may have been restricted to a
low-browsing posture. Similarly, the teeth of these
sauropods differed: some had pencil-like teeth for
stripping vegetation, others more robust and spatu-
late teeth better suited for grinding (Upchurch and
Barrett, 2000). Even among the primarily carnivo-
rous theropods some differences are apparent: three
large-bodied theropods were probably able to coex-
ist in the lush Early Cretaceous ecosystems of
northern Africa because one group (spinosaurids)
may have primarily subsisted on fish, whereas the
two hypercarnivorous groups (carcharodontosaur-
ids and abelisaurids) differed in their body size and
speed, which would have allowed them to target
different prey (Brusatte and Sereno, 2007; Sereno
and Brusatte, 2008). Many of these differences are
discussed in Chapter 7 and will not be recounted in
more detail here. The main point, though, is that
reasonable hypotheses of niche partitioning can
often follow from a careful consideration of mor-
phology, especially if biomechanical information
on feeding style, bite forces, and locomotory capa-
bilities is also available.

In other cases, when morphology may not be a
secure guide tounderstanding resource partitioning,
there are other lines of evidence that some coexist-
ing dinosaurs divided niches by dietary separation.
Some of the most convincing evidence comes from
the isotopic composition of dinosaur teeth (Fricke
and Pearson, 2008) (Fig. 9.2C). The carbon and oxy-
gen isotope composition of tooth enamel reflects
the isotopic signature of the plants and water in-
gested by the animal during life. Recall from the
preceding chapter that variations in isotopic com-
position can be quantified by calculating d values,
which denote the ratio of two common isotopes of a
single element (16O and 18O in the case of oxygen,
12C and 13C in the case of carbon) to a universal
standard. Fricke and Pearson (2008) calculated the
d18O and d13C values of several hadrosaur and cera-
topsian teeth from throughout the Late Cretaceous
Hell Creek Formation. They found that these two
herbivorous groups were characterized by signifi-
cantly different isotope compositions whenever
they coexisted, which indicates that theywere feed-
ing on different types of plants and perhaps occupy-
ing slightly different environments (with different
types of groundwater) (Fig. 9.2C).
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Figure 9.2 Niche partitioning in dinosaur ecosystems. (A) Abundance of different major groups of dinosaurs in sandstone

and mudstone facies of the Hell Creek Formation. (B) Pie charts showing the relative dinosaur faunal composition of

sandstone andmudstone facies in the Hell Creek Formation. Note from both images that ceratopsians preferentially occur

in mudstones (floodplain environments) and hadrosaurs in sandstones (river systems), whereas tyrannosaurids are

consistently found in both types of sediment. (C) Isotope plots showing the d18O (x-axis) and d13C (y-axis) isotope values

for ceratopsian and hadrosaurid dinosaurs, with gar fish for references, from two general time intervals of the Hell Creek

Formation (see Fricke and Pearson, 2008 for full details, including subtleties of the samples measured in each plot). Note

that ceratopsians generally have higher isotope values than hadrosaurids and gars during the older time interval (below),

but lower values in the younger time interval (above). Images (A) and (B) modified from Lyson and Longrich (2011)

and courtesy of Tyler Lyson and Dr Nick Longrich; image (C) modified from Fricke and Pearson (2008) and used with

permission from the Paleontological Society.
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Furthermore, Fricke and Pearson (2008) found
evidence for a shift in the isotopic values of cera-
topsian teeth over the course of time (higher to
lower d18O and d13C values), whereas those of
hadrosaurs remained constant (Fig. 9.2C). Further-
more, older ceratopsians had higher isotope values
than hadrosaurs, whereas younger ceratopsians had
lower values. Based on comparisons with modern
ecosystems, high values are thought to reflect open
habitats such as swamps and tidal flats, because
plants in these environments are more susceptible
to evaporative water loss. Lower values, on the
other hand, aremore indicative of heavily vegetated
forest with a closed canopy, which would have
prevented heavy water loss. Hadrosaurs therefore
seem to have preferred more densely vegetated
habits throughout the Hell Creek Formation. Older
Hell Creek ceratopsians probably preferred open
habitats, but younger species shifted to a more
closed canopy environment. Within this new envi-
ronment, their very low isotopic values (now lower
than even the hadrosaur values) suggest that cer-
atopsians were preferentially feeding on the lowest
understory vegetation, which in modern ecosys-
tems is usually characterized by extremely low
isotope values.

A further study by Lyson and Longrich (2011)
also found that spatial separation was a likely strat-
egy for resource partitioning in the Hell Creek
dinosaur assemblage (Fig. 9.2A,B). They compiled
a database of nearly 350 individual fossil occur-
rences of Hell Creek dinosaurs and recorded the
type of rock each specimen was found in. Differ-
ences in rock type are probably a reliable indicator
of environmental differences, because mudstones
are much more common in floodplain environ-
ments and sandstones in fluvial habitats. Because
it is always possible that fossils have been trans-
ported far from their original environment, Lyson
and Longrich (2011) focused only on well-preserved
specimens with multiple bones found in associa-
tion,making it more probable that any associations
between dinosaur type and rock type reflect genu-
ine environmental preferences. They found that
ceratopsian fossils preferentially occur in mud-
stones (floodplain environments) and hadrosaurs in
sandstones (river systems), whereas tyrannosaurids
are consistently found in both types of sediment
(Fig. 9.2A,B). This suggests that the major groups of

Hell Creek herbivores exploited different environ-
ments, in agreement with Fricke and Pearson’s
(2008) isotopic findings, but that tyrannosaurids
(the sole apex predator in theHell Creek Formation)
roamedwidely.What is especially interesting about
their study is that such clear results emerged de-
spite the fact that these fluvial and floodplain sedi-
ments were formed at the same time and in close
proximity to each other. Clear ecological signals, it
seems, may indeed be uncovered in dinosaur fossil
assemblages.

Additional isotopic and spatial ecological anal-
yses are sorely needed for other dinosaur assem-
blages and there is almost unlimited possibility for
young researchers to make significant discoveries.
There has been speculation that other dinosaur
faunas may exhibit spatial and dietary niche sepa-
ration: Makovicky et al. (2010) noted, for instance,
that maniraptorans and ceratopsians are particu-
larly common in the dry xeric Late Cretaceous
units in the Gobi Desert, whereas ornithomimo-
saurs, therizinosaurs, and hadrosaurs are more
abundant in the wetter mesic facies. These sugges-
tions remain to be tested by additional studies,
however, and this work promises to remain excit-
ing for many years to come.

Dinosaurs and climate
An interesting question, especially in light of
increasing concern about human-induced climate
change, is how dinosaur communities may have
been affected by climate. Did dinosaur diversity
fluctuate in concert with climate changes? Did
sudden climate shifts cause major extinctions?
Did different climatic zones – wet, arid, warm,
cold, temperate, etc. – have characteristic types of
dinosaur faunas? Few of these questions have
been addressed, but the recent study of Noto and
Grossman (2010) examined whether there was a
recognizable pattern of dinosaur community
structure shared by regions of similar climate and
precipitation levels during the Late Jurassic
(Fig. 9.3). They assessed 12 well-sampled dinosaur
assemblages and classified species into several
guilds based on body size, locomotor type (bipedal
vs. quadrupedal), and trophic mode (carnivore vs.
herbivore, and for the latter, low, medium, and
high browsers). The proportion of species in each
guild was calculated for each assemblage, giving
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every assemblage an ‘‘ecological profile’’ score
that could be investigated using multivariate
statistics. The most important result of this
exercise was that more arid assemblages were
found to have a greater proportion of large-bod-
ied species and high-browsing herbivores, prob-
ably because low-lying vegetation was scarce in
these climates and because large animals are
better able to cope with a lower density and
quality of food resources. Wetter regions charac-
teristically supported species from across the
size spectrum, but with fewer high-browsing
herbivores and more low-browsing species. Sim-
ilar analyses that focus on other time periods, as

well as additional studies addressing other as-
pects of dinosaur ecology in relation to climate,
will likely be a major topic of research in the
coming decades.

Dinosaur Populations

What, if anything, do we know about individual
populations of dinosaurs: assemblages of interact-
ing conspecifics, ranging from juveniles to adults,
living in the same place at the same time? Occa-
sionally, exceptionally preserved fossil deposits –
bonebeds – record a mass death assemblage of a

Figure 9.3 Dinosaur faunas and climate. (A) Multivariate statistical plot showing that dinosaur assemblages from similar

climate zones (temperate, arid, and seasonal) share a similar characteristic set of dinosaur taxa. The position of each

assemblage in multivariate space represents the proportion of taxa in that assemblage that belong to certain categories

of body size, diet, and locomotory ability (as explained in the text). (B) Cartoon showing themajor differences between the

dinosaur faunas of the threemain climate zones. Both images courtesy of Dr ChristopherNoto andmodified fromNoto and

Grossman (2010).
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group of animals that lived, and then suddenly died,
together. It is often difficult to determinewhether a
bonebed truly represents a biological population
that had the bad fortune to die simultaneously, or
whether it comprises a random array of fossils
washed together by currents or other geological
processes. Careful geological and taphonomic de-
tective work can usually distinguish between these
two possibilities (Voorhies, 1969; Ryan et al., 2001;
Rogers et al., 2008). It would be a remarkable coin-
cidence for currents to haphazardly gather together
many individuals of the same species, so if a
bonebed is dominated by one taxon then odds are
it is a mass death assemblage representing a true
population (Rogers et al., 2008; Rogers and Brady,
2010). Similarly, if all ormost of the specimenshave
they same type of preservation – the same degree of
articulation, completeness of bones, and external
wear – then it is likely that they died and were
buried together (Hunt, 1978; Ryan et al., 2001).
Finally, the types of bones that are present can
give some indication as to the degree of transport
before deposition (Voorhies, 1969). Complete or
near-complete skeletons are a good indication of
little transport, but if larger and more plate-like
bones like those of the pelvis and skull are
preferentially abundant, whereas smaller ele-
ments such as vertebrae and phalanges are large-
ly missing, then this is a sign that the specimens

have been transported by currents, perhaps for
long distances.

Many dinosaur bonebeds seem to represent true
populations that lived, died, and were buried to-
gether, based on the fact that they are dominated by
one taxon, are composed of hundreds or thousands
of bones with a similar preservation style, and
contain nearly complete and well-preserved skele-
tons that do not seem to have been transported long
distances (Eberth and Getty, 2005; Rogers et al.,
2008). The vast majority of these pertain to Late
Cretaceous hadrosaurs and ceratopsians fromwest-
ern North America, and some contain more than
1000 individuals (Langston, 1975; Varricchio and
Horner, 1993; Ryan et al., 2001; Dodson et al., 2004;
Horner et al., 2004). This leaves little doubt that
these dinosaurs were gregarious, and lived in large
herds that may have migrated. Many of these bone-
beds include the remains of juveniles, sub-adults,
and adults, indicating that individuals of all ages
were part of these herds. Gregarious behavior in
some dinosaurs, including sauropods and ornitho-
pods, is also recorded by footprint assemblages
(Lockley et al., 1986; Meyer, 1993; Lockley and
Hunt, 1995; Lockley and Matsukawa, 1999). Some
footprint sites, called ‘‘megatracksites,’’ include
thousands of individual tracks facing in the same
direction (Fig. 9.4). Although it is difficult to be
certain that these trackswere deposited at the same

Figure 9.4 Gregarious behavior of dinosaurs recorded in tracksites: images of the Moab Megatracksite (Entrada

Formation, Middle to Upper Jurassic, Utah). Courtesy of Dr Martin Lockley.
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time, andnot overweeks ormonths, the dominance
of a certain track type and the unidirectional nature
of numerous coexisting trackways are good indica-
tions that megatracksites were formed simulta-
neously by a herd.

A remarkable pattern that has emerged from
recent study of several bonebeds is that juvenile
dinosaurs are often found together, in their own
assemblages free of adults (see review in Varricchio,
2011) (Fig. 9.5). Examples are known from nearly
every major dinosaur subclade, including ankylo-
saurs (Currie et al., 2011), sauropods (Myers and
Fiorillo, 2009), theropods (Varricchio et al., 2008b),
and both basal and derived ceratopsians (Zhao et al.,
2007; Mathews et al., 2009) (Fig. 9.5). In some cases
these bonebeds are unquestionably mass death as-
semblages in which juvenile herds were suddenly
inundated by mudflows or floods and individuals
preserved together in lifelike positions (Varricchio
et al., 2008b; Currie et al., 2011). For some species,
juvenile aggregations have been recorded but herds
formed by adults are completely unknown. This is
the case for the characteristic ceratopsid Tricera-
tops, and researchers are confident that adult
groups were not regular occurrences because hun-
dreds of years of fossil collecting have yet to reveal

any examples (Mathews et al., 2009). It seems
therefore that juvenile sociality was a regular
occurrence in dinosaurs, and perhaps a characteris-
tic feature of the group as a whole.

By studying fossil bonebeds that include indivi-
duals of a wide range of ages (as determined by
bone histology and growth rings), paleontologists
can gain an understanding of population dynamics –
the balance between deaths and births that create a
population’s age structure (Fig. 9.6). Such studies
have been carried out for the Late Cretaceous tyran-
nosaurid Albertosaurus (Erickson et al., 2006, 2010;
Ricklefs, 2007a) and the Early Cretaceous basal cer-
atopsian Psittacosaurus (Erickson et al., 2009b).
Erickson et al. (2006, 2010) found thatAlbertosaurus
exhibited a survivorship profile like that in living
mammals and birds, but quite unlike that of most
reptiles (Fig. 9.6). Neonate mortality was probably
very high, followed by few deaths after 2 years of age
(presumably because such individuals were now
large enough to protect themselves from most
predators), and then increasedmortality atmid-life
(probably because of the rigors of reproduction,
childbirth, and parental care). Few individuals
therefore had a long reproductive lifespan (see also
Ricklefs, 2007a). Erickson et al. (2009b) later found

Figure 9.5 Gregarious behavior of juvenile dinosaurs (juvenile ‘‘herds’’ or aggregations) recorded in exceptional fossil

deposits. The image depicts an aggregation of juveniles of the small ceratopsian Psittacosaurus from the Early

Cretaceous of China (see Zhao et al., 2007). Image courtesy of Dr Paul Barrett.
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that Psittacosaurus had a similar life history. It
must be warned, however, that sample sizes for
Albertosaurus are quite low (26 individuals from
the bonebed in question), and recent theoretical
work has shown that larger samplesmay be needed
to accurately capture population dynamics (Stein-
saltz and Orzack, 2011).

Dinosaur Trophic
Relationships

Food webs – the interwoven relationships be-
tween predators and prey in an ecosystem – can
be reasonably hypothesized for many dinosaur
communities. For instance, there is no doubt that

Tyrannosaurus was the apex predator in the Late
Cretaceous of North America, and bite marks and
coprolites prove that it fed on various herbivorous
dinosaurs (ceratopsians and hadrosaurs), which in
turn are known to have fed on certain plants due
to the discovery of their coprolites and gut con-
tents. Much of this information is summarized in
Chapter 7 and will not be rehashed here. In closing
this chapter, though, one provocative question
about Mesozoic terrestrial food webs deserves
comment: what animals, other than dinosaurs
themselves, may have fed on dinosaurs? A few
spectacularly preserved fossils have offered a clue.
A specimen of the dog-sized Early Cretaceous
mammal Repenomamus was found with the
bones of a juvenile Psittacosaurus in its gut (Hu
et al., 2005) (Fig. 9.7B), and a specimen of the 3.5-
m Late Cretaceous snake Sanajeh was found
coiled around a sauropod egg, with the bones of
a hatchling nearby (Wilson et al., 2010) (Fig. 9.7A).
It is also likely that enormous Tyrannosaurus-
sized Cretaceous crocodylomorphs such as Dei-
nosuchus and Sarcosuchus preyed on dinosaurs,
although unequivocal trace fossils recording such
a predator–prey interaction have yet to be found
(Schwimmer, 2002). Dinosaurs may have been the
dominant component of most Mesozoic terrestri-
al ecosystems, but they were still humble com-
ponents of complex food webs and not immune
from the predatory tastes of other animals.

Conclusions

Understanding dinosaur ecology is difficult because
the fossil record rarely preserves complete unbiased
snapshots of ancient ecosystems, and becausemost
dinosaur species are only known from a small
number of fossils. Increased fossil sampling, the
construction of large datasets that record when and
where dinosaur specimens are found, and the use of
sophisticated statistical techniques are fueling
something of a resurgence in the study of dinosaur
ecology, and some major questions are tractable
based on our current knowledge. Dinosaurs are
known from across the globe and are found pre-
served in nearly every type of terrestrial sedimen-
tary rock. Not every dinosaur lived on every
continent and in every environment, however, and

Figure 9.6 An ecological survivorship curve for a hypo-

thetical population of 1000 individuals of the tyrannosaurid

Albertosaurus. Neonate mortality was high, but once

individuals reached a juvenile age (about 2 years old) they

enjoyed a relatively stable period when the probability of

death was low. Mortality then increased at mid-life, prob-

ably after the attainment of sexual maturity, most likely due

to the rigors of reproduction. Few individuals reached old

age, and no known fossil specimens are histologically

aged at more than 30 years old. Image courtesy of Dr

Gregory Erickson and modified from Brusatte et al. (2010d)

and Erickson et al. (2010).
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Figure 9.7Animals that fed on dinosaurs: (A) photograph and interpretive drawing of a Late Cretaceous snake foundwithin

a nest of dinosaur eggs, prime evidence that some snakes preyed on dinosaurs; (B) photograph of a specimen of the cat-

sized (or larger) CretaceousmammalRepenomamuswith a juvenile dinosaur preservedwithin its chest cavity (denoted by

the pointing finger). Images in (A) courtesy of Dr Jeffrey Wilson and modified from Wilson et al. (2010); image (B)

photograph � Mick Ellison.
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somemajor patterns seem to characterize dinosaur
ecology and distribution. Triassic and Early Jurassic
dinosaur faunas were quite provincial, despite the
existence of Pangaea, but Late Jurassic and Early
Cretaceous faunas were more cosmopolitan. During
the LateCretaceous, as the continents drifted further
apart and assumed a more modern configuration,
there were marked differences between northern
(Laurasian) and southern (Gondwanan) faunas. Cer-
tain dinosaur clades probably preferred certain habi-
tats: nodosaurid ankylosaurs and hadrosaurs are
commonly found in coastal settings, whereas most
other dinosaurs are abundant in terrestrial sedimen-
tary rocks. Isotopic and geological studies demon-
strate that coexisting dinosaurs partitioned resources
by eating slightly different types of food and living in
different habitats. In particular, ceratopsians are
commonly found in floodplain environments and

likely persisted on open and/or low-growing vegeta-
tion, whereas coexisting hadrosaurs are common in
fluvial environments and fed on higher-growing can-
opy plants. The relationship between dinosaur dis-
tribution and climate is poorly understood, but
during the Late Jurassic regions of similar climate
and aridity supported similar dinosaur communities.
Populations of conspecific dinosaurs that lived to-
gether are notoriously difficult to study, but spectac-
ularly preserved bonebeds and expansive footprint
sites indicate that some dinosaurs were gregarious,
that juvenile dinosaurs often formed their own age-
specific herds, and that (at least for some species)
mortalitywashighest among juveniles and reproduc-
tively active adults. Additional work on dinosaur
ecology will surely continue as fossil assemblages
are better sampled and statistical and analytical
techniques are further refined.
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10 Macroevolution
and Extinction

The 160 million years or more of Mesozoic dinosaur evolution was a dramatic

story that unfolded against a backdrop of drifting continents, changing climates,

and the evolution of other major groups such as mammals and crocodiles.

All research carried out by dinosaur paleontologists – every description of a

new dinosaur specimen, every naming of a new species, every phylogenetic

analysis, every functional study of locomotion or feeding – contributes

primary data that is vital in piecing together the grand narrative of dinosaur

evolution (dinosaur macroevolution). More than anything else, dinosaur

researchers strive to understand this story, for it is the fundamental

contribution of dinosaur research to the wider realm of science. Why study

dinosaurs? In short, because they dominated terrestrial ecosystems for over

100 million years, included some of the largest and most spectacular animals

to ever live, survived (but later succumbed to) mass extinctions and endured

fluctuating climates and sea levels, and were the progenitors of one of

today’s most successful vertebrate groups (birds). By understanding the

major patterns of dinosaur evolution across the Mesozoic, we hope to learn

more about the general rules of evolution and how the earth and its inhabitants

change over time.

What, then, do we know about the major patterns of dinosaur evolution during

their 160 million year reign? Scientists have long speculated about what made

dinosaurs successful, why they went extinct, and why their diversity waxed

and waned during the Mesozoic. It has been said that dinosaurs rose to

dominance by outcompeting other animals during the Triassic, or that dinosaurs

simply took advantage of good fortune when other Triassic groups went extinct.

Some have said that dinosaurs underwent a steady diversification throughout

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.
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the Mesozoic, whereas others have postulated that dinosaur history was

punctuated by several mass extinctions. And there have been numerous

hypotheses – too numerous to count – attempting to explain why non-avian

dinosaurs ultimately went extinct. Did dinosaurs gradually wither away, perhaps

because of disease or long-term climate change, or was their extinction triggered

by an abrupt unpredictable event such as an asteroid impact? Clearly, the

number of interesting questions about dinosaur macroevolution, as well as the

number of possible answers, is almost limitless.

One of the great frustrations of macroevolutionary research is that it is often

easy to speculate, to embellish grand narratives based on only a few scraps of

evidence, and to simplify complex concepts into buzzwords. Many early

scientists interested in dinosaur evolution offered hypotheses based on a literal

reading of the fossil record combined with intuition, based on experience and

assumptions about how macroevolution works over long intervals of time.

Rigorous statistical analyses, or indeed numerical data of any kind, were rarely

used, and sampling biases and other uncertaintieswere usually ignored.Over the

past decade, however, paleontologists have become more objective when

studying dinosaur evolution. Contemporary researchers have stepped away from

flowery speculations and instead concentrate on quantifying trends and patterns.

For instance, rather than grandstanding about how different waves of dinosaurs

arose and went extinct over time, researchers now use large databases to

quantitatively measure how the number of dinosaur species changed across

the Mesozoic and utilize time-calibrated phylogenies to estimate when major

groups arose. When objective patterns like these can be measured, they then

may be marshaled as evidence in support of evolutionary processes. In other

words, contemporary researchers aim to quantify patterns first and infer

processes later.

Themodern focus is therefore on quantifying evolutionary patterns in themost

objective and rigorous manner possible. This usually involves compiling large

databases that record somethingmeasurable about dinosaurs, such as all known

species, total fossil occurrences, body size, or the possession of various

anatomical characteristics. By applying statistical analyses to these datasets, and

taking into account the possible effects of sampling biases, researchers can then

outlinemajor patterns. Someof themost salientmacroevolutionary patterns, and

those that have received the most attention from dinosaur paleontologists,

are taxonomic diversity (number of species), morphological disparity (variety in

anatomical features), absolute faunal abundance, and rates of morphological

character change. These can be assessed temporally (i.e., measuring them over
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time to look for declines and peaks) and also comparatively (i.e., compared in

sister taxa or other comparable clades). By quantifying and considering these

patterns, dinosaur paleontologists have gained a rich understanding of how

dinosaurs rose to dominance in the Triassic, why dinosaurs probablywent extinct

at the end of the Cretaceous, and how dinosaur evolution unfolded during the

160 million years in between.

Dinosaur Diversity

Dinosaurs are often described as a ‘‘diverse’’ group,
but what does this mean? The term ‘‘diversity’’ has
somewhat of an amorphous meaning, both in sci-
entific and in popular lexicons, and is usuallymeant
to describe variety, variability, or difference. Pale-
ontologists, on the other hand, usually use theword
‘‘diversity’’ to refer to a specific macroevolutionary
metric: the number of species, or other countable
taxa (genera, families, major clades, etc.), within a
certain time period, place, or group. Two questions
about diversity have been the subject of particular
attention among dinosaur workers. First, how did
dinosaur diversity change over time? Second, are
certain dinosaur subclades significantly more di-
verse than others? Quantifying these patterns can
pinpoint major intervals of diversification during
theAge ofDinosaurs, determinewhether dinosaurs
gradually or abruptly went extinct, reveal smaller
mass extinction events that may have extirpated
certain dinosaur subclades, and identify specific
subclades or lineages that are exceptionally species
rich (perhaps because of a morphological innova-
tion that promoted speciation or success).

Temporal trends in dinosaur diversity
How did dinosaur diversity change across the
Mesozoic? At first consideration, this seems like
an easy question to answer. There are a finite
number of known dinosaur species, whose names
and geological ages are compiled in several print
and online sources, and a solid day’s work could
easily produce a diversity curve showing the wax-
ing and waning of dinosaur species counts across
the Triassic, Jurassic, and Cretaceous (Fig. 10.1).
Indeed, such compilations have been presented by
many researchers over the past few decades
(Weishampel and Norman, 1989; Dodson, 1990;

Sereno, 1999; Barrett and Willis, 2001; Taylor,
2006).Often, researcherswillmodify their diversity
counts by adding in so-called ‘‘ghost taxa’’ that are
not sampled, butwhose existence is postulated by a
phylogeny. The logic behind these corrections is
simple: if a taxon is present in one interval then its
sister lineage must be present by definition, so if
half of the sister-taxon pair is sampled then the
other must have also been present even if it is not
sampled (Norell, 1992). Phylogenetically corrected
dinosaur diversity curves, which include both sam-
pled and ghost taxa, have been presented by
Weishampel and Jianu (2000), Upchurch andBarrett
(2005), Lloyd et al. (2008), andBrusatte et al. (2011b).

There are some problemswith these approaches,
however. The most vexing issue is that the fossil
record is far fromperfect, a reality that is grudgingly
accepted by all paleontologists. For a dinosaur fossil
to form, the animalmust bekilled andburied quick-
ly, before all the bony tissues degrade into dust. It
must also be buried in the right type of rock – that
whichhastheproper rangeofpressureandpHsothat
a fossil is preserved and not destroyed – and survive
within that rock for tens or hundreds of millions of
years, without being pulverized by episodes of vol-
canism and mountain building. Then, if the fossil
survives all these filters, it still remains to be dis-
coveredbyapaleontologist.Usingthemodernworld
as an analogy, there are only a fleetingly small num-
ber of environments where conditions are ideal for
fossilization to occur. Sewer rats and campus squir-
rels will probably never be preserved as fossils: they
do not live and die in areas where sediment is being
turned into rock. Even if one of these was miracu-
lously fossilized, what would be the odds that its
bones would survive millions of years of geological
pressure and uplift, and then catch the glimpse of a
wandering paleontologist? How, then, can paleon-
tologists be at all confident that they are sampling
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enough of the fossil record to capture a valid diversi-
ty signal? Perhaps times of high fossil diversity are
simply those in which more environments pre-
served fossils, or more fossil-bearing rock was pro-
duced, or which have been the subject of more
extensive exploration by paleontologists.

This concern has captured the rapt attention of
paleontologists over the past decade, and much
work has focused on quantifying the relationship
between observed diversity and sampling (preser-
vation of fossils and extent of exploration of fossil-
bearing deposits) (Fig. 10.1). Most of this work has
concerned the marine fossil record, and has persua-
sively demonstrated that, in many cases, sampling
biases are real and may distort diversity patterns
(Peters and Foote, 2001; Smith, 2001; Crampton
et al., 2003; Peters, 2005; Smith and McGowan,
2007; McGowan and Smith, 2008). In some cases,
trends in observed diversity over time closely
match trends in fossil sampling: those intervals

that are relatively better sampled also record a
relativelymore diverse fossil record, and vice versa.
The question, therefore, is whether the fossil record
is good enough to reveal any genuine information
about diversity over time. Everybody knows that
the fossil record is biased, but may it still be ade-
quate enough to answer certain fundamental ques-
tions? The answer is nuanced: it depends on the
group in question, and the evolutionary questions
being asked. In the case of dinosaurs, several recent
studies have demonstrated that sampling biases do
confound the observed dinosaur fossil record, but if
these biases are carefully quantified and considered,
meaningful understanding of Mesozoic diversity
is attainable (Fastovsky et al., 2004; Wang and
Dodson, 2006; Lloyd et al., 2008; Barrett et al.,
2009; Mannion and Upchurch, 2010b; Vavrek and
Larsson, 2010; Benson and Mannion, 2011; Butler
et al., 2011; Lloyd, 2011; Mannion et al., 2011a,
2011b; Upchurch et al., 2011).

Figure 10.1 Dinosaur diversity and sampling. Plots of dinosaur diversity, various sampling proxies, and sea level (modified

from Butler et al., 2011). (A) Dinosaur diversity (solid black line) compared with one estimate of sea level (solid gray line)

and the number of Mesozoic marine rock units in North America (dotted line). Number of rock units on left y-axis and

dinosaur diversity (number of species) and sea level (meters below or above present-day sea level) on right y-axis.

(B) Dinosaur diversity (solid black line) compared with two sampling proxies, the number of dinosaur-bearing rock

formations (dotted line), and number of discrete collections of dinosaurs compiled by paleontologists (gray line). Data

plotted on a logarithmic scale. Images courtesy of Dr Richard Butler.
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One of the more general, and somewhat worry-
ing, revelations is that many of the fluctuations in
observed (and phylogenetically corrected) dinosaur
diversity are probably figments of sampling. Statis-
tical analyses indicate a strong overall correlation
between temporal trends in dinosaur diversity and
sampling, the latter of which is usually quantified
using a straightforward measure such as number of
dinosaur-bearing formations or number of dinosaur
specimens from each time interval (Wang and
Dodson, 2006; Barrett et al., 2009; Butler et al.,
2011; Upchurch et al., 2011) (Fig. 10.1). Lloyd et al.
(2008) used information on dinosaur sampling to
perform a statistical resampling analysis that sim-
ulated what the Mesozoic dinosaur diversity curve
would look like if essentially equal samples were
available for each time bin (‘‘samples’’ were number
of localities fromwhich dinosaurs had been collect-
ed; see also Mannion et al., 2011a for an example of
a similar subsampling analysis). The result was
startling: the dinosaur diversity curve, once com-
posed of peaks, valleys, and wiggles, was rendered
into a nearly flat line (Fig. 10.2). This suggests that
dinosaur diversity is heavily influenced by sam-
pling, and indeed much of what is recorded in the

fossil record as changes in ‘‘diversity’’ over time
may simply reflect variable sampling through time.

It is an unavoidable reality that the dinosaur
fossil record is biased by sampling, but that does
not necessarily mean that all studies of dinosaur
diversity are doomed to failure. First, the sampling
proxies used in the correlation analyses are coarse
and may be problematic. Ideally, a sampling proxy
would quantify the overall potential for sampling
dinosaur fossils, taking into account information
on the amount of potential fossil-bearing rock (rock
that is capable of preserving vertebrate fossils,
whether actually fossiliferous or not) and the
amount of worker effort in sampling that rock
(Benton, 2010; Dunhill, 2011). Counts of dino-
saur-bearing formations, on the other hand, only
record the number of rock units that have preserved
dinosaur fossils, without counting rock units that
are barren of dinosaur fossils (which may represent
instances of truly low diversity) andwithout taking
into consideration the total amount of rock that is
being sampled (one dinosaur-bearing formation
may be exposed over hundreds of square kilo-
meters, another at only a few roadcuts). An addi-
tional sampling proxy used by some studies – the

Figure 10.2 Dinosaur diversity after subsampling analysis (rarefaction). Diversification rates based on observed diversity

and observed diversity with a ghost range correction, alongwith a subsampled curve. Image courtesy of Dr Graeme Lloyd

and modified from Lloyd et al. (2008).
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number of discrete fossil collections made by dino-
saur paleontologists – may be a better representa-
tion of both geological and anthropomorphic
sampling (Lloyd et al., 2008; Butler et al., 2011;
Upchurch et al., 2011). Importantly, this proxy is
also significantly correlated with counts of dino-
saur diversity over time, suggesting that correlation
between diversity and sampling is not simply a
figment of coarse sampling proxies such as dino-
saur-bearing formations. That being said, further
work is needed to determine if other, perhaps more
sophisticated, sampling proxies also correlate with
dinosaur diversity, but compiling detailed records
of sampling is time-consuming and difficult.

Second, even if a strong correlation between
sampling and diversity holds true, it is important
to remember that this is a general relationship. The
two measures will not always match perfectly, and
it is possible to identify intervals in which diversity
is higher or lower than expected after taking sam-
pling into account (the ‘‘residual’’ approach: Barrett
et al., 2009, Butler et al., 2011; Upchurch et al.,
2011) (Fig. 10.3A). Similarly, it is possible to use
statistical modeling techniques, such as the sub-
samplingmethod employedbyLloyd et al. (2008), to
try to ameliorate the effects of sampling biases (see
also Lloyd, 2011 and Benson andMannion, 2011 for
similar types of analyses) (Figs 10.2 and 10.3B).
These methods allow researchers to be honest and
open about the limitations of the fossil record, and

determine what diversity patterns are most likely
to be robust given inescapable (but quantifiable)
sampling biases.

Despite the overall correlation betweendinosaur
diversity and sampling, several patterns do seem to
be genuine. First, it is clear that dinosaurs did not
explosively diversify immediately after they arose
during the Late Triassic, but rather that sauropodo-
morphs underwent a major increase in diversifica-
tion during the final part of the Late Triassic
and theropods and ornithischians during the Early
Jurassic (Upchurchetal., 2011). Second, there seems
to be a genuine loss of dinosaur diversity across the
Jurassic–Cretaceous boundary (Upchurch et al.,
2011), and this is especially pronounced for sauro-
podomorphs (Upchurch and Barrett, 2005; Barrett
et al., 2009; Benson and Mannion, 2011; Mannion
et al., 2011a). Third, there is no overall trend
of increasing dinosaur diversity throughout the
Mesozoic, but rather that a supposed diversity peak
during the final 20millionyears of theCretaceous is
probably due to the fact that this interval boasts
substantially more fossiliferous rock than most
other intervals (Lloyd et al., 2008; Lloyd, 2011;
Upchurch et al., 2011). Fourth, there is no clear
evidence for a gradual decline in dinosaur diversity
during the final several million years of the Creta-
ceous, as would be expected if dinosaurs wasted
away to extinction, and any changes in diversity
during this interval were on a similar scale to

Figure 10.3 Two common methods for ‘‘correcting’’ dinosaur diversity curves to ameliorate the effects of sampling

biases. (A) The residual approach depicts how much diversity is present in each interval after sampling is taken into

account (by taking the observed diversity for each interval and subtracting howmuch diversity is predicted to be present

if sampling is a perfect indicator of diversity, based on a correlation analysis of diversity and sampling proxies). (B) A

subsampling approach in which a statistical computer program simulates what the diversity curve would look like if even

sample sizes were available for each time interval. Both images modified from Mannion et al. (2011a), and reproduced

with permission. They are modified versions of figures in Mannion et al. (2011a), which depict sauropod diversity across

the Mesozoic.
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diversity increases and decreases throughout most
of the remainder of the Mesozoic (Fastovsky et al.,
2004; Wang and Dodson, 2006; Lloyd et al., 2008;
Upchurch et al., 2011). AlthoughBarrett et al. (2009)
did report a decrease in diversity during the Late
Cretaceous, this is probably an artifact of their
methodology (Upchurch et al., 2011).

Additionally, fifth, there is no significant corre-
lation betweenMesozoic dinosaur diversity and sea
levels, arguing against a common hypothesis that
variations in sea levels drove dinosaur diversity
(Butler et al., 2011). Sixth, focusing intensely on
the dinosaur record of western North America
during the latest Cretaceous, there seems to be
little overall difference in the beta diversity (differ-
ences in the types of species found in an area)
betweendifferent regions (Fig. 10.4), suggesting that
a single major dinosaur community ranged across
the entire western North American landscape
(Vavrek and Larsson, 2010; although see alterna-
tive, but non-numerically supported, arguments by
Sampson et al., 2010 and Longrich et al., 2010a).
Seventh, and finally, global patterns of dinosaur
diversity indicate that species were most diverse
in the temperate middle latitudes, not the warmer
equatorial latitudes as are present-day faunas
(Mannion et al., 2011b).

Phylogenetic trends in dinosaur diversity
Are certain dinosaur subclades significantly more
diverse than others? If so, are these clades concen-
trated in a certain portionof the dinosaur cladogram
or in a specific time interval? In order to consider a
clade as ‘‘exceptionally diverse,’’ it must be demon-
strated that the group in question is more species-
rich than predicted by chance. The most straight-
forward way to test this is to compare an observed
cladogramwith a null expectation for how lineages
should ideally split over time if such splitting is
random. Random splitting can be approximated
using an equal-rates ‘‘birth–death’’ model, which
assumes that each lineage has an equal, but inde-
pendent, probability of splitting at any given time
(Chan andMoore, 2002;Nee, 2006; Ricklefs, 2007b;
Purvis, 2008).

Using the birth–death model as a basis for com-
parison, the analytical program SymmeTree can
determine significantly diverse clades on a phylog-
eny (Chan and Moore, 2005). First, SymmeTree

calculates what is called a delta shift statistic (D2)
for each node on a given phylogeny, which assesses
the likelihood that one sister taxon is significantly
more lineage-rich than the other. However, this
observed statistic itself does not indicate whether
a clade is exceptionally diverse. In order to make
this assessment, it must be determined how the
observed statistic compares with a range of
statistics calculated from random data. Therefore,
SymmeTree calculates simulated statistics for hun-
dreds of thousands of trees that include the same
number of taxa as the real tree, but with different
(random) phylogenetic relationships that are gener-
ated by the birth–death model. If the observed D2

shift statistic falls within the upper 5% tail of the
hundreds of thousands of randomized statistics,
then the clade it describes is considered to be
significantly more diverse than random. Often-
times such clades are described as having a ‘‘signifi-
cant diversification shift’’ at their bases.

This type of analysis has been used to study
dinosaur phylogeny in general (Lloyd et al., 2008),
as well as dinosaur phylogeny within the larger
context of archosaur genealogy (Brusatte et al.,
2011b). Lloyd et al. (2008) found that few dinosaur
clades were exceptionally species-rich, and those
that passed the statistical test were concentrated
near the base of the dinosaur cladogram andmostly
estimated to have diverged during the Early Jurassic
(Fig. 10.5A). Significant diversification shifts there-
fore occurred early in dinosaur history, and dino-
saur diversification rates duringmost of the Jurassic
and Cretaceous were approximately steady.
Brusatte et al. (2011b) addressed the early diversifi-
cation of archosaurs more broadly, by subjecting a
comprehensive phylogeny of most Triassic and
Early Jurassic taxa to a SymmeTree analysis
(Fig. 10.5B). Surprisingly, they found only a single
archosaur clade to be more species-rich than pre-
dicted by chance: a group of basal saurischian
dinosaurs. Two other clades, Dinosauria and
Sauropodomorpha, exhibited delta shift statistics
that were nearly significant, but barely missed the
95% probability cutoff. On the contrary, no clades
on the crurotarsan side of archosaur phylogeny
were found to have significant or near-significant
diversification shifts at their bases. Therefore,
when assessed within the context of archosaur
phylogeny in general, most of early dinosaur
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Figure 10.4 Regional dinosaur diversity during the Late Cretaceous in North America showing the similarities between

individual fossil localities, with each locality indicated by a circle. The more similar two localities are to one another (based

on dinosaur species present), the darker the line connecting them; the more dissimilar, the lighter the line. The important

result is that there is no clear pattern: nearby localities are not more similar to each other than distant localities, and no

clusters of similarity (indicative of regional faunas) are present. Many localities, on the other hand, are more similar to

distant localities than nearby ones. This indicates that there is no strong evidence for regional endemicity of dinosaur

faunas during the Late Cretaceous, but rather that a single major assemblage of dinosaurs roamed across western North

America at this time. Modified from Vavrek, M.J., Larsson, H.C.E. (2010) Low beta diversity of Maastrichtian dinosaurs of

North America. Proceedings of the National Academy of Sciences (USA) 107, 8265–8268, and reproduced with permission.
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evolution is indistinguishable from a randommod-
el of lineage splitting.

Dinosaur Disparity

Morphological evolution is distinct from lineage
evolution: the development of novel morphological
features or high rates of character or size evolution
need not correspond with the rate of new species
formation (lineage splitting) or significant diversifi-
cation shifts on the cladogram. Similarly, morpho-
logical variety is not equivalent to taxonomic
variety (diversity). Consider two ecosystems, both
with three species. The first ecosystem includes
three species of rat-sized rodents, which are differ-
entiated from each other by subtle characteristics of
the skeleton, whereas the second includes a rat, a
hippo, and anelephant. Both ecosystemsare equal in
diversity (number of species), but the second in-
cludes a much greater amount of morphological
variety, including a greater range of body size, die-
tary and ecological habits, and skeletal characteris-
tics among the three species.This second ecosystem
is therefore said to exhibit higher disparity.

Disparity is generally defined as the variety of
morphological features exhibited by a group; in
essence, it is a morphological analogue to taxono-
mic diversity (Gould, 1991;Wills et al., 1994; Foote,
1997; Ciampaglio et al., 2001; Erwin, 2007). Dispar-
ity is less straightforward tomeasure than diversity,
but several commonmetrics are used by paleontol-
ogists. These are usually based on morphometric
(shape) data, discrete character data, or size mea-
surements, which are compiled for a large number
of organisms (see Chapter 5 for more details). These
large datasets are then subject to multivariate sta-
tistical analysis, which combines and distills the
numerous anatomical observations into a smaller
and more manageable set of scores for each taxon.
The scores enable the taxa to be plotted into a
morphospace, a ‘‘map’’ of morphologies which
graphically represents the total range of anatomical
features exhibited by the group (see Figs 5.6
and 10.6A). In this morphospace, taxa that are
similar to each other are plotted close together,
whereas those that are progressively more different
are plotted in increasingly distant regions. The
location of taxa inmorphospace is used to calculate
various statistics that quantify disparity. The two

Figure 10.5 Using SymmeTree to identify significant diversification shifts on a cladogram: (A) dinosaur supertree

from Lloyd et al. (2008) with arrows indicating clades that are significantly more diverse than predicted by chance;

(B) archosaur supertree from Brusatte et al. (2011b) with arrows indicating clades that are significantly more diverse

than predicted by chance (star) and marginally more diverse than predicted by chance (circle). Image (A) courtesy of

Dr Graeme Lloyd.
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most useful and intuitively understandablemetrics
are range and variance. Range denotes the entire
size of morphospace occupied by the taxa in ques-
tion (i.e., the overall spread of their morphological
variation), whereas variance measures the spread
of taxa in morphospace compared with the center
(i.e., the average dissimilarity among members of
the group).

Invertebrate groups such as trilobites and cri-
noids have been the frequent subject of disparity

studies (Wills et al., 1994; Foote, 1997), but verte-
brate groups have received comparatively little
attention. One of the few vertebrate groups sub-
jected to disparity analysis are Triassic and Early
Jurassic dinosaurs and their archosaurian contem-
poraries, which were studied using a large discrete
character dataset (Brusatte et al., 2008a, 2008b,
2011b, 2011c) (Fig. 10.6B). These studies found
that dinosaur disparity generally increased during
this time, with a significant increase between the

Figure 10.6 Morphological disparity and rates of change in early dinosaurs. (A) Morphospace plots for Late Triassic and

Early Jurassic archosaurs depicting the relativemorphospace size of dinosaurs and crurotarsans (modified fromBrusatte

et al., 2008b). (B)Morphological disparity plot for dinosaurs and crurotarsans across theMiddle Triassic to Early Jurassic.

Note that crurotarsans were significantly more disparate than dinosaurs during the Triassic, but dinosaurs became more

disparate than crurotarsans after crurotarsan disparity crashed at the end-Triassic extinction (statistical significance

denoted by non-overlap of error bars between two measurements) (modified from Brusatte et al., 2008a, 2008b, 2010b).

(C) Morphological rates of evolution for crurotarsans and dinosaurs during the Late Triassic. Note that rates are highest

during the early history of each clade and that Carnian dinosaurs have a statistically higher rate of change than coexisting

crurotarsans (but that rates of change were indistinguishable in the two groups across the Late Triassic as a whole)

(modified from Brusatte et al., 2008a).
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Carnian and Norian stages of the Late Triassic. By
contrast, dinosaur disparity rose only marginally
across the Triassic–Jurassic boundary, despite the
devastating extinction of many supposed dinosaur
competitors such as phytosaurs, aetosaurs, and
rauisuchians. Perhaps most intriguing, Late Trias-
sic dinosaurs exhibited only half of the disparity of
contemporary crurotarsan archosaurs, which prob-
ably were major competitors of early dinosaurs due
to the fact that both groups extensively overlapped
in time and space and often converged on each other
(Nesbitt andNorell, 2006). It was only after the end-
Triassic extinction, when crurotarsans were nearly
completely exterminated, that dinosaur disparity
overtook crurotarsan disparity. Therefore, although
dinosaur disparity did not rise appreciably across
the Triassic–Jurassic boundary, the important pat-
tern is that dinosaurs becamemore morphological-
ly variable than their close competitors after the
mass extinction (Fig. 10.6B).

Body size evolution
Perhaps the single most important attribute of an
organism is its size, because body size often corre-
lates with so many other traits (such as metabolic
rate, home range size, locomotory habits). By ana-
lyzing body size, researchers can therefore gain an
appreciation of the morphological, and likely eco-
logical and behavioral, differences among species.
In a comprehensive analysis of size evolution in
dinosaurs, Carrano (2006)mapped out the estimat-
ed body size (using femur measurements as a
proxy) of dinosaur species on an enormous clado-
gram and used a parsimony algorithm to predict
the likely body sizes for hypothetical ancestors at
each node on the tree. This allowed for the explicit
identification of major size trends across the tree,
including instances of size increases and decreases
(see also Hone et al., 2005 and Irmis, 2011 for
similar studies). Carrano (2006) found that major
dinosaur clades consistently underwent trends in
body size increase during the Mesozoic, and only
two clades (coelurosaurian theropods and macro-
narian sauropods) exhibited significant size de-
creases. Exactly why these size changes occurred
is difficult to understand, but at the very least the
anomalous trend of decreasing body size in coelur-
osaurs was instrumental in the origin of avian
flight (because large animals are aerodynamically

unfeasible fliers; see also Turner et al., 2007a). This
analysis, as well as other studies of body size
evolution (Hone et al., 2005), makes explicitly
clear that dinosaurs occupied a range of body sizes.
Not all species were giants, but many (if not most)
were within the size range of living mammals.
This also suggests that dinosaurs had a variety of
home range sizes, locomotory habits, and other
organismal features commonly correlated with
body size.

Rates of morphological change
Another method of studying morphological evolu-
tion is by measuring the amount and speed of
anatomical character changes. Disparity is a mea-
sure of variety, a purely phenetic concept that en-
capsulates the similarities and differences of
observed morphologies no matter how those
morphologies were ultimately evolved. Amount,
by contrast, is a phylogenetic concept that takes
into account all character changes, including rever-
sals, that have resulted in an observed morphology.
Consider two animals that have the exact same
morphologies, say a long snout, pencil-like teeth,
and a large antorbital fenestra. There is no morpho-
logical variety between them: they would plot at
the same point in morphospace and a disparity
analysis would find them to be identical. However,
perhaps one animal evolved froman ancestorwith a
short skull, stout teeth, and a small antorbital
fenstra (three character changes), whereas the other
evolved from an ancestor with a long snout, pencil-
like teeth, and a small antorbital fenestra (one
character change). In this case, the amount of evo-
lution (one vs. three changes) differs between the
two animals despite the fact that they look identi-
cal. The speed of evolution may also differ between
the two animals: perhaps one evolved its morpho-
logical features over a shorter period of time than
the other, and therefore underwent a higher rate of
evolution.

Studies of amount and rate require a phylogeny
for context, because it is necessary to know the
number and sequence of character changes on the
lines to observed morphologies and how much
time has occurred between branching or speciation
events (Wagner, 1997; Ruta et al., 2006; Brusatte,
2011). Put another way, it is necessary to measure
howmany characters change on each branch of the
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tree and over what length of time that branch
existed (i.e., over what length of time those char-
acters were changing). The number of characters
changing on a branch is the amount, and the
amount divided by the time duration is the rate.
Amounts and rates can be measured across the
phylogeny and binned according to time or clade,
which gives an idea as to whether some time inter-
vals or groups of organisms exhibited more or less,
and faster or slower, evolution than others.

Morphological amounts and rates have been
assessed for Triassic to Early Jurassic archosaurs
(Brusatte et al., 2008a) (Fig. 10.6C) and amounts
have been studied for theropod dinosaurs on the
evolutionary line toward birds (Dececchi and
Larsson, 2009). The most salient results of the
Triassic to Early Jurassic study were that dinosaurs
and their crurotarsan competitors had statistically
indistinguishable amounts and rates of change dur-
ing the Late Triassic, and that dinosaur rates were
significantly highest early in their Triassic history
(Carnian) compared with later time intervals
(Fig. 10.6C). The latter result is consistent with a
long-standing evolutionary hypothesis that mor-
phological rates are highest during the early phases
of a group’s evolution (Gould, 2002). The most
provocative finding of the theropod study is that
amounts of forelimb evolution are essentially con-
stant across theropod phylogeny, not concentrated
in birds and their immediate ancestors (as may be
expected because birds possess an aberrant forearm
relative to other dinosaurs, used to power their
volant lifestyle).

Dinosaur Molecular
Evolution

The phylogeny and evolutionary rates of living
species are often studied by reference to DNA
sequences, proteins, and other molecular sub-
stances. Cladograms are often built by analyzing
DNA and using computer algorithms to group spe-
cies that share derived changes in the genetic se-
quence, much like organisms are grouped together
as close relatives in a morphological phylogenetic
analysis by their possession of shared derived fea-
tures of the anatomy. When amolecular phylogeny

is available, the amount and speed ofmorphological
evolution can be assessed bymapping out character
changes onto the branches of the tree, much as how
morphological evolution can be quantified using
the rate methods discussed above. However,
these types of studies are essentially impossible
for dinosaurs and other extinct animals because
microscopic soft tissues such as DNA are rarely, if
ever, fossilized. Therefore, little is known about
the molecular biology and evolution of dinosaurs,
a problem that will probably always frustrate
paleontologists.

Nevertheless, one major aspect of molecular
evolution can be studied for dinosaurs. Because
there is a tight correlation in living animals be-
tween the size of individual cells and the size of the
genome (the total amount of DNA in an organism’s
genetic code), the genome sizes of dinosaurs can
be estimated by measuring the sizes of the lacunae
that hold osteocytes (bone cells) within dinosaur
bones (Gregory, 2001). Genome size is an important
measurement, because like body size it often cor-
relates with many other organismal features such
as metabolic rate and home range size. Further-
more, genome size in Mesozoic dinosaurs is an
intriguing subject of study, because their descen-
dants, living birds, have anomalously small gen-
omes that have long been explained as an
adaptation for saving energy (a necessary require-
ment for ametabolically expensive volant lifestyle).

Organ et al. (2007, 2009) compiled measure-
ments of bone cell size for numerous dinosaurs,
used this information to estimate genome size, and
came to several important conclusions (Fig. 10.7).
First, the small genome sizes of living birds are not
unique, but are also seen in many of their closest
non-flying theropod relatives. This is firm evidence
that a small genome size was not an adaptation for
flight in birds, but was simply inherited from dis-
tant ancestors. Second, saurischians have signi-
ficantly smaller genomes than ornithischians,
suggesting that there is something unique to the
molecular biology of both major dinosaur sub-
groups. Third, there is no correlation between ge-
nome size and body size: Apatosaurus, the largest
dinosaur measured in these studies, has an estimat-
ed genome size that is approximately the same as
that of the primitive crow-sized bird Confuciu-
sornis. These results are intriguing, but studies of
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dinosaurian genomic and molecular evolution are
still in their infancy and much work remains to be
done (see Montanari et al., 2011).

The Grand Narrative
of Dinosaur Evolution

An ever-expanding fossil record, studied carefully
using rigorous phylogenetic and macroevolution-
ary methods, allows contemporary paleontologists
to draft the grand story of dinosaur evolution in
lucid detail. Like many historical tales, the narra-
tive of dinosaur history must be pieced together
using fragments – often incomplete fossil speci-
mens from a biased geological record – but a com-
mitment to quantitative rigor and a healthy
realization of uncertainties allows these snippets
to be interpreted in a meaningful way. Also like
many historical tales, our understanding of dino-

saur evolution is consistently being updated in light
of new discoveries and studies. Such is the burden,
but also the excitement, of the sort of historical
detective work that paleontologists specialize in.
What we hold as true today may not survive the
discoveries and testing of the next generation of
researchers. With that caveat in mind, this book
closeswith a summary – a story – of the 160million
year Mesozoic evolutionary history of dinosaurs as
understood by contemporary workers.

The origin and early evolution of dinosaurs
Footprints and body fossils clearly indicate that the
archosaur clade originated in the immediate after-
math of the Permian–Triassic mass extinction, the
greatest interval of mass death in earth history
(Brusatte et al., 2011a, 2011b; Nesbitt et al., 2011)
(Fig. 10.8). Dinosauromorpha, the dinosaur ‘‘stem
lineage,’’ must have originated around this time as
well. The oldest dinosauromorph footprints are
recorded merely 1–2 million years after the extinc-

Figure 10.7 Genomic evolution in dinosaurs. Estimations of genome size (in picograms) of various dinosaurs, shown in

context within a phylogeny of extant tetrapods with known genome sizes. The three histograms to the left depict the

estimated ancestral genome sizes of three major clades (Archosauria, Ornithischia, Saurischia); the mean represents

estimated genome sizes and the spread around the mean denotes uncertainty in these estimates. Note that saurischian

dinosaurs have substantially smaller estimated genome sizes than ornithischians. Image courtesy of Dr Chris Organ and

modified from Organ et al. (2009).
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tion, although the oldest body fossils are not known
until a few million years later (Nesbitt et al., 2010;
Brusatte et al., 2011a). True dinosaurs (saurischians
and ornithischians), which are distinguished from
other dinosauromorphs by the fiat of a phylogenetic
definition (see Chapter 1), probably originated in
the Middle Triassic (c.240 million years ago),
but their first unequivocal body fossils are found
in Argentine rocks dating from near the Carnian–
Norian boundary (c.228 million years ago)
(Martinez et al., 2011). The dinosaurs of this assem-
blage, perhaps unexpectedly, are already quite mor-
phologically and taxonomically diverse and
somewhat abundant. Representatives of the three
major subgroups (theropods, sauropodomorphs,
and ornithischians) are present in this fauna, and
dinosaur fossils comprise approximately 10% of
the total vertebrate fossil record from these
rocks (Rogers et al., 1993; Sereno et al., 1993;
Brusatte et al., 2010b; Langer et al., 2010; Martinez
et al., 2011).

These earliest dinosaurs, however, were a far cry
from the iconic creatures that dominated Jurassic

and Cretaceous terrestrial ecosystems. They were
still only a minor component of their faunas, and
exhibited only a fraction of the taxonomic andmor-
phological diversity, aswell as the geographic range,
that would characterize later dinosaur groups. The
rise of dinosaurs – their journey fromanecologically
and taxonomically marginal group to the pre-
eminent terrestrial vertebrates of the later
Mesozoic – has fascinated paleontologists for gen-
erations (Fig. 10.8). It was once accepted wisdom
that dinosaurs rapidly rose to dominance during
the Triassic, marshaling superior locomotory and
physiological adaptations to outcompete other
terrestrial vertebrates such as crurotarsan archo-
saurs (Bakker, 1971, 1972; Charig, 1984). Over the
past fewdecades,however,anoverwhelmingweight
of new fossil evidence, phylogenetic studies, and
macroevolutionary analyses have dismissed this
scenario as simplistic and incorrect (Benton, 1983,
2004; Irmis et al., 2007a; Brusatte et al., 2008a,
2008b, 2010b, 2011b; Langer et al., 2010; Irmis,
2011).

It is now understood that the dinosaur radiation
was a complicated event that unfolded gradually,
over thecourseof tensofmillionsofyears (Fig. 10.8).
In fact, about 50 million years elapsed between
the origin of the dinosauromorph clade and the
time, in the aftermath of the end-Triassic mass
extinction, that dinosaurs could truly stake a claim
as the most diverse, disparate, abundant, and wide-
spread mid- to large-sized vertebrates in terrestrial
ecosystems globally. Dinosaurs originated long
before they became taxonomically diverse, mor-
phologically disparate, and numerically abundant
in their ecosystems (Brusatte et al., 2008a, 2008b).
Morphological disparity and high rates of character
change peaked early in dinosaur history (Carnian–
Norian), millions of years before, and out of step
with, taxonomic diversity (which underwent a sig-
nificant increase in the Early Jurassic: Lloyd et al.,
2008) (Fig. 10.6). The earliest dinosaurs were rare
constituents in their ecosystems, but became pro-
gressively more abundant in the latest Triassic and
finally, in the Early Jurassic, were consistently the
most abundant large terrestrial vertebrates all
across the globe (Benton, 1983).

Dinosaurs lived alongside many other major
clades of terrestrial vertebrates during the first
30 million years of their history, but there is no
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sign that dinosaurs gradually outcompeted them.
The crurotarsan archosaurs, which were likely
competitors to early dinosaurs, were more
morphologically disparate than dinosaurs through-
out the Late Triassic, and the two groups exhibited
indistinguishable rates of character evolution
(Brusatte et al., 2008a, 2008b) (Fig. 10.6). Further-
more, crurotarsans were more numerically
abundant than dinosaurs in many Late Triassic
ecosystems (Benton, 1983). Dinosaurs eclipsed
their close crurotarsan cousins only after the end-
Triassic extinction, an unpredictable event of earth
history that devastated global ecosystems and near-
lywiped out the entire crurotarsan clade.Dinosaurs
maintained their morphological disparity – their
range of body plans, diets, and ecologies – across
the extinction boundary, but most major crurotar-
san body plans and major clades (phytosaurs,
aetosaurs, rauisuchians) were exterminated. Now
dinosaurs were more disparate and taxonomically
diverse than crurotarsans, and also invariably
more numerically abundant in global ecosystems
(Benton, 1983; Brusatte et al., 2008a, 2008b, 2011b).
There is also provocative evidence from footprints
that dinosaurs substantially expanded in body size
across the extinction interval as well (Olsen et al.,
2002; although see alternative view in Irmis, 2011).

In sum, it seems as if the end-Triassic extinction
was a critical turning point in dinosaur history.
Before the extinction there was no overwhelming
sign that dinosaurswould become so successful and
dominant: theyweremerely one group of terrestrial
vertebrates sharing ecosystems with other diverse,
disparate, and abundant clades such as crurotar-
sans. Crurotarsans, it could be argued, were doing
better than dinosaurs during the Late Triassic,
based on their larger morphospaces, greater range
of body types and diets, and numerical dominance
in many ecosystems. However, the end-Triassic
extinction decimated crurotarsans but apparently
did not affect dinosaurs to any significant degree.
Other more minor extinctions during the Late Tri-
assic may have also wiped out or severely culled
additional dinosaur competitor groups, such as the
dicynodonts and rhynchosaurs, but spared dino-
saurs (Benton, 1994, 2004; but see Irmis, 2011 for
an alternative view).

Exactly why dinosaurs made it through these
extinctions is currently unknown, and maybe im-

possible to determine with certainty. Perhaps they
did have some adaptations that allowed them to
preferentially survive while crurotarsans wasted
away. What is important, though, is that these
adaptations did not enable dinosaurs to immedia-
tely rise to superioritywhen they first originated, or
outcompete crurotarsans and other groups over the
course of the entire Late Triassic. If they existed,
these ‘‘key adaptations’’ were merely something
that came in handy when a global meltdown
struck – a period of ecosystem devastation and
extremeextinction thatwas outside theusual norm
of earth history and could never be predicted
when dinosaurs first arose. Thus, therewas nothing
‘‘inevitable’’ or ‘‘predestined’’ about the success of
dinosaurs: they had to traverse both a long journey
through the Late Triassic and a rapid period of
global chaos at the Triassic–Jurassic boundary.
Without the contingency of the end-Triassic mass
extinction, the Jurassic–Cretaceous ‘‘age of dino-
saur dominance’’ may have never happened.

The intervening years
After emerging from the end-Triassic devastation
200 million years ago, and diversifying taxonomi-
cally andmorphologically during the Early Jurassic,
dinosaurs remained the dominant vertebrates in
most terrestrial ecosystems until their demise at
the end of the Cretaceous, 65 million years ago.
During this 130 million year interval, dinosaurs
were the most diverse and abundant mid- to
large-sized terrestrial vertebrates in most regions
of the globe, and expanded into an astounding array
of sizes, body types, and ecological niches. Some
sauropod dinosaurswere the largest animals to ever
live on land, nearly equaling the blue whale in size,
whereas some theropodswere the largest terrestrial
predators to ever live. Some dinosaurs were fast
runners, others burrowers, and one subgroup of
small nimble predators evolved the ability to fly –
one of the most remarkable evolutionary transfor-
mations in the history of life.

It seems as if birds, as well as many other major
dinosaur subgroups, originated during the Early to
Middle Jurassic, which was an explosive period of
dinosaur diversification (Lloyd et al., 2008). Many
dinosaur groups were restricted to their own cor-
ners of the globe at this time, likely due to climatic
differences and the fragmentation of Pangaea
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(Upchurch et al., 2002). It is difficult to understand
how dinosaur diversity changed during most of the
Jurassic andCretaceous, because sampling biases so
pervasively infect the dinosaur fossil record (Lloyd
et al., 2008; Barrett et al., 2009; Butler et al., 2011;
Upchurch et al., 2011). However, at the very least, it
seems as if there was a substantial extinction event
at the Jurassic–Cretaceous boundary 146 million
years ago (Barrett et al., 2009; Upchurch et al.,
2011), and it also seems like the major pulse of
lineage splitting during the Early Jurassic was never
again equaled in dinosaur history (Lloyd et al.,
2008). Dinosaur faunas had a more cosmopolitan
flavor in the Early Cretaceous, asmany clades had a
global distribution (Upchurch, 1995; Brusatte et al.,
2009b; Benson et al., 2010a). During the latest
Cretaceous, however, as the continents drifted fur-
ther apart and high seas lapped onto the land,
many dinosaur groups were isolated on their own
endemic landmasses. Dinosaur diversity seems to
have changed little during the final years of the
Cretaceous: once uneven sampling is taken into
account, there is no apparent significant increase
or decrease in global diversity until all non-avian
dinosaurs disappeared forever at the Cretaceous–
Paleogene boundary (but see Lloyd, 2011).

Dinosaur Extinction

Why did the dinosaurs go extinct? Perhaps no other
question in the history of paleontological research
has generated such unbridled and fanciful specula-
tion. Yet the riddle of dinosaur extinction has also
motivated generations of careful detailed studies
that creatively blend information from geology,
biology, chemistry, physics, astronomy, and other
disciplines. It truly is a puzzle: how was such a
thoroughly dominant group as the dinosaurs exter-
minated from the face of the earth, after 160million
years of evolutionary success? Many opinions have
been thrown around by scientists, but because the
main focus of this book is on the biology and
evolution of dinosaurs as living animals, there will
be limited pontification here on dinosaur extinc-
tion. Readers are encouraged to follow up with
some of the thousands of papers written on the
subject, which are expertly summarized and dis-
cussed in books byArchibald (1996), Alvarez (1997),

Dingus and Rowe (1997), and Powell (1998), as well
as the recent review paper of Schulte et al. (2010).

The meaning of the dinosaur extinction
Although the issue of dinosaur extinction may
seem like a tired subject, some discussion is still
warranted here. Clearly, understanding why non-
avian dinosaurswent extinct is an important thread
of evidence in understanding their biology and
evolution, the overriding themes of this book. From
a wider perspective, answering the riddle of the
dinosaur extinction – which was but one aspect of
a broader mass extinction at the end of the Creta-
ceous, 65 million years ago, that also wiped out or
severely affected many other groups – has clear
implications for understanding the effects of major
environmental perturbations on organisms and
ecosystems. The end-Cretaceous mass extinction
is one of five such mass die-offs in the fossil record,
and has undoubtedly been the most studied of the
bunch (Raup and Sepkoski, 1982). While great ex-
tinctions and global catastrophes will always
arouse the interest of the general public, the true
importance of understanding the dinosaur extinc-
tion really relates to comprehending our place in
nature, and coming to grips with the causes and
effects of periods of mass global devastation.
After all, dinosaurs were an immensely successful
group that dominated ecosystems for a long
stretch of time, but their reign eventually came to
an end. There is mounting evidence that human-
induced pollution and overpopulation is actively
causing a so-called ‘‘sixth mass extinction,’’ whose
effects, and perhaps very reality, are obscured by
humanity’s inability to comprehend long-term
trends (Barnosky et al., 2011). Only by studying
previous extinction intervals in the fossil record
can we hope to understand what actually happens
during periods of worldwide extinction, and per-
haps find a way to stop them.

Explanations for the dinosaur extinction
What do we currently know about the extinction of
dinosaurs? Over the past century of research over
100 possible hypotheses have been presented to
explain the extinction of dinosaurs and other organ-
isms at the end of the Cretaceous, but most are so
unlikely, or completely unsupported by evidence,
that they cannot be taken seriously. The major
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competing theories hold that dinosaurs went ex-
tinct either suddenly or gradually at the end of the
Cretaceous, either as the result of an asteroid or
comet impact (suddenly) or due to long periods of
volcanic eruptions, climate change, and sea-level
fluctuations (gradually). It is also possible that a
combination of multiple mechanisms may explain
dinosaur extinction, with gradually changing cli-
mates or prolonged volcanic eruptions weakening
dinosaur populations before a sudden impact deliv-
ered the final blow. And of course it must be re-
membered that not all dinosaurs went extinct:
most did, but several lineages of birds made it
through the end-Cretaceous extinction into the
ensuing Paleogene period, and their descendants
fill the skies today as approximately 10,000 species
of extant living breathing dinosaurs.

What information, then, is most important
when trying to understand the extinction of the
non-avian dinosaurs? First of all, based on the pio-
neeringwork of the father-and-son team of Luis and
Walter Alvarez and the ensuing research of hun-
dreds of colleagues, there is unequivocal evidence
that an enormous asteroid or comet hit the planet
approximately 65 million years ago, at the same
general time the dinosaurs went extinct. As first
outlined by the electrifying study of Alvarez et al.
(1980), a thin clay layer marks the Cretaceous–
Paleogene boundary atmany sites across the world,
and it is invariably enriched in iridium, an element
exceedingly rare on earth but common in extrater-
restrial objects (Fig. 10.9). Not only that, but this
layer is also burstingwith other substances that can
only result from asteroid or comet impacts, such as

Figure 10.9 The Cretaceous–Paleogene boundary, whichmarks the time that the non-avian dinosaurswent extinct, at the

famous Bottaccione Gorge in Gubbio, Italy. It was at this site that Walter Alvarez and his colleagues first sampled an

anomalous level of iridium in the thin clay layer marking the Cretaceous–Paleogene boundary, which was the first

indication that an extraterrestrial impact may have caused the dinosaur extinction. Photo on the right shows the author

(Steve Brusatte) examining the Cretaceous–Paleogene boundary clay layer, with Walter Alvarez in the foreground right.

Photo on the left is a close-up of the clay layer, which is marked with an arrow. Photos by Nicole Lunning.

258 MA C R O E V O L U T I O N A N D E X T I N C T I O N



quartz grains whose mineral structure has been
altered by intense pressure and spherules that
are formed as liquefied material thrown up by an
impact cools and falls back through the atmosphere
(Alvarez et al., 1980; Alvarez, 1997; Smit, 1999;
Schulte et al., 2010). Most convincing, however, is
the presence of a huge crater, nearly 200 km wide,
near Chicxulub, on the Yucatan Peninsula of
Mexico, whose age exactlymatches that of the clay
layer (Hildebrand et al., 1991). There is no doubt,
therefore, that a giant planetary body hit earth at
the same time the dinosaurs went extinct.

That being said, there is also firm evidence that
the dinosaur extinction happened in the aftermath
of two other episodes of global perturbation. First,
the latest Cretaceous was also a time of substantial
sea-level regression (Haq et al., 1987; Peters, 2008).
Sea levels apparently fell rapidly, and substantially,
during the Maastrichtian (the final stage of the
Cretaceous), and this quick fluctuation may have
been among the most extreme sea-level changes
during the entire Mesozoic. Second, there was a
vast volcanic eruption in what is present-day India,
which lasted for at least several tens of thousands of
years and may have covered over 1,000,000 km2

with lava (Wignall, 2001; Keller et al., 2008). This
eruption, which produced the so-called Deccan
Trap deposits that are more than 2000m thick and
spread over 500,000km2, seems to have occurred
very close to the end of the Cretaceous, and may
have even been occurring when the Chicxulub
bolide hit (Keller et al., 2008).

Given that so many considerable global changes
were occurring at, or near, the end of the Creta-
ceous, itmay be exceedingly difficult to identify the
primary causes of the mass extinction (Archibald
et al., 2010). This is compounded by the fact that so
many groups of organisms went extinct or were
severely depleted at this time, and it is possible that
different groupswere individually affected by some,
but not all, of the global catastrophes. Marine in-
vertebrates, for instance, may have lost large
swaths of habitable territory when sea levels
dropped, but fluctuating oceans may not have af-
fected land-living dinosaurs, which may have been
more susceptible to acid rain and temperature drops
caused by the bolide impact or an atmosphere
poisoned by volcanic eruptions. As this book focus-
es on dinosaurs, I will not detail themyriad possible

effects of end-Cretaceous global catastrophes on all
ecosystems, but rather home in on what we cur-
rently know about the Late Cretaceous dinosaur
fossil record and what this may tell us about the
possible cause of their extinction.

Focusing on dinosaurs, it may be assumed that
diversity patterns should hold a clue as to whether
their extinction was sudden or gradual, which in
turn would identify certain extinction agents as
more or less likely. If, for instance, dinosaur diver-
sitywas decreasing throughout the LateCretaceous
then this would be a sign of a gradual extinction,
whereas if it was steady (or increasing) but then
rapidly fell at the end of the Cretaceous then this
would be a hallmark of sudden demise. Sadly, the
quality of the fossil record makes testing these
scenarios difficult. Late Cretaceous dinosaur fossils
are well known only from a few regions of the
world, most notably western North America, and
it is no guarantee that these samples are represen-
tative of any global reality. However, when these
fossils are studied in detail, and statistical techni-
ques are used to remedy sampling biases, there
appears to be no major decrease in diversity near
the end of the Age of Dinosaurs, either globally
(Fastovsky et al., 2004; Wang and Dodson, 2006;
Lloyd et al., 2008; Upchurch et al., 2011) or on the
regional level within individual dinosaur-bearing
rock deposits (Sheehan et al., 1991; Lillegraven and
Eberle, 1999; Fastovsky and Sheehan, 2005). Again,
this does not necessarily mean that there was no
true reduction in diversity, but only that the current
samples show no evidence for a precipitous drop
prior to the Cretaceous–Paleogene boundary itself.

What the dinosaur fossil record clearly does not
show is a major long-term decline in dinosaur
diversity (both globally and locally) of the type that
would be expected if dinosaurs underwent a pro-
longed (�10 million year) regression that gradually
resulted in their extinction (although see Lloyd,
2011). Therefore, out of all the uncertainty sur-
rounding the dinosaur extinction, there is one con-
clusion that seems robust. The extinction of
dinosaurs (and most likely other organisms at the
end of the Cretaceous) was due to one or multiple
remarkably unusual events that were outside the
norm of usual geological happenstance and which
were so extreme that they could have affected the
entire planet. The extinction of the dinosaurs was
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therefore not the inevitable end product of millions
of years of stagnating evolution, but was intimately
tied to unpredictable global catastrophe.

That being said, is it possible to make a more
general conclusion about the single most likely
cause of the dinosaur extinction?Many researchers
may disagree, but it is held here that the single best
hypothesis for explaining the dinosaur extinction is
that an overwhelming, unpredictable, and abrupt
extraterrestrial impactwas primarily responsible. It
is known that an enormous asteroid or comet hit
the planet at exactly the same time that the dino-
saurs went extinct, and there is no solid evidence
that dinosaurs were declining in diversity prior to
this sudden impact. It is true that sea-level changes
and volcanic eruptions were also occurring during
the Late Cretaceous, and these may have indeed
played a supporting role in the dinosaur extinction,
but sea levels and climates were constantly chang-
ing during the 160 million year Age of Dinosaurs.
Why, exactly, would changes in sea level or an
increase in global temperature due to prolonged
eruptions, on their own, completely wipe out
non-avian dinosaurs when changes of similar mag-
nitude had failed to do so for hundreds ofmillions of
years? Similarly, if later studies do show a decrease
in dinosaur diversity near the end of the Creta-
ceous, then why would this decrease result in total
extinction when other diversity decreases during
theMesozoic weremerely blips in the evolutionary
history of dinosaurs? In the end, it would be a
remarkable coincidence if the simultaneous (or
near simultaneous) extinction of a long-lived and
successful group and the impact of a giant extrater-
restrial body were unrelated to each other. And we
must not forget that not only dinosaurs went ex-
tinct: so did many other species that occupied a
wide range of environments, ranging from plank-
tonic microorganisms to ammonites. New evi-
dence may always raise new questions, but for
the time being, a sudden extraterrestrial impact is
the best single unifying theory for explaining why
so many species, including dinosaurs, went extinct
65 million years ago.

The post-impact world and the rise of mammals
Regardless of whether the Chicxulub bolide impact
was the singlemost important cause of the dinosaur
extinction, two things are undoubted. First, the

impact – which we know definitely happened be-
cause of the reams of geological evidence reviewed
above – would have had a profound effect on global
ecosystems. Clouds of dust and debris kicked up by
the impact would have entered the atmosphere and
perhaps blocked out the sun for a long period of
time, inhibiting photosynthesis and thereby caus-
ing a cascade of ecosystem collapse both in the
oceans and on land (see reviews in Alvarez, 1997
and Pope et al., 1998). Intense infrared radiation
would have occurred in the immediate wake of the
impact, followed by toxic showers of acid rain,
global wildfires, and mega-tsunamis. Amazingly,
there is copious evidence in the geological record
for many of these devastating consequences of
impact (Wolbach et al., 1985; Prinn and Fegley,
1987; Bourgeois et al., 1988; MacDougall, 1988;
Maurrasse and Sen, 1991; Alvarez, 1997; Pope
et al., 1997, 1998; Schulte et al., 2010). It is no
stretch to imagine how these various traumas
may have affected dinosaurs and other organisms,
although there is still considerable debate as towhy
all non-avian dinosaurs went extinct while other
groups (such as turtles, lizards, birds, and mam-
mals) were not completely wiped out (Robertson
et al., 2004). This question, therefore, remains one
of the fundamental riddles of the dinosaur extinc-
tion, and is sure to generate substantial research as
our understanding of the Late Cretaceous fossil and
geological record continues to improve.

Second, in the aftermath of both the impact itself
and the extinction of the dinosaurs new groups of
vertebrates had the opportunity to evolve and diver-
sify in the Paleocene andEocene.Chief among these
were the birds, the evolutionary descendants of
theropod dinosaurs (and, to be fair, true dinosaurs
in their own right), and the mammals. The ensuing
65million years after the end-Cretaceous extinction
is commonly referred to as theAgeofMammals, and
for good reason. Althoughmammals originated dur-
ing the Triassic, around the same time that the first
dinosaurs evolved, they remained mostly small and
ecologically marginal during most of the Mesozoic,
and their species-level diversity and range of body
types and sizes paled in comparison to those of
dinosaurs (Kielan-Jaworowska et al., 2004; Luo,
2007). In the Paleocene and Eocene, however, mam-
mals explosively diversified: their range of body
sizes increased to include much larger forms, their
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species-level diversity rose substantially, they began
to exploit many niches and dietary strategies that
were unavailable to them during the Mesozoic, and
the earliest representatives of many major living
clades appeared in the fossil record (Alroy, 1999;
Rose, 2006; Archibald, 2011). The dinosaurs had
enjoyed a 160 million year evolutionary run, but
because of the contingencies of earth history mam-
malshadnowbecome thepre-eminentmid- to large-
sized vertebrates in most terrestrial ecosytems.
Dinosaurs, however, remained in the form of their
own successful and diverse offshoot, the birds,
which also enjoyed their own profound success
during the past 65 million years.

Conclusions

Understanding the grand story of dinosaur evo-
lution, from their Triassic origins to the end-
Cretaceous extinction of all non-avian species, is
one of the primary goals ofmany dinosaur research-
ers. It is also one of the great contributions of
dinosaur paleontology to the wider knowledge of
science in general, because we stand to learn many
fundamental truths about evolution if we can un-
derstand how dinosaurs originated, diversified,
evolved in concert with changing climates and
drifting continents, and went extinct. Although
sampling biases are always a source of concern, the
ever-expanding dinosaur fossil record is proving to
be a fruitful source of macroevolutionary studies.
Researchers commonly use large databases of infor-

mation from the dinosaur record to perform large-
scale statistical analyses that examine major pat-
terns in dinosaur diversity, disparity (anatomical
variety), rates of morphological change, and faunal
abundance across the Mesozoic. These studies re-
veal that dinosaurs did not explosively diversify
after they originated in the Triassic, but rather
the rise of dinosaurs was a gradual and complex
event that unfolded over tens of millions of years.
Dinosaurs split into their fundamental lineages
(sauropodomorphs, theropods, ornithischians) and
evolved a wide array of morphologies and body
plans in the Late Triassic before undergoing their
most significant period of diversification during the
Early Jurassic, after the end-Triassic mass extinc-
tion wiped out several competitor groups. There is
no sign that dinosaurs outcompeted other groups
during the Late Triassic, but rather dinosaurs were
able to endure one or more mass extinction events
that preferentially decimated other clades. Many
major dinosaur subgroups, including birds, proba-
bly originated in the Early to Middle Jurassic, there
was a substantial extinction of dinosaur species
across the Jurassic–Cretaceous boundary, and there
is no sign that dinosaurs graduallywithered away to
extinction during the Late Cretaceous. Instead, it
seems most likely that the impact of an enormous
extraterrestrial body suddenly snuffed out the Age
of Dinosaurs at the Cretaceous–Paleogene bound-
ary, 65 million years ago. One small subgroup of
dinosaurs, the birds, was able to survive this extinc-
tion, and today numbers approximately 10,000
living species.
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encephalization quotient (EQ) 83
endocasts, braincase 81–2, 82, 83
endothermy 219–25, 221, 223
enterolites 162
Eocursor 42, 111, 111
Eodromaeus 94
Eoraptor 93, 93–4, 166
epaxial muscles 70, 71
Epidendrosaurus 105
Epidexipteryx 77, 105
epipophyses, cervical vertebrae 13, 14, 23
epipterygoid bone 33, 35, 40
epoccipital bone 56
Europasaurus 177, 210, Plate 15
evolution, dinosaur 5–8, 7, 8, 242–61

grand narrative 254–7
molecular 252–3, 253
timeline 4, 255

exoccipital-opisthotic bone 36, 38, 39
extant phylogenetic bracket (EPB) 66, 66–7
external fundamental system 201, 206
external mandibular fenestra 33, 37, 40
external naris 33, 36
extinction, dinosaur 243, 257–61

Falcarius 105
family tree see phylogeny
feathers 25–6, 75–8, Plates 5–7, 9

function 77–8
hindlimb 153, 154, 154–5
morphotypes 76, 76–7
origins 77, 149
thermoregulatory function 224–5
see also flight

feces see coprolites
feeding 159–90

evolution 165–7
methods for studying 160–5
ornithischian 182–9, 183
sauropodomorph 176–82, 177
theropods 167–76, 190

females, identifying 130–4
femur 53, 53

anterior trochanter 17, 19, 53
birds 137, 150
body mass estimation 129, 129–30
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femur (continued)
fourth trochanter 16, 17, 53
modern analogues 137, 138
muscles controlling 73, 73–4, 143–4, 150

fenestra ovalis 36, 39
fibula 16, 17, 18, 53
finite element analysis (FEA) 163, 163–4, 168, Plate 14
fish-eating theropods 171–3, 172
flight
body size and 155, 156
evolution 105, 149–50
non-avian theropods 153–5, 154

flowering plants 188–9, 189
food webs 239
foot 23, 53–4, 54, 55
footprints (and trackways)
dinosauromorph 6, 6
early dinosaurs 7
gregarious behavior 237, 237–8
inferring locomotion and posture 141, 147
laser scanning 119, 120
manus-only 147
metatarsus morphology and 19
skin impressions 74
speed estimates 139–41, 141, 151–2

foramen magnum 36, 38
forelimb 47, 49, 49–51
evolution of avian-type 149–50
muscles 70–3, 72
ontogenetic changes 215
see also wings

form 117–34
body mass estimation 126–30
methods for studying 118–26
sexual dimorphism 130–4

fossil record, dinosaur 228–9, 244–5
see also sampling biases

frame and truss analysis 164, 165
frills, ceratopsian 55–7, 56
frontal bone 33, 35, 36, 38
Fruitadens 109
Fukuiraptor 98
furcula 48, 49

Gallimimus 100, 102
appendicular skeleton 18, 20, 50, 52

Galton, Peter 11
Gastonia 61, 112
gastral cuirass 46–7, 47
gastralia 46–7, 47
gastroliths (gastric mills) 162, 177–8, 179–80
Genasauria 110, 111
genealogical trees see cladograms
genomic evolution 252–3, 253
geography, physical 26, 27
ghost taxa 244

Giganotosaurus 98
gigantism 209
Gigantospinosaurus 61
gigantothermy 219, 225
glenoid 49
gliding flight 153–4
Gondwana 27, 231
Gorgosaurus 205, 209
gracile morphotypes 131
grades, paraphyletic 91, 92
graviportal species 136–7, 139, 140
greenhouse gases 27
gregarious behavior 237, 237–8, 238
growth 191–2, 200–16
ability to vary rate 211–12
anatomical and functional changes 213–16, 214, 216,

Plate 3
avian-style strategies 212–13
curves 203–6, 205
at high latitudes 212
lines (rings) 201–3, 202, 206, 208, 220
major questions 209–16
metabolic inferences 220–1
methods for studying 200–6
ornithischians 207–8
rates 206, 206–7, 220–1
sauropodomorphs 208, 208–9
sexual maturation and 211
strategies, evolution 207
theropods 209

Gryposaurus 116
Guaibasauridae 106, 107
Guaibasaurus 107
Guanlong 13
gut contents 162

habitats 232–3
hadrosaurids 22
brain 82, Plate 12
cranial crests 59–60, 60
feeding and diet 183, 185, 187, 188
growth 207, 216
locomotion and posture 145, 146
niche partitioning 233–5, 234
pelvis 21
phylogeny 110, 111–12
reproduction 196, 197
skin 74, 75

haemal canal 46
hand (manus) 49, 50, 50–1
avian-type 150
-only trackways 147
saurischian 23

Haplocheirus 105
hard tissues 29–64
inferring soft tissues 66, 66–7
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see also bone(s); teeth
Haversian bone 201, 220
head

muscles controlling 70, 71
posture 84, 85

head-butting 57–9
hearing 84
heart 81
Hell Creek Formation 228, 233–5, 234
Hennig, Willi 89
herbivores 21–2

dinosaur close relatives 93, 166
evolution 166–7
gross skeletal anatomy 160–1
ornithischians 182–9
sauropodomorphs 176–82
teeth 41, 41, 177
theropods 175, 175–6

herds 237–8, 238
Herrerasaurus 7, 166

genealogy 93, 93–4
hand 8, 49

Hesperornis 213
Hesperosuchus 4
Heterodontosauridae 109–11, 110, 184
Heterodontosaurus 7, 109
heterotherms 219
high latitudes 212, 222–4, 223
hindlimb 47, 52–4

avian-type 137–8, 150
modern analogues 137, 138
muscles 73, 73–4, 144
ontogenetic changes 215
theropods 148
as wings 153, 154, 154–5

hinge ankle joint 17
hip height 140, 141
histological ontogenetic stages (HOS) 203, 204
histology

bone 200–3, 201, 202, 204, 220–1, Plate 15
egg 194
osteoderms 63
pachycephalosaurian skull 57–9, 59

homeothermy 219, 222–4
homologous structures 31, 32
hooves 51, 54
horns, ceratopsian 55–7, 56, 58, 215
Huaxiagnathus 102
Huayangosaurus 63, 184
humerus 49–50
Huxley, Thomas Henry 24, 75
hydroxyapatite 30
Hylaeosaurus 10
Hypacrosaurus 82
hypantrum 45
hypaxial muscles 70, 71

hypercarnivores 167–8, 175
hyposphene 45
Hypsilophodon 114, 145

Ichthyornis 213
Ichthyostega 31
iguanas 178
Iguanodon 10, 21, 50, 85

genealogy 110, 115
Iguanodontia 110, 115, 145
iliofibularis muscle 74
ilium 51, 51–2, 52

muscle attachments 73, 73
infratemporal fenestra see lateral temporal fenestra
inner ear 82, 83, 84, 84
insect-eating 176
integument 74, 74–5

thermoregulatory function 224–5
see also feathers

intelligence 83
internal nares (choanae) 35, 39
interorbital septum 39
interpterygoid vacuity 40
iridium 258, 258–9
Irritator 98
ischium 51, 52, 52

Janenschia 205, 208
jaws

carnivores 160
hard tissues 36–8, 37, 40–2
herbivores 160, 177
muscles 68, 68–70, 69
see also lower jaw

Jehol Group limestones 76
Jeholornis 212, 213
Jingfengopteryx 155
joints, range of motion studies 137
jugal bone 12, 13, 33, 35, 37
Jurassic–Cretaceous extinction event 257
Jurassic Park (movie) 24, 141, 151, 159
Jurassic Period 4, 7, 7–8

biogeographical studies 231
dinosaur disparity 251, 251–2
dinosaur diversity 245, 247, 248
dinosaur evolution 255, 256–7
geography and climate 26, 27
ornithischians 22
saurischians 23–4

Juravenator 50, 55
juveniles

anatomical differences 214, 215
growth rates 205, 211, 212
herds 238, 238
parental care 197–8
see also growth
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Kentrosaurus
digital modeling 119, 121
plates and spikes 61, 63, 64
sexual dimorphism 132

keratin 74, 75, 76
knee joint 53
Kosmoceratops 113
Kotasaurus 108

lacrimal bone 33, 35, 37
Lagerpeton 6, 17–20, 91–2
Lambeosaurinae 110, 115, 116
Lambeosaurus 59, 60, 116, 216
laminae 43, 44
landmarks, morphometric 123, 124, 125–6
laser surface scanning 119–20, 120
lateral temporal fenestra 33, 37–8
laterosphenoid bone 36, 39
latitude
biogeographical studies 230, 231
oxygen isotope studies and 222–4, 223
see also polar regions

Laurasia 27, 232
Leptoceratops 112
Leptoceratopsidae 112
Lesothosaurus 8, 54, 111, 207
Lewisuchus 166
Liaoning, feathered dinosaurs of 75–6
LiDAR laser scanning 119–20, 120
Liliensternus 14, 18, 52, 95–6
Limusaurus 97, 176
lines of arrested growth (LAGs) 201–3, 202
Lirainosaurus 210
lizard-hipped dinosaurs see saurischians
locomotion 135–58
acetabular morphology and 14–16, 16
avian-style 147–8, 149–50, 151
evolution 143–50
major questions 151–8
metabolic inferences 221–2
methods for studying 136–43
ontogenetic changes 215
speed see speed of locomotion
see also flight

locomotor modules 150, 151
longevity 206
long-necked dinosaurs
cervical vertebrae 44, 44
evolution 179
feeding and diet 177, 178, 179–82
neck posture and motion 156–8, 158

Lotosaurus 3
lower jaw (mandible) 37, 40
adductor fossa 40
adductor muscles 12, 13, 68, 68–9, 69

depressor muscles 69, 69–70
Lufengosaurus 105, 106
lungs
avian-style flow-through 78, 78–9, 80, 81
efficiency 224–5

macroevolution 242–61
diversity 244–50
molecular 253–4, 254
morphological disparity 250–3
narrative summary 254–7

Macronaria 106, 108, 109, 180–1
Magyarosaurus 210, 210
Maiasaura 115, 116, 198, 207
Majungasaurus
body size 95, 127
cannibalism 171
head posture 85
soft tissues 69, 79

males, identifying 130–4
Mamenchisauridae 106, 108
Mamenchisaurus 108, 108
mammals
as analogues 137–9, 138, 139
dinosaur predators 239, 240
evolution 260–1

mandible see lower jaw
Maniraptora 99, 99, 100–5
feeding and diet 175
reproduction 194, 197, 199–200

manus see hand
Marasuchus 166
characteristic features 14, 17–20, 18
phylogeny 5, 6, 92

Marginocephalia 110, 111–13
Marshosaurus 98
Masiakasaurus 97
Massospondylidae 106
Massospondylus
locomotion 147
phylogeny 105, 106
reproduction and growth 193, 211, 215

maxilla 33, 35, 37, Plate 13
maximum likelihood analysis 90–1
measurements, morphometric 123, 123–4
mediportal animals 139
medullary bone 133, 133–4, 211
megaherbivores 178–82
Megalosauridae 97, 98
Megalosauroidea 97, 97–8
Megalosaurus 10, 44, 98
megapredators 168–9
megatracksites 237, 237–8
Melanorosaurus 106–7, 107, 147
melanosomes 26, 77–8
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mesotarsal ankle 17, 18
Mesozoic Era 26, 26–7
metabolism 217–25
metacarpals 49, 50–1
metatarsals 19, 20, 23, 53–4, 54
Microraptor 153–4, Plate 5
microscopic soft tissues 85–7, 86
Miragaia 17, 52, 185
molecular evolution 252–3, 253
molecular phylogenetic analysis 86
Montanoceratops 112
morphological change, rates of 251, 252–3
morphological disparity 250–3, 255
morphometrics 121–6, 123

dinosaur disparity 250–1, 251
sex identification 130–1

morphospace 124–5, 125, 250–1, 251
Morrison Formation 228, 233
movement see locomotion
muscles 67–74, 68
Mymoorapelta 61
myology 67–8

Nanotyrannus 215
nasal bone 33, 35, 38
neck

motion, modeling 120, 121
muscles 70, 70, 71
posture, sauropods 156–8, 158
saurischian 23
see also cervical vertebrae; long-necked dinosaurs

Neornithischia see Cerapoda
Neosauropoda 106, 108–9
neotheropods, basal 94–7, 95
Neovenator 55, 98
Neovenatoridae 97, 98
nesting sites 195
nests 195, 196, 197, 198
neural arch 42, 43
neural canal 42, 43
neural spine 42–3, 43
niche partitioning 233–5, 234
Nicrosaurus 3
Nigersaurus 84, 109, 181, 182
noasaurids 95, 97
Noasaurus 97
nocturnal dinosaurs 85
nodes 89, 89–90
Nodosauridae 110, 111
Nothronychus 103
nuchal ligament 70

obturator plates 51, 52, 52
occipital condyle 36, 38
olfactory ability see smell, sense of
olfactory bulbs 82, 82, 83, 83–4, 168

olfactory canal 82
Omeisaurus 108
omnivores 161, 166

prosauropods 178
theropods 175, 175–6

ontogenetic growth series 213–16, 214, 216–18,
Plate 3

ontogenetic stages, histological (HOS) 203, 204
ootaxon 194
oral food processing 182, 184, 186–7, 188
orbit 33
orbital cartilages 36, 39
orbitotemporal muscles 70
organs, internal 81
Ornithischia 10–11, 20–2, 22

basal 109–11, 111
brain 82
feathers 77
feeding and diet 182–9, 183
genome size 253, 254
growth 207–8
locomotion and posture 144–6, 145
pelvis 21, 21
phylogeny 109–16, 110
teeth 41, 41
uncertain species 93, 93–4

Ornithodira see Avemetatarsalia
ornithomimosaurs 99, 100, 102, 175, 175
ornithopods 22

feeding and diet 185, 185, 186–8
locomotion and posture 145–6, 146
phylogeny 110, 114–16, 115

Orodromeus 114
orthal shearing 180–1, 186
Oryctodromeus 155, 157, 197
osteocytes 86

size evolution 252–3, 253
osteoderms 60–4, 61, 62, 75
osteological correlates 66, 67

sexual dimorphism 132–4, 133
osteological neutral pose 157, 158
osteons 201
Othnielosaurus 115
outgroup 89, 91
outlines, morphometric 123, 124
oviduct 133, 198, 199
Oviraptor 46, 193, 195, 197, 199
oviraptorosaurs 99, 100, 102–3, 103

feeding and diet 175, 175–6
reproduction 193, 196, 197, 198

Owen, Richard 9, 10
oxygen consumption 221, 222
oxygen isotope studies 222–4, 223

bone growth rings 202–3
niche partitioning 233–5, 234
semiaquatic dinosaurs 172, 173
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pachycephalosaurs 22
domed skull 57–9, 58, 59
phylogeny 110, 112, 113, 114
teeth 183

Pachycephalosaurus 58, 113, 183, 215–16, 217
Pachyrhinosaurus 113, 114
pack hunting 173–4
palatal muscles 69, 70
palate 39–40
palatine bone 33, 35, 39
Paleobiology Database 229
paleoecology 227–41, Plate 16
paleoenvironments 224
paleogeography 26, 27
Pangaea 27, 229, 231
Panphagia 107, 166
Paralititan 109
paranasal sinus systems 80–1
paraphyletic grades 91, 92
parapophysis 42, 43
Parasaurolophus 59, 60, 115, 116
parasphenoid bone 35, 36, 39
paratympanic sinus systems 80–1
parental care 197–8, Plates 10 and 11
parietal bone 33, 35, 36, 38
parietal foramen 35
Parkosaurus 114
paroccipital process 35, 36, 38
parsimony analysis 90, 90
Passer domesticus 8, 9
paternal care 199, 199–200
pectoral girdle 47–9, 48
muscles 70–3, 72

pectoralis muscle 71, 72
Pedopenna 154–5
Pelecanimimus 75, 100
pelvic girdle 51, 51–2, 52
pelvis 15, 19
bones 51, 51–2, 52
muscles 73, 73–4
ornithischian 21, 21–2
saurischian 21, 21, 22–3
sexual dimorphism 133

Pentaceratops 113
Permian–Triassic mass extinction 2–3, 254
phalanges 49, 50, 51, 54, 54
photogrammetrical approach, body mass

estimation 127–8
phylogenetic definition 8–9, 9
phylogeny 8, 88–116
biogeographical studies 229, 229–31
diversity and 248–50, 250
earliest dinosaurs 93, 93–4
molecular 253–4, 254
ornithischian 109–16, 110
reconstruction 89–91, 90

sauropodomorph 105–9, 106
terms 91, 92
theropod 94–105

physiology 191–2, 216–25
phytoliths 180
Piatnitzkysaurus 98
Pisanosaurus 22, 111
piscivores 171–3, 172
Plateosaurus
body size 8, 127
digital modeling 119, 121, 122, Plate 13
feeding and diet 177
genealogy 105, 107
growth 211–12
locomotion and posture 147
sexual dimorphism 132
skull 3, 33, 34, 35

plates, bony 60–4, 61
plesiomorphies see primitive characters
pleurocoels see air sacs
pleurokinetic skull 186–7, 188
pneumatic foramina see air sacs
pneumatization, skeletal 79, 81
poikilotherms 219
polar regions 212, 224
polish lines 208
Poposaurus 16, 144
populations 236–9
postcranial skeleton 42, 42–54
postorbital bone 33, 35, 37
Postosuchus 4
posture 135–58
evolution 143–50
metabolic inferences 221–2
methods for studying 136–43

postzygapophyses 42, 43
predation
by dinosaurs 168–71, 173–4
on dinosaurs 239, 240

predentary bone 40, 182, 183
prefrontal bone 33, 35, 36, 38
premaxilla 33, 35, 36–7
Prenocephale 58
prepubic process 21, 21, 52
prezygapophyses 42, 43
primitive characters (plesiomorphies) 89, 91
phylogenetic analysis 90, 90–1

principal components analysis (PCA) 124
principal coordinates analysis (PCO) 124
prootic bone 36, 39
propaliny 180, 181, 184
“prosauropods” 23, 105–7, 107
biogeography 231
core 106, 106–7
eggs 193
feeding and diet 176–8
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growth 208, 208
locomotion and posture 147

proteins 85–6
Protoceratops 85, 112, 127, 131, Plate 8
Protoceratopsidae 112
provincialism 230–1
Pseudosuchia see Crurotarsi
Psittacosaurus 77, 112, 113

population dynamics 238, 238
predation on 239, 240

pterosaurs 77, 91
pterygoid bone 33, 35, 40
pterygoid levator muscle 70
pubis 51, 52, 52

elongate 15, 19
ornithischians 21, 21

puboischiofemoralis muscle 19
puncture–pull feeding 169
pygostyle 45

quadrate bone 33, 35, 40
quadratojugal bone 12, 13, 33, 35, 37–8
quadrupedalism

early dinosaurs and close relatives 92–3, 143–4
foot anatomy and 53–4
hand anatomy and 51
ornithischians 144, 145–6, 146
sauropodomorphs 147

quantitative studies
body size 126–30
feeding and diet 162–5
locomotion and posture 137–43, 152–3
see also biomechanical modeling; morphometrics

quill knobs 50, 77, 155, Plate 9

radiale 150
radius 49–50
Rahonavis 154, 155
ramphotheca 75
Rapetosaurus 50, 55
Rebbachisauridae 106, 109
regression, body mass estimation 128–30, 129
Repenomamus 239, 240
reproduction 191, 192–200

avian-style, evolution 198–9
see also eggs

respiratory system, avian-style 78, 78–9, 80
Revueltosaurus 4
Rhabdodontidae 115
ribs 46, 46
Riojasaurus 105
Riojasuchus 3
robust morphotypes 131
rostral bone 182, 183
rotary ankle joint 16
Rugops 95

sacral vertebrae 17–19, 42, 44, 45
sampling biases 228–9

biogeography and 229, 231
diversity and 244–7, 245, 246, 247

sampling proxies 246–7, 247
Sanajeh 239, 240
Sapeornis 212, 213
Sarcosuchus 239
Saturnalia 7, 107, 147
saurischians 10–11, 20, 22, 22–4

air sacs 79
genome size 253, 254
pelvis 21, 21, 22–3
uncertain species 93, 93–4
vertebrae 43–4, 45

Saurolophinae 110, 115, 116
Saurolophus 161
sauropodomorphs 10, 23

basal see “prosauropods”
brain 82
feeding and diet 176–82, 177
growth 208, 208–9
head posture 84, 85
locomotion and posture 146–7
morphometrics 125
phylogeny 105–9, 106
teeth 41, 41

sauropods 23, 108
biogeography 231
brain size 83
dwarf 210, 210
ecosystems 232–3
eggs 193, 194, 195, 196, 198
feeding and diet 178–82
growth 204, 205, 206, 208, 208–9
locomotion and posture 146, 146–7
neck posture 156–8, 158
osteoderms 63
phylogeny 106, 107–9
physiology 223–4
primitive (basal) 108, 108
teeth 41
vertebrae 44, 45

Saurornitholestes 72
scale models, body size estimation 126–7
scales, skin 74, 75
scanning electron microscopy (SEM) 41–2,

77–8
Scansoriopterygidae 105
Scansoriopteryx 104
scapula 47–9, 48
scavengers 169–71
Scelidosaurus 75, 111
sclerotic rings 84, 85
Scutellosaurus 111, 207
scutes 60–3
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sea levels 27–8, 232
dinosaur extinction and 259, 260
diversity and 245, 248

Seeley, H.G. 21, 22
Seitaad 49, 54
semiaquatic species 147, 172, 173
semicircular canals 84, 84, 85
sense organs 81–5
sexual dimorphism 130–4
sexual display 56, 59, 60, 64
sexual maturation 211
Shantungosaurus 187
Shaochilong 98
Shenzhousaurus 44, 100
shoulder girdle see pectoral girdle
Shunosaurus 108
Shuvuuia 209
Silesauridae 10, 92, 166
Silesaurus
characteristic features 12, 14, 17–20
phylogeny 5, 6, 92, 92

Sinoceratops 113
Sinornithosaurus 25, Plates 6 and 7
Sinosauropteryx 75–6, 78
Sinraptor 98
Sinraptoridae 98
sister taxa or clades 91
size see body size
skeleton 29–64, 31
appendicular 47–54
axial 42–7
blood flow to 224
dinosaur 31, 32–64, 42
inferring feeding and diet 160–1
inferring locomotion and posture 136–9
postcranial 42, 42–54
vertebrate 31, 31–2
see also bone(s)

skin 74, 74–5
skull
air sacs 80–1
biomechanical studies 163, 164–5, 165, 166, Plate 14
bones 32–42, 33, 34, 35
ceratopsian 55–7, 56, 58
hadrosaurid 59–60, 60
morphometrics 123
muscles 68, 68–70, 69
ontogeny 214, 215–16, 216, 217, 218
pachycephalosaur 57–9, 58, 59
posterior shelf 112
roof 38

smell, sense of 83, 83–4
carnivorous theropods 168
hadrosaurids 59–60

Smilosuchus 4
snakes, predatory 239, 240

soft tissues 65–87
inferring 66–7
joint motion and 137
microscopic 85–7, 86

sound production 60
species recognition 55, 59, 64
speed of locomotion
biomechanical modeling 142
body size and 148, 151–2
bone strength and 138–9
from footprints and trackways 139–41, 141
large theropods 151–3, 152
ornithopods 145–6
sauropodomorphs 146–7
theropods 148–9

spikes
soft tissue 75
stegosaurid (bony) 61, 62–4

spinalis capitis muscle 70
Spinophorosaurus 108
Spinosauridae 96, 97, 98
feeding and diet 168, 171–3, 172

Spinosauroidea see Megalosauroidea
Spinosaurus 98
splenial bone 37, 40
sprawling posture 14–15, 16, 16, 143
squamosal bone 33, 35, 38
Stegoceras 58, 113, 114, 132
Stegosauria 110, 111, 112
feeding and diet 184, 184–5
locomotion and posture 144
plates and spikes 61, 62–4

Stegosaurus 21, 112
growth 207–8
hand 50
plates and spikes 61, 62–3
skull 184

stem dinosaurs 10, 91–3, 92
characteristic features 17–19
origins 6, 254–5
see also Dinosauromorpha

sternum 49
stomach stones see gastroliths
stride length 139–40, 141, 141
Struthiomimus 122
Stygimoloch 113, 215–16
subcursorial animals 139
suborbital fenestra 39
subsampling approach 246, 247, 247
subtemporal fenestra 40
Suchomimus 96, 98
supracoracoideus muscle 71–3
supradentary bone 37, 40
supraoccipital bone 35, 36, 38–9
supratemporal fenestra 35, 38
surangular bone 33, 37, 40
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survivorship curve 238–9, 239
SymmeTree analysis 248–50, 250
synapomorphies 9, 91

phylogenetic analysis 89, 90, 90–1
see also characteristic features

synchroton research 86–7
Syntarsus 95, 132, 209

tachymetaboly 219–25
tail 45

chevrons 46
club, ankylosaur 62, 62, 63
spike, stegosaur 61, 64
see also caudal vertebrae

taphonomy 228
Tarbosaurus 17, 20, 168
tarsal bones 16–17, 53, 54
Tawa 8, 94, 95–6
Tazoudasaurus 107, 108
teeth 40–2, 41

carnivores 41, 41
composition 30
herbivores 41, 41, 177
isotope studies 172, 173, 222–4, 223, 233–5, 234
Nigersaurus 181, 182
ornithischians 182, 183, 184, 184, 185, 185–6
sauropodomorphs 177, 177, 179
wear patterns 164, 169, 169, 188
see also bite marks

temperature regulation see thermoregulation
temperatures, global 27–8
temporal jaw muscles 12, 13, 68–9, 69
Tenontosaurus 115, 133, 133, 173, Plate 16
tetanurans 96, 97, 97–8
tetrapods 2, 2

skeletons 31, 31–2
Thecodontosaurus 147
therizinosauroids 99, 100, 102–3, 103, 105

feeding and diet 175, 175
reproduction 196

thermoregulation
role of bizarre structures 57, 63–4
strategies 216–25

theropods 10, 11, 23–4, Plates 1–11
basal 94–100, 96
biogeography 231
birds as 24–6, 25, 75, 155
brain 82, 82–3
carnivorous 167–74
derived 100–5, 104
ecosystems 233
feathers 25, 75–7, Plates 5–7, 9
feeding and diet 167–76, 190
flying ability of non-avian 153–5, 154
forelimb 49, 50, 50, 51
furcula 48, 49

growth 209
head posture 84, 85
locomotion and posture 147–50, 151
non-carnivorous 174–5, 175
olfaction 83, 83
phylogeny 94–105
physiology 223, 223
reproduction 193, 194, 195, 196, 198
running speed 148–9, 151–3, 152
teeth 41, 41
uncertain species 93, 94
vertebrae 43, 44, 45
vision 84–5
see also birds

Thescelosaurus 15, 68, 114
thorax

flow-through lung 80
muscles 70, 71

throat pouch 75
Thyreophora 110, 111, 112

feeding and diet 184, 184–5
growth 207–8

Tianyulong 77
tibia 53
Titanoceratops 183
Titanosauria 106, 109, 208–9, 232–3
Torosaurus 216
trace fossils, dietary analysis 161, 161–2
trackways see footprints
transverse process 42, 43
Triassic–Jurassic extinction event 256
Triassic Period 3

archosaur evolution 4, 5–6
biogeographic studies 229, 230–1
dinosaur disparity 251, 251–2
dinosaur diversity 245, 247
dinosaur evolution 6–7, 7, 8, 254–6,
255

geography and climate 26, 27
ornithischians 22
saurischians 23–4

triceps muscle 71, 72
Triceratops 113, 114

bite marks on 170, 170
body mass 127
juvenile sociality 238
ontogeny 215, 216, 218
posture and locomotion 138–9, 145
sexual dimorphism 132
skull morphology 55, 57, 58

Triceratops horridus 8, 9
Troodon 104

brain and sense organs 83, 85
growth 209
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Plate 1 The maxilla and dentary of the tyrannosaurid theropod Alioramus altai from the Late Cretaceous of Mongolia.

The maxilla is 43 cm long anteroposteriorly. Photograph by Mick Ellison.

Dinosaur Paleobiology, First Edition. Stephen L. Brusatte.

� 2012 John Wiley & Sons, Ltd. Published 2012 by John Wiley & Sons, Ltd.



Plate 2 A life reconstruction of the colossal Late Cretaceous theropod Tyrannosaurus. Illustration by Jason Brougham.



Plate 3 An ontogenetic growth sequence of the Late Cretaceous theropod Tyrannosaurus, showing how an individual

changed in size and body proportions as it grew from a hatchling into a 6-tonne, 13-m long adult. Illustration by Jason

Brougham.



Plate 4 The skulls of the dromaeosaurids Velociraptor (top three images) and Tsaagan (bottom image). Photograph by

Mick Ellison.



Plate 5 The small, four-winged, feathered dromaeosaurid Microraptor from the Early Cretaceous of China. Photograph

by Mick Ellison.



Plate 6 The small feathered dromaeosaurid Sinornithosaurus (‘‘Dave’’ specimen) from the Early Cretaceous of China.

Photograph by Mick Ellison.



Plate 7 Close-ups of the filamentous feathers along the head (top) andmore complex feathers along the forearm (bottom)

of the small feathered dromaeosaurid Sinornithosaurus (‘‘Dave’’ specimen) from the Early Cretaceous of China.

Photograph by Mick Ellison.



Plate 8 The ‘‘fighting dinosaurs’’ specimen from the Late Cretaceous of Mongolia, in which a dromaeosaurid

(Velociraptor) is preserved in combat with a ceratopsian (Protoceratops). Photograph by Mick Ellison, with assistance

from Denis Finnin.



Plate 9 A life reconstruction of the dromaeosaurid theropod Velociraptor, one of the closest dinosaurian relatives to

birds. Quill knobs on the ulna (forearm bone) of one Velociraptor specimen, as well as the possession of feathers in close

relatives, strongly indicates that this familiar theropod possessed a coat of feathers. Illustration by Jason Brougham.



Plate 10 A life reconstruction of a parent (the oviraptorosaur theropod Citipati) protecting several of its offspring.

Illustration by Jason Brougham.



Plate 11 A life reconstruction of a parent (the troodontid theropod Troodon) brooding a nest of its eggs. An adult Troodon

found fossilized in association with a nest indicates that Troodon actively brooded its eggs, and various lines of evidence

(especially comparison of the ratio of body size of the adults and the size of the egg clutch with those ratios in living birds)

suggest that males may have been the primary caregivers. The foreground plant is Sapindopsis sp. from the Late

Cretaceous Two Medicine Formation of Montana, USA. Illustration by Jason Brougham.



Plate 12 Digital models of the external and internal skull morphologies of a lambeosaurine hadrosaurid (top),

tyrannosaurid theropod (middle), and ankylosaurid ornithischian (bottom), as revealed by CT scanning. The brain of

the lambeosurine and ankylosaurid are shown in blue and the other colors (in all images) denote internal spaces such as

sinuses and the nasal cavity. Images courtesy of WitmerLab at Ohio University, and modified with permission from Evans

et al. (2009) and Witmer and Ridgely (2008, 2009).



Plate 13 Digital models of the Late Triassic basal sauropodomorph Plateosaurus in a variety of poses. Images courtesy of

Dr Heinrich Mallison. See Mallison (2010a, 2010b) for more details.



Plate 14 Results of a finite element analysis used to study the skull strength and biting behavior of the predatory theropod

Allosaurus. Hotter colors (more red on the scale on the right) indicate regions of higher stress. Image courtesy of Dr Emily

Rayfield and modified from Rayfield (2005b), with permission.



Plate 15 Histological thin sections of the dwarf sauropod Europasaurus. Images courtesy of Dr Martin Sander.



Plate 16 A paleoecological reconstruction of the dinosaur-rich ecosystem preserved in the middle Cretaceous

(c.112 million years ago) Antles Formation of Oklahoma, USA. Four individuals of the bird-like dromaeosaurid theropod

Deinonychus pursue a juvenile ornithopod Tenontosaurus. Illustration by Jason Brougham.
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