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Preface

This book is a companion to our 2017 book The Teeth of
Non-Mammalian Vertebrates and the two books together
are intended to provide a full account of the dentitions,
dental tissues, and tooth ontogeny in the vertebrates. As
with the previous book, the treatment is restricted to extant
animals. To include descriptions of extinct mammals, or to
trace the evolution of dentitions, would demand a book
many times the size of the present volume. Instead, we have
aimed, first, to provide an overview of the literature, both
past and present, on the biology and function of teeth and,
second, to present an amply illustrated survey of the den-
titions of all of the main dentate mammalian groups.

Our first aim is addressed by the first three chapters and
by the introductory sections of each of the later chapters.
Chapter 1 presents some general aspects of mammalian
teeth and dentitions. Chapter 2 describes the structure of
unique mammalian tissues and discusses their functional
adaptations. This chapter complements and completes the
descriptions of dental tissues in our previous book. Chapter
3 discusses the special challenges posed by herbivory, a
mode of feeding that is not unique to mammals, but one
which they have exploited to a much greater extent than
any other vertebrates.

The first three chapters are followed by 12 chapters that
address our second aim: to describe and illustrate the
dentitions of all the main groups of living, dentate mam-
mals. Numerous images are used to show the diversification
and specialization of mammalian dentitions. The accom-
panying text aims to describe the teeth against the context
of the functional integration of the masticatory system,
which includes, in addition to the teeth, the temporoman-
dibular joint, the masticatory muscles, and the morphology
of the mandible and the facial region of the skull. This

system has evolved to exploit almost all available food
resources. The literature on teeth has ballooned in recent
decades and we are acutely aware that a broad survey of
this kind will not do justice to all of the work that has been
done on those groups, such as primates, that have attracted
the most attention, However, we hope that the literature
cited will equip the reader with a useful introduction.

Our illustrations are mainly traditional photographs of
skulls and dentitions, which have been kindly provided by
internationally recognized museum collections and re-
searchers from around the world. These are complemented
by images obtained by computed tomography, which is the
method of choice for illustrating small skulls, because it
requires no skeletal preparation and avoids problems
associated with dehydration and with the articulation of the
lower jaw. Radiographs and dissected specimens provide
additional information on root morphology and degree of
hypsodonty. Some images are provided with scale bars, so
they need no further information. In most cases, we supply
the “original image width,” i.e., the width of the field of
view. In the case of a few images, unfortunately, we have
no information on magnification.

Mammalian teeth grow in a regular fashion and retain
traces of the growth pattern within their structure. Their
composition is influenced by the environment in which
they form. Our final chapter (Chapter 16) outlines the
various ways in which these features can be used to
generate information about the formation times of teeth,
about the age at death, and about the diet and environment
of the animal during tooth formation. Information of this
kind has been very important in ecology, archaeology, and
the study of evolution, and this chapter is a fitting way to
conclude this volume.
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accommodated below the main Hunterian Museum. In

xi


http://Digimorph.org

xii Acknowledgments

1941, during the bombing of London in the Second World
War, the Hunterian Museum received a direct hit, which
destroyed about two-thirds of its collection but, because of
its location, the Odontological Collection was largely un-
scathed. The Council of the RSM offered the Odontological
Collection to the Royal College of Surgeons as a goodwill
gesture toward reconstitution of the Hunterian Museum,
and the formal title of the collection thereby became the
Odontological Series of the Royal College of Surgeons’
Museum.

Since its inception the Odontological Collection has
increased from over 1000 specimens in 1872, to 2900 in
19009, to just over 11,000 specimens as of this writing. Most
specimens are related to dental anatomy and pathology and
represent all vertebrates: two-thirds are animal and one-
third is human. Many specimens can be seen online at
http://surgicat.rcseng.ac.uk/. In addition to skulls and dental
specimens, the Odontological Series contains the Tomes
Slide Collection, including nearly 2000 histology slides

(mainly ground sections) and other specimens, originally
prepared by Sir John and Sir Charles Tomes during their
research on dental tissues. It includes high-quality sections
of teeth from a wide range of vertebrates and a number
appear in this book.

Dr. Berkovitz has been the Honorary Curator of the
Odontological Collection since 1989. His predecessors
include such distinguished dentists as Professor A.E.W.
Miles, Sir Frank Colyer, Sir Charles Tomes, and Sir John
Tomes.

Colyer, F., 1943. The history of the Odontological
Museum. Br. Dent. J. 1, 1-9.

Farrell, M., 2010. One hundred and fifty years of the
Odontological Collection. Dent. Hist. 51, 85—91.

Farrell, M., 2012. The Odontological Collection at the
Royal College of Surgeons of England. Fac. Dent. J. 3,
112—117.

Miles, AE.W., 1964. The Odontological Museum.
Ann. R. Coll. Surg. Engl. 34, 50—58.


http://surgicat.rcseng.ac.uk/

Chapter 1

General Introduction

INTRODUCTION

Definition of a Mammal

Mammals are distinguished in many ways from other am-
niotes. The characteristic from which they derive their name
is that they nourish their young with milk, which is pro-
duced by specialized glands (mammae). The provision of
milk by the mother to the young is one aspect of a system of
parental care that is more prolonged than among other
amniotes. Mammals are endothermic: they can regulate
their internal temperature through a combination of a high
metabolic rate and an insulating layer of hair. Endothermy
confers a high degree of independence from the environ-
ment, and mammals have colonized almost all regions of
the world, from the poles to the tropics. The efficiency of
metabolism is enhanced in mammals by the possession of a
four-chambered heart, which, by completely separating
the ventricles, ensures maximal oxygenation of the blood
circulating to the tissues. The presence of a muscular
diaphragm separating thorax and abdomen improves the
efficiency of breathing. The articulation of the limbs to the
pelvic and pectoral girdles is reoriented, so that the limbs do
not extend sideways, as in reptiles, but are brought under
the body. This improves agility and speed, as well as
making it easier to breathe while moving.

Classification

The classification of living mammals used in this book
(Table 1.1) is based partly on the scheme adopted by
MacDonald (2006), which follows that of Wilson and
Reeder (2005) and was also used by Ungar (2010). The
main differences here relate to the classification of placental
mammals, as follows. MacDonald’s Afrotheria is renamed
Afroinsectiphilia (Asher et al., 2009; Tarver et al., 2016)
and is grouped with Paenungulata in the superorder Afro-
theria. The division of placentals into two major clades,
Atlantogenata (Afrotheria + Xenarthra) and Boreoeutheria
(Asher et al., 2009; Tarver et al., 2016), is indicated. The
classification of Carnivora has been updated as outlined in
Chapter 15. Cetacea are now included with the Artiodactyla
in the same group, the Cetartiodactyla (Gatesy, 2009), but

The Teeth of Mammalian Vertebrates. https:/doi.org/10.1016/B978-0-12-802818-6.00001-6
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we have devoted a separate chapter to them as this sim-
plifies description.

The class Mammalia is divided into the subclasses
Prototheria (monotremes: one order) and Theria. Theria
contains the infraclasses Marsupialia (seven orders) and
Placentalia (20 orders). The monotremes (platypus and
echidnas) lay eggs, whereas the Theria give birth to live
young. The young of marsupials are born after a very short
period of intrauterine development and complete their
development inside the protection of a pouch, whereas in-
fants of Placentalia reach an advanced stage of develop-
ment inside the uterus before being born.

Phylogeny

During the early Carboniferous, amniotes divided into two
main clades: the Reptilia (including lizards, snakes, croc-
odilians, and birds, as well as dinosaurs and other now
extinct groups) and the Synapsida (Benton, 2015). Mam-
mals are descended from the cynodonts, a group of syn-
apsids that first appeared in the late Permian period. During
the Triassic period, the cynodonts acquired many features
characteristic of the mammals, which succeeded them.
These included reduction of the number of bones in the
lower jaw to one, and the evolution of a new articulation
between the single-boned lower jaw and the squamosal
bone. The latter character has been traditionally used as a
criterion to demarcate mammals, broadly defined, from the
cynodonts. The group so defined includes a number of
Triassic basal mammals, e.g., morganucodonts, har-
amyids, docodonts and Kuehneotherium (all now extinct),
together with the crown mammals, which comprise all
living mammals and their extinct outgroups.

Of the extant crown mammals, the Prototheria diverged
from the Theria during the Triassic, 220 MYA (million
years ago) (Tarver et al., 2016). At this time there was only
one supercontinent, Pangea, which comprised a southern
supercontinent (Gondwana) and a northern supercontinent
(Laurasia). It appears that monotremes evolved entirely
within Gondwana (Springer et al., 2011). The Metatheria
and Eutheria diverged during the Jurassic (164 MYA)
(Tarver et al., 2016), when Pangea was beginning to break
up, and their evolutionary history is linked with the ensuing
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2 The Teeth of Mammalian Vertebrates

TABLE 1.1 Condensed Classification of Mammals

SUBCLASS PROTOTHERIA
Order Monotremata (platypus, echidnas)
SUBCLASS THERIA

Infraclass Marsupialia
Superorder Ameridelphia

Order Didelphimorphia (opossums)

Order Paucituberculata (shrew opossums)
Superorder Australidelphia

Order Microbiotheria (monito del monte)

Order Dasyuromorphia (quolls, Tasmanian devil, thylacine, numbat)

Order Notoryctemorphia (marsupial moles)

Order Peramelemorphia (bandicoots and allies)

Order Diprotodontia (possums, gliders, kangaroos, wallabies, koalas, wombats)
Infraclass Placentalia

Atlantogenata
Superorder Afrotheria
Afroinsectiphilia

Order Afrosoricida (tenrecs, golden moles)

Order Macroscelidea (sengis)

Order Tubulidentata (aardvark)
Paenungulata

Order Hyracoidea (hyraxes)

Order Proboscidea (elephants)

Order Sirenia (dugongs, manatees)
Superorder Xenarthra

Order Pilosa (anteaters, sloths)

Order Cingulata (armadillos)

Boreoeutheria
Superorder Euarchontoglires

Order Rodentia (inter alia: beavers, squirrels, springhares, rats, mice, voles, lemmings, dormice, gophers, porcupines, cavies,
capybara, chinchillas, agoutis)

Order Lagomorpha (rabbits, hares, pikas)
Order Primates (lemurs, aye-aye, lorises, galagos, tarsiers, New World monkeys, Old World monkeys, gibbons, great apes, humans)
Order Scandentia (tree shrews)
Order Dermoptera (colugos)
Superorder Laurasiatheria
Order Eulipotyphla (hedgehogs, solenodons, shrews, moles)
Order Chiroptera (bats)
Order Perissodactyla (horses, tapirs, rhinoceroses)
Order Cetartiodactyla (pigs, camels, deer, cattle, sheep, goats, antelopes, giraffe, hippopotamuses, baleen whales, toothed whales)
Order Pholidota (pangolins)

Order Carnivora (pandas, skunks, weasels, raccoons, seals, walrus, bears, dogs, hyenas, cats, mongooses, civets)

From MacDonald, D.W., 2006. The Encyclopedia of Mammals, New Ed. Oxford University Press, Oxford, With Modifications as Indicated in Text.



continental drift. It is agreed that Metatheria originated in
Asia and dispersed to Europe and North America. The
ancestors of modern marsupials migrated to South America
and reached Australia via Antarctica, but there is some
controversy about whether there was only one dispersal to
Australia or more than one (Springer et al., 2011; Benton,
2015).

The initial event in evolution of placental mammals was a
divergence (93 MYA) into two groups: a northern (Laura-
sian) group, the Boreoeutheria, and a southern (Gondwanan)
group, the Atlantogenata. This divergence was associated
with the separation of Laurasia from Gondwana (Benton,
2015; Tarver et al., 2016). Subsequently the Atlantogenata
split into Xenarthra and Afrotheria. Wildman et al. (2007)
suggested that this divergence was due to vicariance
(geographic isolation), as the Atlantic Ocean opened and
separated South America from Africa. However, Tarver
et al. (2016) considered, on the basis of revised evidence on
paleogeography and placental branching, that the divergence
of Xenarthra and Afrotheria was due to dispersal, with the
ancestors of Xenarthra crossing the early Atlantic Ocean.
The Boreoeutheria comprises two major lineages, the
Euarchontoglires and Laurasiatheria.

EVOLUTION OF THE MAMMALIAN JAWS
AND DENTITION

Many of the modifications during evolution of the cyn-
odonts involved the oral cavity, jaws, and dentition and
eventually led to the mammalian ability to process food
thoroughly by chewing (Lumsden and Osborn, 1977,
Crompton and Parker, 1978; Benton, 2015), as outlined
below.

Secondary Palate

Among basal amniotes, the nares open into the oral cavity.
During the evolution of the cynodonts there developed an
increasingly extensive secondary palate, which separates
the feeding and respiratory pathways. The secondary palate
is formed by horizontal processes from the maxillae and
palatine bones that fuse in the midline. The presence of the
secondary palate allows food to be acquired and processed
while the animal continues to breathe.

A New Lower Jaw

The lower jaw of nonmammalian vertebrates is a composite
structure, made up of the main tooth-bearing bone (the
dentary) together with several smaller bones in the posterior
region: the angular, surangular, and articular. The joint
between the lower jaw and the cranium is formed between
the articular and the quadrate bone of the skull. During the
history of the cynodonts, these bones became smaller and
acquired a role, with the columella or stapes (the only
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auditory bone in other amniotes), in transmitting airborne
vibrations to the inner ear from the tympanic membrane,
which was located beneath the jaw joint and supported by a
process from the angular. Ultimately, this group of bones
was transferred to the middle ear region of the skull, where
the quadrate and articular, as the malleus and incus,
respectively, formed a sound-transmitting chain of auditory
ossicles with the stapes, while the angular, as the ecto-
tympanic, supported the tympanic membrane. The lower
jaw now consisted of a single bone (the dentary), and a new
jaw articulation between the dentary and the squamosal
bone was established. The transfer of the auditory ossicles
to the inner ear and the establishment of the dentary—
squamosal joint were complete by the later Triassic.

Jaw Joint

The mammalian dentary—squamosal joint is usually
referred to as the temporomandibular joint (TMJ),
because the articulation involves the temporal portion of the
squamosal bone. The mandibular component of the joint is
known as the articular condyle and the socket within the
temporal bone as the glenoid fossa.

The structure and properties of the TMJ are reviewed by
Herring (2003) and by Berkovitz et al. (2017). The TMIJ is
a synovial joint with a number of distinctive features:

e Both the dentary and the squamosal are dermal bones,
so the articular surfaces are not initially covered with
primary cartilage, but with secondary cartilage, overlaid
by fibrous tissue derived from the periosteum.

e The joint space is divided into two by a dense fibrocar-
tilaginous disc (the articular disc), attached to the joint
capsule. The disc has a high content of macromolecules
(15%—35% of wet weight), of which 85%—90% is
collagen and 10%—15% is proteoglycans. Elastin fibers
are also present at the disc periphery. These molecules
determine the mechanical properties of the disc (Tanaka
and van Eijden, 2003).The crimped type 1 collagen fi-
bers have a complex architecture (Scapino et al.,
2006) and are responsible for the high tensile strength
of the disc. The articular disc also resists compression.
The low permeability of the dense collagen fiber
network and the presence of high-molecular-weight
proteoglycans hinder displacement of tissue fluid
when the disc is compressed. Because fluid displace-
ment is time dependent, the disc shows viscoelastic
properties. Through its specialized structure and its me-
chanical properties, the articular disc is well adapted for
absorbing and distributing the tensile and compressive
stresses associated with mastication.

e Because the disc separates the joint space into two
chambers, the temporal bone and articular condyle
each articulate with one surface of the disc rather than
with each other.
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Jaw Movement

The lower jaws of nearly all nonmammalian tetrapods act
as simple hinges, allowing the jaws to open and close in the
vertical plane. The lower jaw is only slightly narrower than
the upper, so that the lower tooth row passes close inside
the upper row as the jaws close. Among mammals, the TMJ
has secondarily been modified so that the mouth is opened
using the same simple action, but in most mammals, mouth
opening involves forward translation at the TMJ as well as
rotation of the mandibular condyle. The lateral pterygoid
muscle, which inserts on the condylar process and also on
the articular disc and capsule of the TMJ, draws the condyle
forward as it rotates. In the joint itself, the upper articula-
tion allows translational movements, while the lower al-
lows rotary movements.

Carnivorans and some other mammals utilize simple
scissorlike motions of the mandible to break down food
and, in many rodents, the mandible moves anteroposteriorly
during chewing. However, in most mammals the lower jaw
is narrower than the upper jaw, and has to be rotated or
moved laterally for the lower teeth to make contact with the
upper teeth, so mastication involves complex jaw move-
ments, including a number of components: rotation about
the vertical axis, lateral movement, or back-and-forth
movement, as well as simple opening and closing. The
morphology of the joint varies considerably among mam-
mals in accordance with the overall pattern of movement,
which is in turn adapted to diet. These variations are noted
in the descriptive chapters.

An additional aspect of jaw movement in many mam-
mals is that the midline joint (symphysis) between the two
halves of the lower jaw is fibrous, and therefore flexible.
The symphysis was aptly referred to as the “third joint” of
the jaw (Scapino, 1965). An unfused, flexible symphysis
consists of fibrocartilage and fibrous connective tissue, so it
is adapted to resisting both compressive and tensional
forces (Scapino, 1965). A flexible symphysis can fulfill a
variety of roles. In dogs, the joint may absorb the shock of
biting and it also flexes during lateral movement at the TMJ
(Scapino, 1965). In other mammals, the working side of the
mandible can twist about its long axis during contact be-
tween the upper and the lower molars (the power stroke:
see “Mastication”). This plays an important role in bringing
the occlusal surfaces into the correct relationship in mam-
mals with a largely vertical chewing action, e.g., the Vir-
ginia opossum and kangaroos (Crompton and Hiiemae,
1970; Crompton, 2011).

In a number of mammals, the development of tubercles
on opposite faces of the symphysis has rendered the joint
less mobile, especially when the tubercles are large and
interlock. The symphysis in some mammals is completely
immobilized by ossification (fusion). It has been suggested
that fusion strengthens the jaw in response to increased

mechanical load and higher balancing-side muscle activity
(J.E. Scott et al., 2012). More specifically, stiffening of the
symphysis would provide efficient transfer of transverse
forces across the midline in species in which chewing has
an important transverse component (Lieberman and
Crompton, 2000). An analysis of the mandibular symphysis
(J.E. Scott et al., 2012) showed that a fused or interlocked
symphysis is highly correlated with mechanically
demanding diets among primates and marsupials. This type
of symphysis is also correlated with large prey size among
feliform carnivorans, but not among caniforms. A number
of examples, for instance, symphysial fusion in the termite-
eating aardwolf, indicate that there are probably various
reasons for a rigid symphysis. Some anomalous results, e.g.
a fused symphysis in nectarivorous anthropoid primates,
may be explained as retention of an adaptation that evolved
in response to greater mechanical demands, but more
research in this area is required.

Jaw-Closing Musculature

The synapsids possessed a single temporal fenestra boun-
ded by the squamosal, posttemporal, and jugal bones. The
lower margin of the fenestra was formed by the zygomatic
arch, composed of elements of the squamosal and jugal
bones. Among cynodonts and, later, the mammals, the
posterior adductors were reduced, while the external ad-
ductors increased considerably in size and became the
dominant jaw-closing muscles. This enlargement was
associated with expansion of the fenestra, lateral bowing of
the zygomatic arch, and the development of two processes
on the dentary: the coronoid process dorsally and the
angular process ventrally.

The external jaw adductor muscle in mammals has two
components. The deep muscle, the temporal, runs between
the temporal region of the cranium and the coronoid pro-
cess and pulls upward, backward, and inward. The super-
ficial component, the masseter muscle complex, originates
on the zygomatic arch, is inserted on the outer surface of
the angular process, and pulls the lower jaw upward, for-
ward, and outward. In extant mammals, these muscle
masses are differentiated into separate or partially separate
muscles (Weijs, 1994; Druzinsky et al., 2011). Here, the
terminology is an anglicized version of that proposed by
Druzinsky et al. (2011) (their terms in parentheses where
there is a difference). The principal divisions of the tem-
poral muscle are the deep (= profunda), superficial, and
suprazygomatic temporal muscles. The medial component
of the masseter complex is the zygomatic—mandibular
muscle, while the main divisions of the masseter muscle
itself are the deep (= profunda) and superficial masseter
muscles. Other divisions of the temporal, zygomatic—
mandibular, and masseter muscles occur within some
mammalian groups, or a principal division may be absent.



These variations are described by Druzinsky et al. (2011)
and some are mentioned in later descriptive chapters of this
book.

The internal adductors consist of the medial and lateral
pterygoid muscles, which exert an upward, forward, and
inward force. As well as acting as adductors, these muscles
have an important role in lateral excursion of the mandible
during chewing. In contrast to other tetrapods, in which no
adductor muscles exert a lateral pull, each ramus of the
mammalian lower jaw is slung between the internal and the
external adductors and can be moved in a wide variety of
directions: not only up and down as in other tetrapods, but
laterally, backward, and forward. This is of critical
importance in mastication.

During the evolution of the mammals, the forces exerted
by the adductor muscles progressively converged on a point
above the cheek teeth, which means that large forces can be
exerted on the teeth while the vertical load on the jaw joint
is reduced (Crompton and Parker, 1978). The horizontal
forces on the jaw joint were reduced by the inward pull of
the pterygoids being balanced by the outward pull of the
masseters. These developments permitted the transition
from the original jaw joint to the mammalian joint.

TOOTH STRUCTURE

Fig. 1.1 shows a diagram of a mammalian tooth. In general,
the tooth consists of a crown, which is exposed in the
mouth, and one or more roots embedded in the jaw. Each
tooth is made up of several tissues, some of which are
hardened by deposition of a form of calcium phosphate
(hydroxyapatite). The body of both crown and root consists
of dentine, a mineralized tissue that is moderately hard and
rigid, but has a high ultimate tensile strength and a high
resistance to fracture (see Table 2.1). The outer surface of
the crown that comes into contact with the food is usually
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FIGURE 1.1 Diagram of mammalian tooth, showing anatomical termi-

nology (left) and distribution of dental tissues (right). At left, the cervix (or
neck) of the tooth marks the edge of the enamel cap and demarcates the
crown from the roots.
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covered by enamel. This has a higher mineral content than
dentine, together with small amounts of a nonfibrous matrix
and water. It is therefore harder, so is suited to overcoming
the mechanical resistance of food, but has a lower fracture
toughness and lower ultimate strength than dentine (Ta-
ble 2.1). As discussed in Chapter 2, the combination of
properties of enamel and dentine is important for tooth
function. At the center of the tooth is a soft connective
tissue, the dental pulp. Finally, all teeth are attached to the
jawbone. Mammalian teeth are supported by between one
and four roots, approximately conical structures extending
from the base of the crown, which are enclosed in alveoli or
sockets within the jaw. They are attached to the socket
walls by a specialized connective tissue, the periodontal
ligament. The collagen fibers of the ligament are embedded
at one end into the alveolar bone, forming the socket walls,
and at the other into a third mineralized tissue—
cementum—which covers the root surfaces. The peri-
odontal ligament, the gum (gingiva) surrounding the neck
of the tooth, the cementum, and the alveolar bone together
are referred to as the periodontium. All four tissues are
derived from the cells of the dental follicle during tooth
development.

This tooth structure was established early in mammalian
evolution. Some aspects, such as enamel structure, or the
mode of tooth attachment, are shared with a handful of
reptiles, but the combination of structural features and
biological properties is unique to mammals and, as
described later (and in Chapters 2 and 3), is a vital
component of the dentition.

Heterodonty

Variation of tooth form and size within the dentition is
rather uncommon among nonmammalian amniotes but,
among cynodonts, heterodonty became widespread.
Among living mammals up to four tooth types may be
present, and only a few species, such as the toothed whales,
have homodont dentitions, consisting of only one tooth
type. Moreover, while only a handful of nonmammalian
vertebrates have a fixed number of teeth in the dentition,
among most mammals both the number of each tooth type
and the total number of teeth are stable. The heterodont
dentition was crucial to the evolution of the efficient
mammalian masticatory system and these new features
were accompanied by further changes to the dentition.
Chief among these was the restriction of the number of
tooth generations from many to two or even just one, as
described later.

In a generalized mammal, the most anterior teeth are
incisors, which function in food acquisition by grasping,
biting off food morsels, scraping, or gnawing. These are
followed by canines, pointed recurved teeth, which are
enlarged in carnivores and used to immobilize or kill prey.
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The canines in some species are sexually dimorphic: they
are larger in males and play a role in obtaining and main-
taining dominance during breeding. The postcanine teeth
are responsible for reduction of food during mastication
and consist of premolars, which usually have a puncturing
and crushing role, and molars, which grind, crush, or shred
the food in preparation for swallowing.

The upper teeth alternate with the lower teeth and this
imposes certain features on the dentition. For instance, in
species with reasonably large canines there is a diastema in
the upper jaw between the lateral incisor and the canine,
into which the lower canine fits when the mouth is closed.
In dentitions in which the upper molars are triangular and
the lowers are oblong (see below), the last upper molar is
shorter than the more anterior molars, because a full-sized
molar would not have an opponent of equivalent area.

The two infraclasses of mammals each have a charac-
teristic dental formula, which summarizes the maximum
number of each tooth type that occurs within the members
of the infraclass. The mouth can be divided into four
quadrants: left and right halves of the upper and lower
jaws. As the dentition is, with few exceptions, symmetrical,
the dental formula shows the number of teeth of each type
in one upper and one lower quadrant. Tooth type is indi-
cated by I, C, P, or M for permanent incisors, canines,
premolars, or molars, and the number of each type in the
upper and lower quadrants is indicated by a pair of
numbers. In this book the dental formula is followed by the
total number of teeth after an equality sign, omitting the
multiplier 2.

Among marsupials the general dental formula is usually
13=C1P3M5 = 40 — 50, with the upper incisors generally
outnumbering the lowers, whereas among placentals it is
13C1P{M3 = 44. However, the homologies of the
postcanine teeth are controversial (Osborn, 1978; Luckett,
1993; Williamson et al., 2014). It appears that basal ther-
ians had four or five premolars and three molars and that
the original third premolar was lost in both metatherians
and eutherians.

In the following descriptive chapters, teeth will gener-
ally be described according to their position in the dentition
(e.g., anterior, middle, posterior). They will be named ac-
cording to their homologies in the ancestral dentition
(e.g., P3, P4) when discussing evolutionary changes to the
dentition where appropriate, with a subscript or superscript
numeral to indicate a lower or upper tooth, respectively.

Many groups of mammals have a reduced dental for-
mula, following the loss of some teeth during evolution
(for review, see van Nievelt and Smith, 2005). For
instance, most rodents retain only a single incisor, zero to
two premolars, and usually three molars in each quadrant,
while beaked whales usually have just one pair of teeth
in the lower jaw, which erupt only in males (Chapters 7

and 14). Plant-eating mammals have usually lost the
canines (Renvoisé and Michon, 2014).

In some mammals the number of teeth can exceed that
in the typical mammalian dental formula. Among arma-
dillos, Dasypus has 8 cheek teeth in each quadrant, while
Priodontes maximus has up to 25 teeth per quadrant
(Chapter 6). The long jaws of toothed whales are furnished
with large numbers of uniformly conical teeth (in some
species more than 60), which are not replaced (Chapter 14).
In a handful of mammals, such as manatees, supernumerary
teeth are produced posterior to the last molar and progress
anteriorly (see “Tooth Replacement™).

FOOD PROCESSING BY MAMMALS

The dentition functions to acquire food and then to reduce it
to a particle size suitable for swallowing. Reduced particle
size also allows more rapid access to the nutrients locked
up in the food. Of the teeth concerned with food acquisi-
tion, the canines show less variation than the incisors,
except for the tusks of, for instance, hippopotamuses and
some pigs. Incisors have been retained by most mammals
and, while in many taxa these teeth have a simple peglike
shape and are used simply for grasping food, there is in
others much morphological variation. The large, spatulate
incisors of horses and anthropoid primates meet edge to
edge and exert a strong grip, as do the pointed incisors of
canids. Rodents, lagomorphs, wombats, and one primate,
the aye-aye, possess continuously growing incisors adapted
to gnawing. The lower incisors of lemurs and tree shrews
are strongly procumbent and form a comb used primarily
for grooming, while individual lower incisors of colugos
are comblike and are used for grooming and may also be
used to extract the juice of fruits.

The range of morphological variation in the cheek teeth
is much greater than that in the anterior teeth. As this is
intimately connected with the different requirements for
breaking down the great range of foods exploited by
mammals, we first summarize briefly the physical aspects
of food reduction, before discussing the evolution of tooth
form and the masticatory system among mammals.

Physical Aspects of Food Breakdown

Over recent decades, the thinking about the properties of
foods has shifted from qualitative descriptions to more
quantitative investigations of the mechanisms of failure,
i.e., the factors that determine the difficulty of propagating
cracks through the structure. Successful reduction of foods
requires application of force so that cracks are initiated and
then propagated through the food particle, thereby sepa-
rating it into two or more fragments. For a review of the
physics underlying this process, the reader is referred to



Lucas (2004). Here, we provide a concise account of the
subject.

When cracks are initiated close to the point of appli-
cation of the load, extension of the cracks, and hence
fragmentation of the food, depends on the magnitude and
duration of stress: crack propagation is said to be stress
limited. The difficulty of fragmenting stress-limited foods
increases with both the elastic modulus (stiffness) and the
toughness (its resistance to crack propagation). Fracture-
resistant stress-limited foods, such as nutshells, are stiff
or hard and fail at high stresses, while undergoing little
deformation. Alternatively, cracks can be initiated at some
distance from the point of application of the load, through
distortion of the food particle. In this case continuing
distortion (“displacement”) is required to extend the crack,
and crack propagation is said to be displacement limited.
The difficulty of fragmenting displacement-limited foods
increases with toughness but decreases with stiffness,
except for thin foods, such as leaves, when it is determined
by the toughness alone. Fracture-resistant displacement-
limited foods, often described as “tough,” fail when
extensively deformed by external force. The foods of this
type that are most difficult to divide are both tough and
pliable, for instance, mammalian skin.

Lucas (2004) argued that stress-limited foods would
better resist biting between incisors, whereas displacement-
limited foods would better resist mastication. Incisors, the
teeth principally used for ingestion, are typically bladelike.
The demands on these teeth can be light, when the incisors
do not have to break food down, or can be very heavy, as in
rodents, which use their incisors to gnaw highly fracture-
resistant substances such as nutshells or wood.

Cheek teeth can be regarded as tools, of which points,
wedges, and blades are employed in different combina-
tions to fragment foods. Both for tools and for teeth, the
morphology of these components depends on the physical
properties of the substrate and on engineering criteria
(Lumsden and Osborn, 1977; Evans and Sanson, 2003;
Lucas, 2004). Fracture by points (cusps) depends on the
application of force over a small area. However, crack
initiation in a food particle between two occlusal surfaces
dominated by cusps depends on the relief on the surfaces.
Thus, blunt cusps may be able to initiate cracks only
within foods of low resistance, because the available
displacement is limited. Tall, sharp cusps penetrate food,
including tough, pliant foods such as insect larvae, more
easily than blunt cusps (Evans and Sanson, 1998), but may
suppress fracture and are themselves more prone to
breakage (Lucas, 2004). Therefore, cusps may be capable
only of initiating cracks, and fragmentation of resistant
foods may require application of a wedge or a blade to
propagate the cracks until they extend throughout the food
particle and thus fragment it. A wedge is a single edge that
helps incipient cracks to propagate laterally by forcing
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them open. In tooth crowns, wedges (in the form of crests)
are combined with cusps, so that crack propagation suc-
ceeds initiation rapidly. Examples of teeth with cusps
flanked by sharp crests include canines with angular cross
sections (Freeman, 1992, 1998) and premolars in many
insectivores and carnivores.

Whereas wedges are symmetrical, blades have one
surface that is parallel with the applied force and passes
close to the corresponding surface of an opposing blade.
Food close to the point of contact between the cutting edges
is subjected to high compressive and shear stresses. If the
applied stresses exceed the ultimate strength of the material
of which the food is composed, a crack is propagated in
advance of the cutting edge. Blades on teeth are of two
types. Structures such as rodent incisors, the carnassials of
carnivorans, or the crests on the sharp, pointed cusps of the
teeth of insectivorous mammals operate like pairs of shears,
with the flat edges of the blades approaching each other in a
vertical or near-vertical direction. In contrast, the grinding
molars of many herbivores are furnished with vertical
blades that are exposed at the occlusal surface as ridges or
lophs, and the cutting direction is at a high angle to the
blades: lateral movement of the teeth drags the lophs across
each other.

The operation of blades is influenced by several criteria
(Lumsden and Osborn, 1977; Evans and Sanson, 2003):

e The sharpness is defined by the radius of curvature of
the edge: the smaller the radius, the sharper the blade.
Sharp edges cut with less energy but are more prone
to being blunted. Therefore, the sharpest blades are
associated with cutting soft foods, while blades cutting
harder or more abrasive foods are blunter. The incisors
of lagomorphs and rodents are an exception to this rule.
As these teeth grow continuously and can be sharpened
by being worked against each other, the cutting edges
are continually regenerated, so damage due to contact
with hard, tough items is reversed. Popowics and Forte-
lius (1997) suggested, from measurements on buccal
wear facets on P* or M! of carnivorans and herbivores,
that sharpness is determined primarily by body mass (as
body mass increases, edges became blunter) and is
secondarily affected by the relative importance of attri-
tion and abrasion in tooth wear.

e The rake angle is the angle between the leading surface
of the blade and the perpendicular to the cutting direc-
tion. As the leading surface of a tooth blade slopes
backward relative to the cutting direction, the rake angle
is positive. In the sharpest teeth, such as rodent incisors,
the rake angle is large (Fig. 1.2A), the cutting edge
can enter the substrate easily, and the cutting efficiency
is high. On the lophs of herbivore teeth the rake angle is
small (Fig. 1.2B), which means that more energy is
required to drive the cutting edge forward.
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FIGURE 1.2 Tooth blades. (A) Rodent incisor gnawing food (only one incisor shown). The sharp incisal edge, large rake angle («), and relief angle (3)
are shown. (B) Lophs. Lophs have a small rake angle () and little or no relief, both creating high friction. In (A) and (B) dentine is hatched, enamel is

white. Arrow, direction of movement.

e The relief angle is the angle between the substrate and
the trailing surface of the blade. When this angle is O,
the blade contacts the substrate and the increased fric-
tion can jam the blade, while cutting debris trapped be-
tween the two surfaces can force the blade away from
the substrate. A positive relief angle eliminates friction
and also, importantly, allows clearance of debris. It is
difficult to estimate the relief angle for most tooth
blades. However, sharp, curved tooth blades, such as ro-
dent incisors, have a marked relief angle (Fig. 1.2A).
Lophs, on the other hand, have very little relief, which
increases further the resistance to cutting associated
with the small rake angle (Fig. 1.2B). Cutting debris
generated by the operation of lophs is cleared along
grooves between the lophs, which are created by differ-
ential wear of dentine and enamel (Fig. 1.3).

FIGURE 1.3 Longitudinal ground section of a ground squirrel molar
(Marmota sp.: Placentalia, Rodentia, Sciuridae), showing the greater wear
of dentine (Den) compared with enamel (En) at the occlusal surface.
Original image width =4.3 mm. Courtesy Royal College of Surgeons.
Tomes Slide Collection, Cat. no. 997.

e Approach angle is the angle between the edge of one
blade and the perpendicular to the direction of move-
ment, measured within the plane of the blades. Tooth
blades are always inclined to each other, as in a pair
of scissors, so that the compressive/shear stress is
concentrated near the intersection point (Fig. 1.4A)
and friction is reduced (“point cutting”), so cutting is
easier. A single cutting point has one disadvantage: as
the blades close, the cutting point moves along the
blades and this can result in a morsel of food being
lost from the open end of the pair of blades before it
is cut. In most teeth, pairs of blades have concave edges,
which are curved or angled in the direction opposite to
each other (Fig. 1.5). Thus, the cutting points converge
toward the central region of the blades (Fig. 1.4B) and
the food remains trapped and is ultimately divided.

Evans and Sanson (2003) constructed model tools that
fulfilled specific engineering criteria, within the constraints
of dental anatomy, and identified forms that mimicked as-
pects of tooth structure. A single-blade tool closely
resembled a carnassial tooth, while a double-blade tool had
a complex form, combining several points and edges. These
results highlight the relevance of the engineering principles
described above to understanding and interpreting dental
morphology.

R.G. Every (e.g., Every and Kiihne, 1971) suggested
that some mammals utilized a specific jaw motion, inde-
pendent of chewing, to sharpen their teeth by friction be-
tween contacting surfaces of opposing teeth: a phenomenon
designated as thegosis. Reviews by Osborn and Lumsden
(1978) and Murray and Sanson (1998) have concluded that
sharpening of the teeth occurs during the process of normal
mastication, not as a result of a separate wear mechanism.
Wear facets with smooth surfaces and defined edges were
designated “thegotic” by Every, but are generally accepted
to be a product of tooth—tooth contact during mastication
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FIGURE 1.4 Approach angle. Upper: Angled blades, single contact
point. Lower: Opposite curvatures, double contact points converging. Red
shapes indicate food particles, in which density of shading indicates stress
gradient. Large arrows, direction of movement of lower blade; small black
arrows, direction in which food is squeezed by compression at the contact
point.

and are known as attrition facets. However, self-sharpening
behavior was observed by Druzinsky (1995) in rodents.

The Tribosphenic Molar and Its Derivatives

The cheek teeth of insectivorous cynodontids and basal
mammals had a flattened triangular form, with anterior and
posterior cutting edges, and in some cases subsidiary
anterior and posterior cusps (triconodont teeth). When the
upper and lower tooth rows were closed, crests on opposing
teeth sheared against each other and provided a scissorlike
action. In some basal mammals the cheek teeth had three
cusps arranged in a triangular fashion. In Kuehneotherium,
the triangle was obtuse, with the cusps displaced only
slightly from a linear arrangement, but the triangle was
more acute in symmetrodonts and, among crown mammals,
in the dryolestids. In these animals, the apices of the upper
teeth were directed palatally and those of the lower teeth
were directed buccally: a “reversed triangles” arrangement,
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which increased the length of cutting edges along the cheek
tooth row.

Among therian mammals, this arrangement was further
developed in the tribosphenic molar (Fig. 1.6), a name
that refers to the fact that it exerts both shearing and
crushing/grinding forces on the food. During the early
evolution of the tribosphenic molar, shearing was increased
by the development of cusps and crests. The lower molars
had a posterior heel, or talonid, which acted as a stop for the
upper teeth. The grinding function was added with the
addition of a lingual cusp (the protocone) on the upper
molars, which occluded with a basin in an enlarged talonid.
For accounts of the evolution of mammalian molars, see
Butler (1941, 1978, 1980), Crompton (1971), Crompton
and Kielan-Jaworowska (1978), Ungar (2010), and Davis
(2011). For a review of cusp nomenclature and homologies
in mammalian teeth, see Hershkovitz (1971).

Fig. 1.6 shows the tribosphenic molars of a pygmy
possum, an omnivorous marsupial. The occlusal surface of
the upper molars is triangular, with the apex directed
palatally/lingually. It bears two cusps located in the middle
of the triangular surface, the anterior paracone and the
posterior metacone, together with a lingual protocone. The
paracone and metacone are connected by crests, the par-
acrista and the metacrista, to the buccal corners of the
molar, and also to each other by a V-shaped pair of crests,
the postparacrista and premetacrista. These crests form a
continuous, W-shaped crest called the ectoloph. The area
enclosed by the ectoloph and the buccal margin is termed
the stylar shelf. The central V-shaped crest (post-
paracrista + premetacrista) was given the useful designa-
tion intraloph by Freeman (1984), while the pair of crests
(metacrista + paracrista) flanking the embrasure between
successive molars was termed the interloph.

In a tribosphenic lower molar (Figs. 1.6 and 1.7), the
anterior portion consists of a triangular array of cusps, the
trigonid, which is directed opposite to the trigon of
the upper molars. The protoconid forms the buccal apex,
while the lingual base of the triangle is formed by the
anterior paraconid and the posterior metaconid (Fig. 1.7A
and B). On the posterior aspect of each lower molar is the
talonid, which is bounded by three low cusps: the
hypoconid labially, the entoconid lingually, and, between
them, the hypoconulid (Fig. 1.7A and B). The trigonid is
taller than the talonid (Fig. 1.7B) and occludes in the
embrasure between adjacent upper molars, while the talo-
nid forms a basin into which the protocone of the molar
posterior to the embrasure fits.

On upper teeth, a horizontal ridge, the cingulum, en-
circles the lingual aspect of the protocone. Its buccal
equivalent, the stylar shelf, is located at the buccal margin
and bears cusps, which are developed to a variable extent.
These cusps are named the parastyle (anterior), mesostyle
(central), and metastyle (posterior) (see Fig. 1.8A).
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FIGURE 1.5 Opposite curvatures of pairs of blades in mammalian teeth. (A—B) Gregarious short-tailed rat (Brachyuromys ramirohitra: Placentalia,
Rodentia, Echimyidae). (A) Left upper molars (ventral view). (B) Right lower molars (dorsal view). These images illustrate the relative orientation of the
lophs on the occlusal surfaces. Note that the concave aspects of the upper lophs are opposed to those of the lower molars during the anteroposterior power
stroke. (C) Carnassial teeth of a gray wolf (Canis lupus: Placentalia, Carnivora, Canidae): right lateral view, showing outer aspect of right upper and lower
carnassials (larger arrows) and the lingual aspect of the left lower carnassial (smaller arrow). (A and B) Courtesy RCSOM/A 269.1. (C) Courtesy

Shutterstock [293223356].
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FIGURE 1.6 Diagrams of upper right and lower left tribosphenic teeth of the pigmy possum (Burramyidae), with terminology and shear edges. Stippling
indicates crushing basins. For explanation of the interactions between shear edges, see the text. Based on Crompton, A.W., Hiiemae, K.M., 1970. Molar
occlusion and mandibular movements during occlusion in the American opossum, Didelphis marsupialis L. Zool. J. Linn. Soc. 49, 21—47 and Butler, P.M.,
1981. Developments from the tribosphenic pattern. In: Osborn, J.W. (Ed.), A Companion to Dental Studies, Vol. 1, Book 2, Dental Anatomy and Embryology,

Oxford, Blackwell, pp. 341—348.

Crests (upper, cristae; lower, cristids) are present on
the sides of the cusps of tribosphenic molars, and connect
pairs of cusps. The crests exert a shearing effect on the food
as they pass through it. On primitive tribosphenic molars,
six opposing pairs of shearing facets have been identified
(Crompton and Hiiemae, 1970; Crompton, 1971). For the
purposes of summarizing the process of mastication, they
can be combined into three groups, which are color coded
in Fig. 1.6. During chewing, medial and upward movement
of the lower teeth brings the buccal edges of the trigonid
into contact with the interloph and a prolonged shearing
action is generated as the lower molars progress lingually

(Fig. 1.6: red). As the jaws continue to close, the hypoconid
crests shear along the intraloph crests (Fig. 1.6: blue) and
the protocone shears along the edges of the entoconid
(Fig. 1.6: black). Finally, a crushing effect is exerted by
occlusion of the protocone in the talonid basin and of the
hypoconid in the basin within the embrasure of the intra-
loph. This final stage is termed centric occlusion (Crompton
and Hiiemae, 1970).

It was suggested that molars with similarities to tribos-
phenic molars evolved in a group, the Ausktribosphenidae,
which was considered to be related to monotremes
(Luo et al.,, 2001). However, Woodburne et al. (2003)
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(B)

FIGURE 1.7 Lower tribosphenic molars. (A) Occlusal view of tritubercular left lower molars of a water opossum (Chironectes minimus: Marsupialia,
Didelphimorpha, Didelphidae). (B) Lateral view of tritubercular right lower molars of a Russian desman (Desmana moschata: Placentalia, Eulipotyphla,
Talpidae), showing elevation of trigonid above talonid. Asterisks indicate shearing facets on anterior surfaces of trigonids. Entd, entoconid; Hyd,
hypoconid; Hyld, hypoconulid; Med, metaconid; Pad, paraconid; Prd, protoconid. (A and B) Courtesy RCSOM/A 374.7. (C) Courtesy RCSOM/A 308.95.

(B)

FIGURE 1.8 Variants of tribosphenic upper molar structure. (A) Dilambdodont upper molar of a European mole (Talpa europaea: Placentalia, Euli-
potyphla, Talpidae). The corners of the ectoloph connect with the three stylar cusps. (B) Zalambdodont upper right molar of a giant otter (Potamogale
velox: Placentalia, Afrotheria, Tenrecidae). Note the greater buccolingual elongation of the crown compared with (A). (C) Lower molars of P. velox. Note
very tall trigonid (7ri) and small talonid (7al) (A) Courtesy RCSOM/A 308.7. (B) and (C) Courtesy RCSOM/G 14.4.

concluded that the Ausktribosphenidae were therians. Davis
(2011) found that their molars were not homologous with
tribosphenic molars, in particular because there was no ev-
idence that a protocone crushed into the talonid basin.
Tribosphenic molars thus seem to have had a single evolu-
tionary origin.

The tribosphenic molar combines puncturing, cutting,
and crushing. Among extant mammals, the molars are
adapted to particular functions and display a very wide
range of forms. Sometimes, several functions are com-
bined, as in the tribosphenic molar. Sometimes, the molars
have a single function and a more specialized form. The
main types of molar are summarized below.

Dilambdodont Molars

The name of this type of molar refers to the W-shaped
ectoloph, which resembles two Greek capital lambdas: AA.

The type of molar illustrated in Fig. 1.6 is a primitive form
of dilambdodont molar (Butler, 1996), in which the intra-
loph does not extend to the buccal margin. In more
advanced dilambdodont molars, the notch of the intraloph
extends to a cusp, the mesostyle, on the buccal margin
(Fig. 1.8A), and the ectolophs form a zigzag shearing crest
running along the upper molar row, which cuts like a pair
of pinking shears. The hypoconid occludes with the inter-
loph, so dilambdodont upper molars are associated with
lower molars in which the talonid is similar in area to the
trigonid. Molars with this structure are very effective in
chopping up insects and are found in didelphids among
marsupials and in shrews, moles, and insectivorous/
carnivorous bats among placentals. In mammals with
dilambdodont molars, the most posterior upper molar (M?
in placentals and M* in marsupials) is reduced in size
because only the anterior portion can occlude with a lower
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molar. This tooth usually also has a modified structure.
Loss of the posterior crest(s) converts the shape of the
ectoloph from a W to an N or U shape, a V shape, or even a
single linear crest.

Zalambdodont Molars

In zalambdodont upper molars the ectoloph extends
almost to the lingual side of the tooth, the protocone is
reduced, and the metacone or paracone is reduced or lost
(Fig. 1.8B). The ectoloph is therefore V shaped rather than
W shaped, so the shearing by the occlusal surface is
reduced to the interaction between the interloph and the
trigonid. The reduction in shearing is often partly
compensated for by elongation of the crown in the buc-
colingual direction (Fig. 1.8B). The talonid is much smaller
than the trigonid (Fig. 1.8C) or even absent, and this,
together with the smaller size of the protocone, means that
the crushing function of these molars is reduced. Among
extant mammals, zalambdodont molars are found in
chrysochlorids, tenrecs, and solenodontids, and also in the
hairy bats (Harpiocephalus: Vespertilionidae) and the
marsupial mole (Notoryctes) (Asher and Sdnchez-Villagra,
2005). In Harpiocephalus and Notoryctes, the paracone has
been lost, whereas in the other species the metacone has
been lost (Asher and Sanchez-Villagra, 2005). The effi-
ciency of zalambdodont molars in reducing invertebrate
prey relative to dilambdodont molars, and consequently the
selective value of this morphology, is not known.

Quadritubercular Molars

In many mammals, an additional cusp, the hypocone, has
been added to the upper molars, lingually and posterior to
the protocone. A hypocone may develop either on an
outgrowth of the cingulum (hypocone shelf) (Fig. 1.9A) or

N i L [ Abin®
FIGURE 1.9 (A) Dilambdodont upper molar of bicoloured white-
toothed shrew (Crocidura leucodon: Placentalia, Eulipotypha, Crocidur-
idae), with hypocone shelf (arrow). (B) Quadritubercular molar of Somali
hedgehog (Atelerix sclateri: Placentalia, Eulipotyphla, Erinaceidae). Hy,
hypocone; Me, metacone; Pa, paracone; Pr, protocone. (A) Courtesy
RCSOM/A 309.43. (B) Courtesy RCSOM/A 304.95.

from a small cusp, the metaconule, lingual to the metacone
(Hunter and Jernvall, 1995). A hypocone shelf is common
among eulipotyphlans and microchiropterans, and probably
does not interfere with shearing between the trigonid and
the interloph. Development of a hypocone on the shelf fills
in the embrasure between adjacent molars and occludes
with the paraconid of the lower molar, so increasing the
crushing function. The appearance and enlargement of the
hypocone converted molars to approximately square
quadritubercular teeth (Fig. 1.9B). In parallel, the lower
molars also became quadritubercular, by loss of the para-
conid and the anterior part of the trigonid and elevation of
the talonid until it was level with the remaining portion of
the trigonid.

In omnivorous mammals, e.g., hedgehogs, murid ro-
dents, and primates, quadritubercular molars are usually
bunodont, with low, rather blunt cusps, and are used for
breaking down food that offers relatively little resistance.
Sometimes, as in hedgehogs (Fig. 1.9B), the four cusps
remain easily recognizable, but small extra cusps may be
added between the main cusps (e.g., giant panda:
Fig. 15.57B) and pigs (Chapter 13). However, the major
effect of the addition of the hypocone was to facilitate the
evolution of molars capable of processing tough plant
material, and the hypocone can be regarded as a key
innovation in the evolution of herbivory (Hunter and
Jernvall, 1995).

Molars of Herbivores

All herbivorous mammals rely on modifications of the
quadritubercular molar for processing plant foods such as
leaves and grass, which require grinding to break down
their structure. The occlusal surfaces of the molars of her-
bivorous mammals are furnished with blades in the form of
crests or lophs (ridges connecting pairs of cusps) (Fortelius,
1985; Janis and Fortelius, 1988). These may take the form
of crescent-shaped longitudinal elongations of the cusps on
the selenodont molars of artiodactyls (Fig. 1.10A). Kan-
garoos, hyraxes, tapirs, horses, and Old World monkeys
have lophodont molars, with pairs of cusps connected by
lophs, which form several distinct patterns (Fortelius,
1985). Quadritubercular teeth in which two transverse
(buccolingual) lophs connect the anterior and posterior
pairs of cusps are referred to as bilophodont (Fig. 1.10B).
On trilophodont molars, two transverse lophs connect with
a marginal longitudinal loph, forming a shape like the
Greek letter IT (Fig. 1.10C). If the transverse lophs on a
trilophodont molar wear away quickly, there is left an
ectolophodont surface on which the marginal loph remains
as the main blade. In some mammals, e.g., horses, reor-
ientation of originally transverse lophs results in a complex
pattern of transverse and longitudinal lophs (plagiolopho-
donty) (Fig. 1.10D). The pattern of lophs on the occlusal
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(D)

(E)

FIGURE 1.10 Lophodont teeth. (A) Selenodont upper left molars of European roe deer (Capreolus capreolus: Placentalia, Artiodactyla, Cervidae). (B)
Bilophodont lower molar of black-striped wallaby (Macropus dorsalis: Marsupialia, Macropodidae). (C) Trilophodont upper molar of rhinoceros (species
unknown: Placentalia, Perissodactyla, Rhinocerotidae). (D) Plagiolophodont lower molars of horse (Equus caballus: Placentalia, Perissodactyla, Equidae).
(E) Loxodont lower molar of capybara (Hyrochoerus hydrochaeris: Placentalia, Rodentia, Caviidae). Courtesy RCSOM/A 213.5. (B) Courtesy RCSOM/G
79.321. (C) © Dr. Ajay Kumar Singh, Dreamstime [1-39778516]. (D) Courtesy MoLS KCL. (E) Courtesy RCSOM/A 296.91.

surfaces of rodent molars can be extremely complex
(Fig. 1.5A and B, and Chapter 7) and the relationship to the
original cusp pattern is difficult to discern. Finally, the
molars of elephants and many rodents possess lamellar or
loxodont molars, which are elongated anteroposteriorly
and have flattened surfaces bearing numerous transverse
lophs (Fig. 1.10E).

Sectorial Postcanine Teeth

The sectorial teeth of flesh-eating members of the
Carnivora, such as felids or canids (Fig. 1.5C), form ante-
roposteriorly oriented blades, which slide past each other
during jaw closure, and so can slice through morsels of
flesh. The carnassials have V-shaped cutting edges, which
trap flesh and retain it during cutting. Upper carnassial teeth
are thought to have been derived from the posterior crest of
the trigon and lower carnassials from the anterior crest of

the trigonid, both crests being reoriented to run antero-
posteriorly, with considerable reduction of the rest of the
tribosphenic molar structure.

Grasping Postcanine Teeth

The cheek teeth of marine mammals are referred to as
“postcanine,” as premolars cannot be distinguished from
molars. These teeth are used for grasping and wounding or
killing prey and have a simple conical form (toothed
whales) or several sharp cusps (seals and sea lions)
(Chapters 14 and 15).

Crown Height

Omnivores and insectivores have low-crowned or bra-
chydont teeth, because the diet does not cause extensive
wear of the teeth (Fig. 1.11A). In long-lived herbivores
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(A)

FIGURE 1.11

with more abrasive diets, the crowns of the teeth are taller
or hypsodont (Fig. 1.11B) and provide a reservoir of dental
tissue which prolongs the functional life of the tooth
(Chapter 3).

Roots

The roots of mammalian teeth have attracted less attention
than the crowns: they are less easily accessible and they do
not show the same variety of form as the crown. Never-
theless, the roots are of interest, as their number, position,
and relative size vary in relation to function and probably
correlate with bite force and diet.

Incisors and canines generally have one root, but in
some species have two. Premolars have one or two roots.
The upper molars generally have three roots and the lower
molars two.

Butler (1941) discussed the evolution of the roots of
mammalian molars. The triangular or three-lobed upper
molars of Cretaceous mammals had three roots near the
corners of the crown. The relative sizes of the roots varied.
In tritubercular teeth, the roots corresponded in position to
the cusps, but this was not the case in dilambdodont and
zalambdodont molars, in which the roots remained at the
corners of the crown, but the paracone and metacone could
be located near the center of the crown or near the palatal
corner. In quadritubercular upper molars, the palatal root is
enlarged to support the protocone and hypocone, or it may
be divided, so increasing the number of roots to four.
Lower molars possess two roots, which support the trigonid
and talonid.

Usually, roots diverge from the aboral surface of the
crown. However, in some species the roots do not separate
for some distance from this surface; such roots, referred to
as taurodont, are common among New World monkeys
and marmosets, and were a consistent feature of the molars
of Neanderthal humans. In species with loxodont molars,

(B)

(A) Radiograph of the lower jaw of a bear with short-crowned (brachydont) molars. (B) Radiograph of the lower cheek teeth of a horse
with tall-crowned (hypsodont) molars and premolars. Courtesy MoLSKCL.

the total number of roots is multiplied. In many herbivorous
mammals, the roots are of continuous growth (hyp-
selodont). This is one of a number of adaptations to heavy
wear discussed in Chapter 3.

The function of the roots is to transmit the loads of
mastication from the cementum of the root to the alveolar
bone of the jaws via the tissues of the periodontium
(cementum, periodontal ligament, and alveolar bone). It can
be assumed that the number, position, relative size, and
orientation of roots can be related to the forces acting on the
crowns. Studies in bats, carnivorans, and primates have
confirmed that the surface area of the roots of cheek teeth is
correlated with bite force and is larger when the food is
harder and presumably requires greater masticatory force
(e.g., Spencer, 2003; Kupczik and Stynder, 2012; Self,
2015). The sizes of the roots of canines of carnivorans and
some primates are also related to loads (Spencer, 2003;
Kupcezik and Stynder, 2012). The roots of incisors vary
from small and short (as in cats) to stout and long (as in
cattle), in accordance with the loads and functions they are
required to withstand.

Where material is available, we have included images of
tooth roots in the descriptive chapters.

Mastication

In most nonmammalian amniotes, the lower teeth pass in-
side the upper teeth and have little or no contact with each
other as they pass through the food. Food is often cut up
only enough to allow swallowing. Obligately aquatic
mammals (odontocete whales and marine carnivorans), like
other aquatic vertebrates, cannot manipulate or process
prey and swallow food whole, often by suction. However,
in terrestrial mammals, the precise occlusion of the molars
and other innovations, such as the mobile jaw joint, enable
extensive and efficient food reduction. This in turn maxi-
mizes exposure to digestive enzymes, speeds up extraction



of nutrients, and thus enables the high metabolic demands
of endothermy to be met. Food is first transported from the
anterior teeth to the posterior, food-processing teeth, where
it is reduced by repeated chewing until it has been divided
finely enough for swallowing. Manipulation of food is
made possible by the cheeks and lips, which prevent escape
of food and isolate the oral cavity from the environment,
and by the highly mobile, muscular tongue. The secondary
palate, by separating respiration and mastication, enables
prolonged mastication, and the palatal ridges (rugae) are
important in food transport. Mammals have large, well-
developed salivary glands and their secretions further
improve the efficiency of mastication, as admixture of food
with saliva provides lubrication and may initiate enzymatic
digestion. A detailed account of the feeding process is
outside the scope of this book, but valuable overviews are
provided by Weijs (1994), Hiiemae (1978, 2000) and
Orchardson and Cadden (1998, 2009).

Mastication in a primitive mammal was elucidated by
Crompton and Hiiemae (1970) and Hiiemae and Crompton
(1971), who correlated the interactions between upper and
lower molars with jaw movements in the American
opossum (Didelphis virginiana; Marsupialia). Didelphis is
omnivorous, feeding largely on insects and carrion,
together with a range of plant parts. Food is reduced in two
stages, with an attendant change in use of the cheek teeth.
In the first stage, the food is partly reduced by puncture-
crushing, in which the teeth are moved vertically and
used to pierce the food repeatedly without contacting their
opponents. True chewing, involving tooth—tooth contact,
then ensues and food breakdown is completed (Crompton
and Hiiemae, 1970). Chewing occurs on one side at a time
(the working side) and each chewing cycle consists of three
stages, which follow a triangular path when viewed from
the front. The preparatory, or opening, stroke, beginning
at the point of maximum jaw opening, carries the lower jaw
upward and outward. It brings the lower teeth on the active
working side to below the upper teeth, while the other
(“balancing”) side of the mandible is moved medially.
During the next stage—the power stroke—the lower mo-
lars are moved anteromedially across the upper molars and
the sequence of shearing actions indicated in Fig. 1.6 takes
place. The power stroke terminates with a crushing action,
as the protocone occludes in the talonid basin (centric oc-
clusion) and the hypocone in the trigon basin (Crompton
and Hiiemae, 1970). Following the completion of the po-
wer stroke, the recovery, or closing, stroke returns the
lower jaw to the fully open position by a vertical
movement.

In other mammals, two phases (I and II) have been
identified (Hiiemae and Kay, 1972; Kay and Hiiemae,
1974). Phase I is an anteromedial upward movement of the
lower teeth, terminating in centric occlusion, so it corre-
sponds approximately to the power stroke in Didelphis.
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There is a smooth transition to phase II, which is an ante-
romedial downward movement. The food is subjected to
shearing forces during phase I and to grinding/crushing
forces during phase II. Among some rodents, some pri-
mates (Hiiemae and Kay, 1972), but not all (Janis, 1984),
and rhinoceroses (Fortelius, 1985), phase II is pronounced
and mastication involves a distinctly two-stage motion
because of the change in direction between the two phases.
This phase is either absent or constitutes a much smaller
component of chewing in other mammals, including hy-
raxes (Janis, 1979, 1984), selenodont ungulates, rodents,
and equines (Butler, 1980; Fortelius, 1985). In these ani-
mals, the power stroke is a single-stage upward and medial
movement.

The advent of high-speed computers capable of
handling enormous amounts of data is beginning to revo-
lutionize the study of mastication. Computer models based
on morphological and physical properties of teeth enable
detailed understanding of interactions between teeth during
chewing (von Koenigswald et al., 2012) and have provided
a more accurate picture of the pattern of masticatory
stresses (e.g., Benazzi et al., 2011).

Turnbull (1970) studied variations in the jaw muscula-
ture among mammals and distinguished four systems:
generalized, carnivore—shear, ungulate—grinding, and
rodent—gnawing, plus a “miscellaneous” system. This
classification is, of course, highly simplified but has pro-
vided a useful framework for comparative studies. With
additions from other work (e.g., Crompton and Hiiemae,
1969; Hiiemae, 1978; Weijs, 1994), the groups are as fol-
lows. Muscle proportions are given as the proportion of
total adductor muscle mass. The position of the TMJ is
important. When the TMJ is level with the occlusal plane,
the jaws have a scissorlike action and the location of the
adductors enables a wide gape and maximizes the force
exerted at the carnassials. When the TMJ is located above
the occlusal plane, the molars occlude almost simulta-
neously and the bite force is distributed more evenly along
the cheek tooth row, so that grinding or crushing is
facilitated.

In the generalized system, to which Didelphis, in-
sectivores such as Echinosorex, and the primates were
assigned, the principal adductor muscle is the temporal
(45%—60% of total adductor mass), followed by the
masseter (22%—35%) and pterygoids (9%—26%). Among
primates, the TMJ lies above the occlusal plane, reflecting
an increased importance of grinding, and there is a trend for
the masseter and pterygoids to increase in importance and
for that of the temporal to decrease. Consequently, the
heterogeneity in muscle proportions is reduced if only the
more generalized members (nonprimates) are considered,
whereby the proportions are temporalis 55%—60%,
masseter 27%—35%, and pterygoids 9%—12%. The non-
primate generalists also tend to have a scissorlike jaw
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action, with the TMJ approximately level with the occlusal
plane. These data are consistent with the large vertical
component of the chewing cycle.

In the carnivore—shear system, the TMJ is level with
the occlusal plane and its morphology restricts lateral
movement, so that the mandible is limited to vertical
movement and exerts a scissorlike action. The temporal
muscle is even more predominant than in the generalized
group, making up 53%—79% of adductor muscle mass,
with the masseters contributing 17%—38% and the ptery-
goids 4%—12%. The variability reflects the wide range of
food types among the Carnivora.

The ungulate—grinding system is characterized by a
mandible with a tall ascending coronoid process and a TMJ
above the occlusal plane, which is necessary for efficient
grinding of the food. The TMJ permits rotation about the
vertical axis, and also lateral and anteroposterior move-
ment. The masseter (30%—60% of total adductors) is larger
than either the temporal (13%—44%) or the pterygoids
(23%—40%). The chewing cycle has a much greater lateral
component than in the generalized or carnivore group.

In the rodent—gnawing system, the mandible demon-
strates considerable anteroposterior movement, both to
engage the incisors for gnawing and as a major component
of the chewing action. The TMJ lies above the occlusal
plane, the articular condyle is longitudinally oriented, and
the glenoid fossa forms a longitudinal groove in which the
condyle slides. The masseter muscle is by far the largest
muscle (55%—77%) and the temporal (7%—29%) is about
the same size as the pterygoids (12%—28%). Further details
on aspects of food processing are presented in the relevant
chapters of this book.

In a minority of mammals, e.g., camels and some pigs,
chewing alternates regularly between the left and the right
side of the dentition. However, chewing usually occurs
repeatedly on the same side of the mouth, sometimes for
prolonged periods so that, except when chewing is trans-
ferred to the other side of the mouth, the lower jaw does not
return to a medial position between chewing cycles. Some
rodents (e.g., springhares) are isognathous (i.e., have jaws
with the same separation) and chew simultaneously on both
sides, the teeth moving anteroposteriorly.

As feeding provides the fuel for metabolism, it would
be expected that the food-processing capacity of the
dentition would be quantitatively related to metabolic rate.
Basal metabolic rate tends strongly to scale with body
mass raised to the power 3/4 and it was suggested
(e.g., Gould, 1975) that the occlusal area of the postcanine
dentition would have a similar relationship to body mass.
However, although such a relationship has been identified
in a few groups, in most cases the area scales isometri-
cally, i.e., with body mass raised to the power 2/3
(Fortelius, 1985), which indicates that the food-processing
power of the cheek teeth could be inadequate to support

metabolism. However, this difficulty seems to be resolved
by the recognition that the masticatory apparatus is not
defined by morphological criteria alone, but also by
properties such as chewing rate. When the masticatory
system is considered as a whole, isometric scaling of the
postcanine tooth area seems to represent metabolic scaling
(Fortelius, 1985).

CORRELATES OF MOLAR OCCLUSION

The need for precise occlusion to achieve optimum chew-
ing efficiency has important consequences for several as-
pects of the dentition, particularly tooth replacement, tooth
support, and tooth structure. Most nonmammalian verte-
brates are polyphyodont; that is, their teeth are replaced at
intervals throughout life. Polyphyodonty, first, ensures that
the number, size, and shape of teeth keep pace with somatic
growth and, second, compensates for loss of functional
efficiency due to wear or damage. For a review of tooth
replacement patterns in nonmammalian vertebrates, see
Chapter 10 of Berkovitz and Shellis (2017). As mammals
reach a maximum size at maturity, continuous tooth
replacement is not required to compensate for further
growth. Furthermore, such a process would clearly be
detrimental in mammals because periodic eruption of new,
unworn teeth into a worn-in dentition would reduce the
efficiency of food processing. Thus, mammalian dentitions
are not replaced throughout life. Instead, there are at most
two tooth generations (diphyodonty).

Limited tooth replacement means that the life span of
individual teeth is extended far beyond that typically found
in nonmammalian vertebrates and the extended tooth life
leads to greater tooth wear. Structural differentiation re-
duces the susceptibility of the enamel layer to fracture and
enhances its resistance to wear. The tooth support mecha-
nism acts as a shock absorber and also permits some
repositioning of teeth. An ability to reactivate dentine for-
mation helps protect the mammalian dental pulp against the
consequences of extensive wear or other damage. The teeth
of herbivorous mammals are subject to particularly heavy
wear and the durability is improved by various structural
modifications.

In the remainder of this chapter, we discuss general
aspects of tooth replacement and tooth wear. Specializa-
tions of the dental tissues are dealt with in Chapter 2 and
adaptation to heavy wear in herbivores in Chapter 3.

Tooth Replacement

Among marsupials, only the last premolar has a deciduous
precursor (Luckett, 1993; van Nievelt and Smith, 2005).
The primitive condition among placentals is the possession
of two tooth generations: a milk or deciduous dentition and
a permanent dentition. The deciduous dentition consists of



incisors, canines, and premolars], which we will denote as
dl, dC, and dP. These teeth are replaced by permanent
counterparts when the young mammal is approaching full
size. The dentition is completed by permanent molars,
which do not have deciduous precursors and which erupt
sequentially during the later stages of growth as room be-
comes available at the back of the jaws. It should be noted
that, in all mammals except for tapirs and most hyraxes, the
first deciduous premolar is not replaced (Slaughter et al.,
1974). It is widely accepted that the molars are homologous
with the deciduous dentition (e.g., Butler, 1937; Miles and
Poole, 1967; Ziegler, 1971; Jarvinen, 2008) and this view is
supported by evidence that molars develop from the portion
of the dental lamina that extends posteriorly from the last
deciduous premolar (Yamanaka et al., 2007; Jarvinen et al.,
2009). A further indication of this relationship is that mo-
lars generally have a morphology similar to that of the last
deciduous molars.

As the permanent dentition comprises more teeth than
the deciduous dentition, and the permanent teeth are much
larger, the overall size of the dentition increases in concert
with the growth of the jaws.

Pond (1977) proposed that mammalian diphyodonty is
intimately related to the early growth pattern, especially to
the role played by parental care. Parental feeding, by pro-
vision of milk, morsels of prey, or partly digested food,
both supports growth and protects the young against po-
tential dietary toxins. In addition, the young do not have to
compete with other species for food or to eat the same
foods as adults, which are often unsuitable for juveniles.
The deciduous dentition is thus not exposed to heavy me-
chanical demands. The head reaches almost full size by the
time of weaning and hence can accommodate the perma-
nent dentition, so the weanling can then take the same food
as the adults.

There are, however, numerous examples of reduced
tooth replacement among both marsupials and placentals,
for which there is no general explanation (van Nievelt and
Smith, 2005). Some mammals, from unrelated groups, have
ceased to replace teeth, so there is only one generation of
functional teeth (monophyodonty). These include the
toothed whales, the pinniped carnivorans, the shrews,
the murid rodents, some moles and bats, the aardvark, and
the striped skunk (van Nievelt and Smith, 2005).

While the permanent teeth usually appear after the ju-
venile growth phase in boreoeutherian mammals, among
Afrotheria it is common for complete eruption of the per-
manent dentition to be delayed until after adult body size
has been reached (Asher and Lehmann, 2008; Asher et al.,

1. In human dental anatomy, the deciduous precursors of premolars are
traditionally, but misleadingly, called deciduous (or milk) molars. In this
book we refer to them as deciduous premolars, as is customary in
mammalogy.
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2009), and the same seems to be true in armadillos
(Dasypus) and possibly other Xenarthra (Ciancio et al.,
2012). Delayed eruption of the dentition also occurs in
some boreoeutherians, and in kangaroos among marsupials
(Janis and Fortelius, 1988; Asher and Lehmann, 2008).

Some dentitions with delayed eruption display a phe-
nomenon referred to as horizontal succession or molar
progression. One by one, the front tooth of the row is worn
out and shed. The tooth row progressively moves forward
and the loss of the anterior tooth is compensated for by the
emergence of the next cheek tooth at the posterior end of
the tooth row. Horizontal succession depends on mesial
drift, the ability of teeth to move forward within the
jawbone, by remodeling of the periodontal ligament and
alveolar bone (Gomes Rodrigues et al., 2012; Gomes-
Rodrigues, 2015). Mesial drift is not a phenomenon
related only to horizontal succession; it occurs in all den-
titions and compensates for wear of the approximal sur-
faces, where teeth contact each other (see “Wear”). The
mechanism responsible for mesial drift is not known
(Moxham and Berkovitz, 1995). Probably the most well-
known example of horizontal succession is the dentition of
elephants. In these mammals, the cheek teeth are very large
and at any one time only one tooth, or a tooth and part of its
successor, are in function in each quadrant (Chapter 5).

A small number of unrelated mammals form supernu-
merary molars, which appear by horizontal succession
behind the last tooth in the usual complement of teeth (M3
in placentals and M4 in marsupials). The mammals at
present known to form supernumerary teeth are the little
rock wallaby (Peradorcas concinna), manatees (Trichechus
spp.), and the silvery mole rat (Heliophobius argenteoci-
nereus). There is evidence that number and size of molars
are controlled by interaction between positive and negative
signals from the previously initiated molars (Kavanagh
et al., 2007; Catén and Tucker, 2009; Jernvall and Thesleff,
2012), and it is possible that the formation of supernu-
merary molars could be due to, for instance, enlargement of
the embryonic molar field. Gomes Rodrigues et al. (2011)
noted that supernumerary molars were typically of uniform
size and this might indicate a balance between activation
and inhibition (Kavanagh et al., 2007; Jernvall and The-
sleff, 2012).

The order in which teeth erupt into the mouth is
generally similar to the order in which they develop. Thus,
incisors develop from front to back, the deciduous pre-
molars from back to front, and permanent molars from front
to back. This order may help explain the disappearance of
teeth during the course of evolution, as it appears that it is
the last tooth to develop in each series that is lost first
(Osborn, 1978). The order of tooth development and/or
eruption has been described for a large number of species
by Osborn (1970), Slaughter et al. (1974), Smith (2000),
Swindler (2002), and Asher and Lehmann (2008).
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Wear

During use, teeth wear by direct contact with each other
(attrition) or by contact with the food (abrasion). Attrition
is technically two-body wear, in which material is lost from
two contacting surfaces because high points are removed
by shear or adhesion. However, enamel particles broken off
the surfaces can act as abrasive particles and can create
scratch marks (Kaidonis et al., 1998; Eisenburger and
Addy, 2002), but attrition facets are macroscopically shiny
because the surfaces are smoothed by wear, and have
defined edges because the wear process is limited to the
area where the opposing surfaces are in contact. Abrasion is
a form of three-body wear, in which dispersed hard parti-
cles act as abrasives and detach material from the surfaces.
Abraded surfaces are roughened by scratches and pits, and
have rounded edges because the action of abrasive mate-
rials is not strictly limited to the contact area between the
wear surfaces. The abrasive agent can be hard particles
intrinsic to the food, such as fragments of hard shells and
silica particles deposited in leaves, or extrinsic substances
ingested with the food, such as dust or soil.

Some teeth are not functional until the developmental
shape has been modified by wear. In particular, the molars
of ungulates are not efficient until the tips of the cusps have
been worn away and the lophodont or selenodont pattern of
enamel ridges is exposed (Fig. 1.12). In a variety of other
teeth, some “wearing-in” may improve the fit between
opposing surfaces (Lumsden and Osborn, 1977) or increase
the length of shearing crests, and hence improve efficiency.
An overview of the relationships between form, wear, and
function has been provided by von Koenigswald (2015).

Wear may also degrade functionality. Some teeth,
e.g., bunodont teeth and tribosphenic molars, are more or
less fully functional as soon as they erupt and seem to
deteriorate as wear increases (Logan and Sanson, 2002;

Evans, 2005) and this can lead to increased energy
expenditure in feeding (Logan and Sanson, 2002). The
same loss of functionality affects any tooth when wear
reduces the volume of hard tissue available for processing
food to the point at which feeding becomes increasingly
difficult. Ozaki et al. (2010) found that, in 15-year-old sika
deer, life expectancy was greater in animals that retained a
larger proportion of the third molar, i.e., in animals with
teeth exposed to less wear over their life.

It does not follow that, in general, loss of tooth function is
a principal cause of death. Solounias et al. (1994) found that
the durability of ungulate molars can exceed the somatic life
span. In grazers this is due to the high durability of M3. In
some small mammals, wearing out of the dentition appears to
be the cause of death in only a small minority of the popu-
lation. For example, the lifetime of the dentition in the short-
tailed shrew (Blarina brevicauda) matches the maximum
life span, which is about 2 years, but only a small fraction of
the population survive to the point at which their teeth are
severely worn (Pearson, 1945), and the same is true of moles
(Mellanby, 1973). However, excessive tooth wear can have
other adverse biological effects that reduce fitness. Skogland
(1988) demonstrated that a high rate of tooth wear in female
reindeer living on overgrazed land exacerbated the effects of
inadequate availability of food and this was correlated with
lower body weight, depletion of fat reserves, and reduced
reproductive success.

Wear affects not only the occlusal surfaces of teeth, but
also the approximal surfaces, where adjacent teeth contact
each other. The force exerted during chewing has lateral as
well as vertical components and thus causes small move-
ments of teeth against their neighbors, which in turn results
in mutual wear (Kaidonis, 2008; Benazzi et al., 2011),
although the wear often produces a concave wear facet on
one of the two teeth (Kaidonis, 2008), as shown in
Fig. 1.13. This wear potentially creates a space between the

FIGURE 1.12 Hippopotamus (Hippopotamus amphibius) premolars.
(Left) Newly erupted, with unworn crown. (Right) Worn tooth, with
functional system of lophs exposed by wear. Original image
width = 13.9 cm.

FIGURE 1.13 Anteroposterior section of two adjacent molars of a
squirrel monkey (Saimiri sciureus) (polarized light). Approximal wear at
the contact point between the teeth has resulted in creation of a concave
wear facet on one molar (arrow). Original image width = 3.6 mm.



teeth and is compensated for by mesial drift, which causes
the more posterior tooth to move forward.

APPLICATIONS OF WEAR PATTERNS

Attrition Facets

Where teeth contact each other directly during the power
stroke, attrition produces flattened facets, which are easily
distinguishable because they have well-defined edges and
appear shiny. As mentioned under “Microwear Analysis,”
microscopic fragments of enamel detached from the tooth
surfaces during attrition can scratch the tooth surfaces, and
the orientation of these scratches marks the direction in
which the teeth move. Mapping the positions and shape of
attrition facets and the orientation of scratch marks on the
occlusal surfaces of upper and lower teeth provides insight
into how the teeth interact during function (see Fig. 1.6). As
direct information on tooth movements is accessible only
with elaborate equipment and is available only for a limited
number of extant species (Weijs, 1994), analysis of attrition
facets has been a major source of information about tooth
function since it was first developed by P.M. Butler in the
1950s. Importantly, it is applicable to fossil taxa as well as
to extant mammals.

Microwear Analysis

Microscopically, tooth enamel surfaces subjected to abra-
sion during food processing show a variety of pits and
scratches instead of the smoother appearance typical of
attrition. In microwear analysis, the depth and abundance
of these features are interpreted in the light of knowledge
about the physical properties of foods, to provide infor-
mation about the diet of the animal. Craniodental
morphology reflects the general adaptation to diet, but
microwear analysis offers the possibility of identifying
feeding habits more precisely. Potentially, microwear
analysis can discriminate between morphologically similar
taxa or between different populations, and can provide in-
formation on seasonal variations of food intake.

It is unlikely that all components of the diet contribute
to microwear patterns. There is evidence that plant fibers
and the chitin of insect exoskeletons are not hard enough to
scratch enamel (Covert and Kay, 1981; Kay and Covert,
1983; Evans and Sanson, 2005). The food components that
seem most likely to create microwear features are plant
phytoliths (particles of silica deposited in leaves), hard
fruits, mollusk shells, bone, and enamel particles chipped
off the teeth during chewing. As discussed in Chapter 3,
dust, grit, and soil ingested with the diet seem to be more
important than phytoliths in herbivores grazing near the
ground, but phytoliths may be important for wear in other
folivores. Although microwear patterns are often strongly
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influenced by exogenous dust and grit rather than by the
physical properties of the foodstuffs themselves, this does
not invalidate the method, which requires only that reliable
correlations between diet and wear features can be
established.

The basis of microwear analysis is to obtain images of
wear features on appropriate tooth surfaces and to quantify
the images so as to obtain summary data that can be used in
comparisons between taxa. To apply the method success-
fully, careful standardization of such factors as choice of
wear facet, cleaning method, and procedure for sampling
surfaces is essential (Ungar, 2015). Dental microwear pat-
terns are short lived, as the pattern created by one meal will
be added to and “overwritten” by the marks due to later
meals. Turnover times of microwear features are variable.
They may persist for periods from weeks down to 24 h or
less (Teaford and Oyen, 1989), so the information relates to
feeding during the last days or weeks of the animal’s life. It
is therefore possible that a particular microwear pattern is
the result of a meal that is not typical of the animal’s diet
(because of opportunistic feeding or shortage of the usual
food), and it is important to use large sample sizes so that
anomalous patterns can be detected.

Most studies have employed scanning electron micro-
graphs of epoxy replicas, which were then quantified
manually (e.g., Teaford and Walker, 1984). This method is,
however, time consuming and subject to interexaminer
variability.

A new and more discriminatory type of analysis—
dental microwear texture analysis (DMTA)—has been
developed to provide a more detailed, three-dimensional
quantification of the enamel surface. This method com-
bines scanning confocal microscopy with scale-sensitive
fractal analyses to measure surface topography at
different scales (Ungar et al., 2008; R.S. Scott et al., 2012).
Using topographic analysis software, the data are leveled,
defects are removed, and the surfaces are measured using
volumes, areas, and vectors, resulting in a quantitative
description of the surfaces at multiple scales. Five main
measurements capture such features as textural complexity
(or roughness), heterogeneity (variations across the field of
interest), and anisotropy (the directionality of wear) (Ungar
et al., 2008; R.S. Scott et al., 2012). Detailed accounts of
this complexity are given by Ungar et al. (2008), Ungar
(2015), and DeSantis (2016).

In the following, selected examples of the application of
both the earlier SEM technique and DMTA are presented to
illustrate the rich variety of information that microwear
analysis has contributed.

SEM-Based Microwear

These studies revealed significant differences between
frugivorous and folivorous primates, soft-fruit diets and
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hard-fruit diets in primates, and browsing and grazing
mammals. Typically, frugivores have higher proportions of
pits relative to scratches; folivores, more scratches than
pits; and hard-object feeders, the most pits (Teaford and
Walker, 1984). Microwear analyses of modern and fossil
bovids have differentiated between grazers, characterized
by many scratches, and browsers, characterized by fewer
scratches (e.g., Solounias et al., 1988).

Tree squirrels are more frugivorous than the more
omnivorous ground squirrels. A greater number of pits and
a high frequency of large pits and gouges in the teeth of
ground squirrels suggest that their diet is more abrasive,
possibly through ingestion of more grit, seeds, or chitin
from insect exoskeletons (Nelson et al., 2005).

Walker et al. (1978) showed that microwear analysis
can detect seasonal variations in diet. During the dry sea-
son, two sympatric hyraxes, Procavia johnstoni and Het-
erohyrax brucei, browse on bush and tree leaves and have
similar microwear features: sharp edged pits but few
microscratches. During the wet season, Heterohyrax re-
mains strictly a browser and retains this microwear pattern,
but Procavia changes to a diet of grass, and the molar
enamel becomes covered with many fine parallel striations.

In three primarily myrmecophagous mammals that
retain enamel-covered cheek teeth, namely numbats (Myr-
mecobius fasciatus), aardwolves (Proteles cristata), and
sloth bears (Melursus ursinus), the pit frequencies are
comparable with those of other animalivores, and generally
distinguish them from folivores, but not from all frugivores
(Strait, 2014).

Dental Microwear Texture Analysis

R.S. Scott et al. (2012) found significant contrasts for four
DMTA variables among 21 anthropoid primate species
displaying interspecific and intraspecific dietary variability.
Species that consume more tough foods, such as leaves,
tended to have high anisotropy and low textural
complexity, while species consuming hard and brittle
items, either as staples or as fallback foods, tended to show
low anisotropy and high complexity. Among mammals in
general, consumers of mainly hard, brittle foods tend to
have higher microwear surface texture complexity, whereas
those that more often shear or slice tough items have more
surface anisotropy. This is illustrated by the DMTA pat-
terns from the teeth of four pairs of related mammals with
different diets (Fig. 1.14). Tough-food eaters (howler
monkey, giant panda, cheetah, gemsbok) have more
anisotropic, striated surfaces than hard-food eaters (capu-
chin, black bear, hyena, gerenuk), which have more com-
plex, pitted surfaces (Ungar, 2015). Fig. 1.15 shows that the
combination of the two DMTA variables complexity and
anisotropy can discriminate to some extent between graz-
ing, browsing, and mixed-feeding antelopes (Ungar, 2015).

Howler

Panda

Hyena

Gerenuk

FIGURE 1.14 Dental microwear texture analysis. Photosimulations
comparing microwear on worn enamel surfaces of four related pairs of
species with differing diets. From top: Primates, howler monkey (folivore)
and capuchin monkey (hard-object feeder); Carnivora, giant panda
(bamboo eater) and black bear (omnivore); Carnivora, cheetah (meat eater)
and hyena (bone cruncher); Artiodactyla, gemsbok (grazer) and gerenuk
(browser). Tough-food eaters (left) have more anisotropic, striated surfaces
than hard-food eaters (right), which have more pitted surfaces. From
Ungar, P.S. 2015. Mammalian dental function and wear: a review. Bio-
surf. Biotrib. 1, 25—41.

Merceron et al. (2010) applied DMTA to the teeth of a
population of wild roe deer, Capreolus capreolus (Cervidae,
Ruminantia), in which date of death, sex, and stomach con-
tents were known. Dental microwear analysis in 78 of these
animals clearly recorded significant differences in individual
microwear patterns, which were correlated with known sea-
sonal variations probably due to fluctuations in availability of
fruits, seeds, and leaves. Sexual and seasonal differences were
also correlated with distinct energy requirements during pe-
riods of rutting, gestation, or giving birth.

Ranjitkar et al. (2017) applied DMTA to human tooth
wear and found high anisotropy on attrition surfaces but
high complexity on eroded surfaces.

Numerous further examples of the application of
DMTA are provided by Ungar (2015) and DeSantis (2016).
Many studies have combined wear analysis with stable
isotope measurements of dental hard tissues, a technique
that can detect differences in consumption of C3 and C4
plants.

Mesowear

Fortelius and Solounias (2000) devised a form of wear
analysis intended to evaluate the relative importance of
attrition and abrasion, which tend respectively to maintain
or degrade the functionality of the cutting edges of lophs on
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FIGURE 1.15 Plot of two dental microwear texture analysis variables (anisotropy vs. complexity) for a sample of antelopes. Different dietary categories
were partly sorted according to the combination of these two variables. Asfc, area-scale fractal complexity; epLsar, exact proportion of length-scale
anisotropy of relief. From Ungar, P.S. 2015. Mammalian dental function and wear: a review. Biosurf. Biotrib. 1, 25—41.

the molars of herbivores. This method, termed mesowear
analysis, originally scored cusp relief, as the height of a
buccal cusp above the neighboring valley, and cusp shape,
as sharp, rounded, or blunt. Cusp shape is a measure of the
relative extent of attrition (sharpness of cusp tip) and
abrasion (blunting of cusp tip). Mesowear analysis is
complementary to microwear analysis as it relates to long-
term use of the teeth rather than short-term use.

Cluster analysis of cusp relief and shape distinguished
between four groups of ungulates, grazers, graze-dominated
mixed feeders, browse-dominated mixed feeders, and
browsers, and 64 ungulate species were correctly classified
from mesowear characteristics (Fortelius and Solounias,
2000).

This method of mesowear analysis, and several subse-
quent variants (Solounias et al., 2014), has found extensive
application in studies of ungulate ecology and evolution.
The method has also been applied to marsupials (Butler
et al., 2014), proboscideans (Saarinen et al., 2015), and
lagomorphs and rodents (Ulbricht et al., 2015).

Like microwear analysis, mesowear analysis can be
applied to fossil material as well as to teeth of extant
mammals, and provides information that expands that ob-
tained from tooth morphology. For example, Mihlbachler
et al. (2011) applied the mesowear score in combination
with an index of hypsodonty to trace changes in diet during
the evolution of horses, from fruit-dominated browsing
through leaf-dominated browsing and mixed browsing—
grazing to grazing.
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Chapter 2

Mammalian Tooth Structure and

Function

INTRODUCTION

The purpose of this chapter is to review the dental hard
tissues and the tooth-support tissues, specifically in relation
to their role in the mammalian masticatory system. The
treatment of subjects is therefore very selective and we are
not aiming to present comprehensive reviews of each
tissue. For readers in search of such reviews, we suggest the
following. For a general review of dental tissues, Oksche
and Vollrath (1989), Berkovitz et al. (2017); for dentine,
Goldberg et al. (2011), and in our previous volume,
Berkovitz and Shellis (2017, Chapter 11); for enamel,
Boyde (1989); for periodontium, Berkovitz et al. (1995),
Bosshardt and Selvig (1997), Bartold and Narayanan
(1998), Bartold (2003), Nanci and Bosshardt (20006),
Yamamoto et al. (2016), Berkovitz et al. (2017).

DENTINE AND PULP

Dentine provides the foundation of all mammalian teeth; it
supports the enamel layer at the outer tooth surface and it
forms the roots, which anchor the tooth in the socket
(Fig. 1.1). The first aim of this section is to outline briefly
the structure of dentine and to describe the mechanical
properties that give dentine the necessary strength and
toughness to fulfill its support functions.

The dentine encloses the dental pulp, a vascular,
sensitive, soft connective tissue. The dentine and the dental
pulp together form a functional entity, the dentine—pulp
complex, which is sensitive to external stimuli and, in
response to wear or damage, can mount a variety of
defensive reactions. The second aim of this section is to
describe these defense processes.

Structure and Mechanical Properties of
Dentine

As Table 2.1 shows, dentine is a moderately hard miner-
alized tissue. The principal histological feature is the
presence of numerous fine tubules, 1—2.5 pm in diameter,
which radiate outward from the dental pulp (Fig. 2.1A).
They enclose cytoplasmic processes, which originate from
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dentine-forming cells (odontoblasts) during tooth formation
and which persist in the inner portion of the tubules of the
mature tooth.

Ninety percent of the organic matrix of dentine
consists of the fibrous protein collagen and the rest consists
of a variety of proteins, glycoproteins, proteoglycans,
and glycosaminoglycans. The collagen fibers are, before
mineralization, 20—70 nm in diameter. They form layers,
which are oriented at a small angle to the outer dentine
surface and approximately perpendicular to the dentinal
tubules. Within successive layers the collagen fiber
orientation changes, so that the overall pattern of collagen
fiber orientation is complex.

The mineral of dentine, accounting for about 50% of the
tissue volume, is in the form of poorly crystallized, small
platelet-shaped crystals (on average 3 nm thick and 30 nm
wide). About 20% of the crystals are located within collagen
fibers and are cooriented with them, while the extrafibrillar
crystals have a complex organization (Berkovitz and Shellis,
2017, their Chapter 10), such that crystals are oriented
in all directions in any given volume of dentine. The
dentinal tubules are surrounded by a hypermineralized
layer, known as peritubular dentine (Fig. 2.1B), that lacks
collagen.

The mechanical properties of dentine, such as the elastic
modulus, show relatively small variations with direction
(Kinney et al., 2003a). This is probably due to the complex
arrangement of collagen fibers and the high proportion
of crystals that are effectively randomly oriented. The
intrafibrillar crystals are responsible for much of the stiffness
of dentine: in the absence of these crystals, the overall
mineral content is reduced by about 5% and the elastic
modulus of hydrated dentine falls from 20.0 to 5.7 GPa
(Kinney et al., 2003b).

Dentine has a high fracture toughness (Table 2.1). It is
believed that the principal toughening mechanism is the
formation of bridges of unbroken filaments and collagen
fibers across the cracks behind the advancing crack tip
(Imbeni et al., 2003; Nalla et al., 2003; Nazari et al., 2009;
Ivancik and Arola, 2013). However, bridging is influenced
by the spacing and diameter of dentinal tubules; bridges are
larger and more numerous in outer dentine, where tubules

25


https://doi.org/10.1016/B978-0-12-802818-6.00002-8

26 The Teeth of Mammalian Vertebrates

TABLE 2.1 Composition of Mineralized Tissues of Human Teeth by Volume

Constituent Enamel Dentine Cementum

Mineral (% v/v) 91.4 48.0 43.3

Organic material (protein + lipid) (% v/v) 5.0 30.6 343

Water (% v/v) 3.4 21.4 24.2

Elastic modulus (GPa) 80—105 20-25 8.6—20.8"

Hardness (GPa) 3.4—4.6 0.5—1.0 0.48—1.1¢

Ultimate tensile strength (MPa) 12 (|)—42 (L)° 34—62" =

Fracture toughness (MPa m®-) 0.5—1.3" 1.97-2-3.4 (||) -
1.13-1.79 (L)°

Composition: values for enamel and dentine from Shellis et al. (2014); values for cementum calculated as for enamel and
dentine, using density data from Manly et al. (1939) and composition from Berkovitz et al. (2017). Information on mechanical

properties from Zhang et al. (2014) unless otherwise indicated.
?Angker and Swain (2006).
bGiannini et al. (2004).

“Data for notched/precracked specimens from Table 2 of Yan et al. (2009), plus data of Ivancik and Arola (2013): ||, cracks paral-
lel with the dentinal tubules or enamel prisms; L, cracks perpendicular to the dentinal tubules or enamel prisms.

are narrower and more widely spaced than in middle or
inner dentine (Ivancik and Arola, 2013). This is correlated
with a gradient in fatigue toughness from the outer dentine
(3.4 MPa) to the inner dentine (2.2 MPa) (Ivancik and
Arola, 2013) and in ultimate tensile strength (as measured
with cracks traveling perpendicular to the tubules) from 62
to 34 MPa (Giannini et al. (2004)). The fracture toughness
varies significantly with direction. As shown in Table 2.1,
the toughness is lower against cracks parallel with the
collagen fiber direction (perpendicular to the tubules) than
against cracks traveling perpendicular to the fibers (parallel
with the tubules) (Nalla et al., 2003). It thus seems that
cracks traveling between layers of fibers are less likely
to be bridged than cracks traveling across the layers.
Fracture toughness decreases with age, possibly because of
increasing deposition of peritubular dentine (Nazari et al.,
2009).

The Dentine—Pulp Complex

The dental pulp is a vascular connective tissue at the center
of the tooth. Its outer surface consists of a layer of odon-
toblasts, which secrete dentine actively during tooth for-
mation and more slowly in the erupted tooth. The pulp
serves several important functions. When wear or damage
opens the outer ends of dentinal tubules, the dentine and
pulp are exposed to osmotic, thermal, or bacterial chal-
lenges. These stimuli elicit defensive responses by the pulp,
which help to maintain tooth function.

Pulp Sensitivity

Osmotic, thermal, or mechanical stimuli can induce the
sensation of pain. It is presumed that the function of this

response is to modify eating behavior, which may spare the
affected tooth and allows time for repair to take place
(Hildebrand et al., 1995). There is much evidence that the
odontoblasts act as nociceptors and communicate with
pulpal nerves by cell-signaling molecules (Magloire et al.,
2010; Bleicher, 2014).

Inflammation of the Pulp

Penetration of bacterial antigens into the pulp via tubules
opened by external damage results in an inflammatory
response. This involves immune defense cells, nerves,
odontoblasts, and blood vessels and a complex system of
cell signaling (Hahn and Liewehr, 2007; Caviedes-Bucheli
et al., 2008; Magloire et al., 2010).

Tertiary Dentine Formation

In the erupted, functional tooth, the odontoblasts remain
viable and continue throughout life to secrete a form of
regular dentine known as secondary dentine, which nar-
rows the pulp chamber. Inflammation caused by exposure
of tubules at the occlusal surface can stimulate the forma-
tion of tertiary dentine: a form of dentine with irregular
structure, which seals the inner ends of the dentinal tubules
and hence prevents, or slows down, infection of the pulp.
Mild inflammation releases cell-signaling molecules that
stimulate the activity of existing odontoblasts to form
reactive tertiary dentine (Cooper et al., 2010). Such
molecules can also be released from the matrix of damaged
dentine (Smith et al., 2012). With continuing wear at the
occlusal surface, the tertiary dentine is exposed and starts to
function in processing food. The formation of reactive
tertiary dentine is especially important for the dentition of



FIGURE 2.1 (A) Ground transverse section of molar from a rabbit
(Placentalia, Lagomorpha, Oryctolagus cuniculus), showing dentine
tubules. Near the center (left), the tubules are cut transversely, so appear as
small circles. Near the margin of the tooth (right), the tubules are cut
obliquely or longitudinally. Original image width = 420 pm. (B) Dentine
tubules at the surface of fractured human root dentine. The tubule at the
top is bordered by peritubular dentine, which has a smoother, flatter
appearance than the rougher intertubular dentine. Original image
width = 40 pm. (A) Courtesy RCS Tomes Slide Collection. Cat. no. 1236.

grazing mammals. Because these animals process large
amounts of food and also take in abrasive grit with the
food, the rate of dental abrasion is high and the ability of
the pulp to compensate continually for wear over long
periods is essential (Chapter 3).

Rapid or intense inflammation resulting from more se-
vere stimuli tends to kill odontoblasts, but cytokines asso-
ciated with the inflammatory process can stimulate stem
cells within the pulp to differentiate into new odontoblasts,
which deposit reparative tertiary dentine at the site of
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injury (Cooper et al., 2010). However, there is a fine bal-
ance between the destructive and the regenerative effects of
severe inflammation, and the formation of reparative
dentine can fail.

ENAMEL

Structural Organization

Enamel is more highly mineralized than dentine, so it is
harder and more rigid. However, its fracture toughness and
ultimate tensile strength are lower than those of dentine
(Table 2.1). Unlike that of dentine, the organic matrix is not
fibrous but consists of a mixture of proteins that are a
residue of the matrix in which mineralization occurs during
tooth formation. For reviews of enamel formation and
matrix proteins, see Robinson et al. (1995), Moradian-
Oldak (2013).

Enamel mineral is in the form of well-crystallized hy-
droxyapatite crystals, which are much larger than those of
dentine (25 nm thick, 70 nm wide, and indefinitely long). A
large proportion of the mineral is organized into bundles
(prisms or rods) about 5 um in diameter (Fig. 2.2). Prisms
are separated by interprismatic enamel, in which the
crystal orientation differs significantly from that within the
prisms. Where the prism abuts on the interprismatic
enamel, at the prism boundary or prism sheath, there is
an abrupt change in crystal orientation, causing an
increased porosity and hence a raised concentration of
matrix protein (Fig. 2.2). Prismatic enamel has been
observed in one reptile, but otherwise occurs exclusively in
the synapsid/cynodont-mammal lineage (Wood and Stern,
1997).

In humans and probably other mammals, the mineral
content of enamel decreases from the surface to the
enamel—dentine junction (EDJ). This is accompanied by a
fall in hardness and elastic modulus (Cuy et al., 2002; Park
et al., 2007). The surface enamel often consists of closely
packed crystals oriented perpendicular to the surface, with
no prism structure (Fig. 2.3). In some mammalian teeth,
especially rodent incisors and the teeth of soricine shrews,
the outer enamel appears red (Figs. 2.4, and 2.7B) because
of the presence of a high concentration of iron, up to 8%
w/w (Dumont et al., 2014), in the form of nanosized ferric
oxide particles (Heap et al., 1983; Dumont et al., 2014). It
has been suggested, e.g., by Janis and Fortelius (1988) and
Strait and Smith (2006), that the iron may increase enamel
hardness. However, the available evidence indicates that
this is not the case, although the precise role of iron in
enamel is so far unknown (Dumont et al., 2014). Hardness
data for iron-pigmented and unpigmented enamel are pro-
vided in Table 3.1.

Dentinal tubules extend up to 25 pm into the enamel as
club-shaped structures, up to 8 pm diameter, known as
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FIGURE 2.2 Diagram showing the three main prism patterns found in mammalian enamel. Left to right: patterns 1, 2, and 3. Top row: prism shapes and
packing as seen in tangential surfaces in the enamel. The direction of the occlusal surface is upward. In pattern 1, the prism boundaries are complete and
circular and the prisms are arranged in an alternating array. In pattern 2, the prism boundaries are incomplete (horseshoe shaped) and prisms are aligned in
rows, usually separated by interrow sheets, although the sheets may be absent. In pattern 3, the prism boundaries are incomplete and horseshoe shaped,
and the prisms are arranged in an alternating array. Four variants are shown: (a) pattern 3 (or 3a), typical of hominoid primates; (b) pattern 3b, seen in Old
World monkeys; (c) pattern 3c, seen in prosimians (note the progressive increase in completeness of the prism boundary from a to c¢); (d) “ginkgo” pattern,
seen in proboscideans. Bottom row: stylized diagrams indicating patterns of orientation of crystals in the enamel. In pattern 2, crystals in interrow sheets
oblique or perpendicular to those in prisms. Frontal plane of blocks in bottom row indicated by dashed lines in top row images. S, direction of outer enamel
surface; O, direction of occlusal surface. Based on Boyde, A., 1967. The development of enamel structure. Proc. R. Soc. Med. 60, 923—928; Hamilton,
W.J., Judd, G., Ansell, G.S., 1973. Ultrastructure of human enamel specimens prepared by ion micromilling. J. Dent. Res. 52, 703—710; Wakita, M.,
Tsuchiya, H., Gunji, T., Kobayashi, S., 1981. Three-dimensional structure of Tomes’ processes and enamel prism formation in the kitten. Arch. Histol.
Jap. 44, 285—297; Hanaizumi, Y., Maeda, T., Takano, Y., 1996. Three-dimensional arrangement of enamel prisms and their relation to the formation of
Hunter—Schreger bands in dog tooth. Cell Tissue Res. 286, 103—114.

FIGURE 2.3 (A) Scanning electron micrograph of polished and lightly etched longitudinal section of human enamel, showing a layer of aprismatic
enamel (a) of even thickness overlying prismatic enamel (b). Original magnification x63. (B) Similarly prepared SEM of human enamel, showing surface
layer of aprismatic enamel with uneven thickness (arrow). Original magnification x63. (A) and (B) courtesy Dr. D.K. Whittaker. From Berkovitz, B.K.B.,
Holland, G.R., Moxham, B.J., 2017. Oral Anatomy, Histology and Embryology, fifth ed. Elsevier, London.



FIGURE 2.4 Ground longitudinal section of a mandibular incisor of a
squirrel (Placentalia, Rodentia, Muridae, Sciurus sp.). In the inner two-
thirds of the enamel, the prisms are oriented at right angles to the
enamel—dentine junction and at about 45 degrees toward the tip of the
incisor in the outer enamel. The enamel surface is rich in iron and
pigmented red. Original image width =420 um. Courtesy RCS Tomes
Slide Collection. Cat. no. 1034.

FIGURE 2.5 Brown bear (Placentalia, Carnivora, Ursidae, Ursus
arctos). Enamel spindles (arrowed) projecting from the dentine (Den) into
the enamel (En). Original image width = 1.05 mm. Courtesy RCS Tomes
Slide Collection. Cat. no. 1269.

enamel spindles (Fig. 2.5). However, in all marsupials
(except for the wombat) and some placentals, enamel
tubules, about 0.2 um in diameter, extend from the EDJ
toward the outer surface (Fig. 2.6). In marsupials, each
tubule is, at least initially, occupied by a membrane-bound
process containing fine, longitudinally oriented filaments
(Lester et al., 1987; Kozawa et al., 1998). Each process
originates from one ameloblast and is “paid out” as the
enamel thickens. Some enamel tubule processes are initi-
ated in relation to the tip of an odontoblast process in the
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FIGURE 2.6 Tubular enamel in the bettong (kangaroo rat) (Marsupialia,
Diprotodontia, Potoroidae, Bettongia penicillata). Note the continuity
between enamel and dentine tubules at the enamel—dentine junction.
Enamel center; dentine lower right. Original image width =420 pm.
Courtesy RCS Tomes Slide Collection. Cat. no. 706.

inner enamel, so the tubules appear continuous with
dentinal tubules. Enamel tubules are located within prisms
or at prism boundaries.

Enamel tubules occur in a number of placental mam-
mals. From the literature; from slides in the Tomes
Collection, Royal College of Surgeons Odontological
Museum; and from our own material, enamel tubules have
been identified in the hyrax (Procavia capensis)
(Fig. 2.7A), an elephant shrew (Macroscelides sp.)
(Afrotheria), red-toothed shrews (Sorex spp., Neomys sp.)
(Fig. 2.7B) and possibly the European mole (Talpa euro-
paea) among Eulipotyphla, the greater false vampire bat
(Megaderma lyra) among Chiroptera, and the ruffed lemur
(Varecia variegata) (Fig. 2.7C), sifaka (Propithecus sp.),
slow loris (Nycticebus sp.), and at least one marmoset
among Primates. Among placentals, tubules tend to be
sparser and are often confined to the inner half of the
enamel. The mechanical or other function of enamel
tubules is unknown.

Mammalian enamel structure has several levels of or-
ganization, defined by von Koenigswald and Sander
(1997a) as follows, with slight modifications of terminol-
ogy: (1) the prism pattern (prism type), defined by the
cross-sectional shape and mode of packing of the prisms
(Fig. 2.2); (2) the enamel type, defined by the course and
interrelationships of the prisms within a region of the
enamel; and (3) Schmelzmuster (= enamel pattern in
English), which is the regional distribution of enamel types
within a tooth. At a higher level still, there may exist var-
iations within the Schmelzmuster between the teeth within
a dentition. The Schmelzmuster varies between mammals.
While the variations have some taxonomic value, they are
mainly of interest in relation to function.
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FIGURE 2.7 Tubular enamel in placental mammals. (A) Hyrax (Hyra-
coidea, Procaviidae, Procavia capensis). Original image width = 1.05 mm.
(B) Pygmy shrew (Eulipotyphla, Soricidae, Sorex minutus): the outer half of
the enamel layer lacks prisms and tubules and contains iron pigment.
Original image width =420 pm. (C) Ruffed lemur (Primates, Lemuridae,
Varecia variegata). Original image width = 570 um. Den, dentine; En,
enamel. (A) Courtesy RCS Tomes Slide Collection. Cat. no. 804. (B)
Courtesy RCS Tomes Slide Collection. Cat. no. 1374.

Prism Pattern

As shown in Fig. 2.2, three basic prism patterns can be
differentiated on the basis of cross-sectional shapes, the
details of crystal organization, and the packing of prisms.
In some species there is exclusively one prism pattern, but
in others, while one pattern is predominant, there may be a
mixture of different prism patterns. For instance, among
prosimian primates the enamel is usually a mixture of
pattern 3c and pattern 1. The individual shape of enamel
prisms can vary: pattern 3 prisms are rounded in primates
but may be almost oblong in elephants (‘ginkgo’ pattern;
Fig. 2.2). In the enamel of Old World monkeys and dogs,
there is a marked tendency for prisms to form rows (pattern
2) as well as alternating arrays (pattern 3).

Enamel Type

In the simplest enamel type, prisms are straight and ar-
ranged in parallel (Fig. 2.8A): this is described as radial or
tangential enamel, depending on the prism orientation
relative to the enamel surface. However, prisms usually
deviate from a direct course and also show at least some
curvature. In variants of the radial enamel type, the prisms
curve in the cervical direction in synchrony. In some spe-
cies, e.g., the West European hedgehog (Erinaceus euro-
paeus) and the large tree shrew (Tupaia tana), the prisms
follow a regular, cervically directed curve between the EDJ
and the enamel surface (Fig. 2.8B). In others, e.g., the
European mole (7. europaea), the prisms have a straight,
occlusally directed course in the inner enamel and then
change direction abruptly to run cervically (Fig. 2.8C.
Regular variations in the inclination or curvature from place
to place result in prisms crossing over one another
(decussation), usually in a regular fashion. In longitudinal
section, decussating prisms form Hunter—Schreger bands
(HSBs) (Figs. 2.9 and 2.10), which run at an angle to the
EDJ and frequently follow a curving path. Proceeding in an
occlusocervical direction, successive bands present profiles
of prisms sectioned in different planes. Many mammals,
such as primates and carnivores, have multiserial enamel,
in which the HSBs are wide, up to 20 prisms across
(Fig. 2.9A—C). In rodents, which have pattern 2 prisms,
uniserial (Fig. 2.10) or pauciserial enamel, in which the
bands are respectively only one or a few prisms wide, is
found as well as multiserial enamel. In uniserial and pau-
ciserial enamel, the prisms are straight and form thin layers
inclined toward the incisal edge. The prisms in alternate
layers cross one another at about 90 degrees, as in plywood
(Fig. 2.10A, C, and D). In multiserial enamel, which may
be based on pattern 2 or pattern 3 prisms, the prisms are
curved, and successive HSBs are not sharply demarcated
from one another, because prisms pass between the HSBs
and so show gradual changes in orientation at the bound-
aries between bands and also across the width of each band.
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FIGURE 2.8 Radial enamel and variants. (A) Gray-headed flying fox
(Placentalia, Chiroptera, Pteropodidae, Pteropus poliocephalus). Longitu-
dinal ground section of molar. Radial enamel, with straight, parallel
prisms. Original image width = 420 um. (B) Large tree shrew (Tupaia
tana), section in polarized light: curved, parallel prisms (cervical to right).
Original image width = 570 pm; (C) European mole (Talpa europaea):
bent prisms (cervical to left). Original image width = 570 um. (A) Cour-
tesy RCS Tomes Slide Collection. Cat. no. 1398.
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FIGURE 2.9 Hunter—Schreger bands (HSBs) in longitudinal ground
sections of molars. (A) Grivet (Placentalia, Primates, Cercopithecidae,
Chlorocebus aethiops). Inner two-thirds enamel with HSBs: note the
difference in prism direction between alternating HSBs (the outer enamel has
a radial structure). Dentine at bottom right. Original image width = 370 um.
(B) Domestic cat (Placentalia, Carnivora, Felidae, Felis cattus). In this
species, as in many other Carnivora, the HSBs extend through almost the full
thickness of the enamel. Original image width = 1.05 mm. (C) Hyena
(Placentalia, Carnivora, Hyaenidae, species unknown). Zigzag HSBs.
Original image width=2.11mm. (A) Courtesy RCS Tomes Slide
Collection. Cat. no. 1501. (B) Courtesy RCS Tomes Slide Collection. Cat.
no. 1350. (C) Courtesy RCS Tomes Slide Collection. Cat. no. 1319.
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FIGURE 2.10 Uniserial enamel in rodent incisors. (A) Longitudinal ground section of incisor of the brown rat (Placentalia, Rodentia, Muridae, Rattus
norvegicus). In the inner three-quarters of the enamel, prisms slope at about 45 degrees in the direction of the incisal edge (left), while in the outer quarter
the slope is more acute. Approximate planes of section in (C) and (D) are indicated. Original image width = 210 pm. (B) Transverse section of incisor of
chinchilla rat (Placentalia, Rodentia, Abrocomidae, species unknown). The inner four-fifths of the enamel consists of uniserial enamel, and the criss-
crossing of alternate layers is clearly visible. The outer fifth of the enamel has a radial structure. Original image width = 420 um. (C) Scanning electron
micrograph of fracture surface across rat incisor, which has subsequently been etched. In the inner three-quarters of the enamel, the fracture has exposed
layers of prisms oriented at about 45 degrees to the enamel—dentine junction but in opposite directions in alternate layers, so that they cross one another at
approximately 90 degrees. In the outer quarter, the prisms are fractured transversely and appear as rows of cross sections separated by interrow sheets.
Original image width = 190 um. (D) Scanning electron micrograph of transverse section of rat incisor, which has been polished and lightly etched. Outer
tooth surface at lower right. In the inner enamel, oppositely oriented prisms are in alternate rows. In the outer enamel, the interrow sheets are prominent
because they have been more lightly etched, whereas the prisms have been shortened and few are visible. Original image width = 110 pm. (A) Courtesy
RCS Tomes Slide Collection. Cat. no. 1034. (B) Courtesy Royal College of Surgeons. Tomes Slide Collection. Cat. no. 1163.

HSBs in multiserial enamel are usually oriented
approximately horizontally (transverse to the tooth long
axis) (Fig. 2.9A and B) and encircle the crown, following
an undulating course. The undulations of the bands are
especially pronounced in Carnivora. The wave form in
many species is not sinusoidal but acute-angled or even
zigzag and reflects a complex three-dimensional pattern of
folding (Fig. 2.9C). In the molars of rhinoceroses, HSBs are

vertical, with bands of occlusally oriented prisms alter-
nating with bands of cervically oriented prisms (Rensberger
and von Koenigswald, 1980; Boyde and Fortelius, 1986).
Finally, in irregular enamel, prisms decussate, but not in a
regularly repeating pattern, so they are not organized into
definite bands.

Prism decussation is a feature of the inner enamel. In
most species, HSBs, when present, tend to extend outward



for one-third to three-quarters of the enamel thickness
(Figs. 2.9A and 2.10A,B), but may also extend nearly the
full thickness of the enamel, as in a number of Carnivora
(Fig. 2.9B), but it seems that the outer enamel usually has a
radial structure, as in Figs. 2.9A and 2.10A,B.

Schmelzmuster

The Schmelzmuster is defined by the ensemble of enamel
types and their disposition within the enamel layer. There is
a great variety among mammals, as described in Chapters
4—15. The enamel layer may contain only one enamel type,
but in most cases one or more enamel types are represented
and occupy specific sites within the layer. The reader is
referred to von Koenigswald and Sander (1997b), von
Koenigswald (2004), and Maas and Dumont (1999) for
further information.

Enamel Structure and Biomechanics

The main threats to enamel integrity are posed by abrasion
and fracture (Rensberger, 1997; Maas and Dumont, 1999).
Because of its high mineral content, enamel is prone to
brittle fracture, but is much tougher than hydroxyapatite
mineral (White et al., 2001), possibly because of the pres-
ence of residual matrix protein, which is intimately asso-
ciated with the mineral crystals (Baldassarri et al., 2008; He
and Swain, 2008). Another major contribution to increasing
enamel toughness is the organization of the crystals in a
prismatic structure. Adaptations to resist abrasion and
minimize the risk of fracture involve appropriate variations
in prism arrangement.

Wear

The major factor in the wear resistance of a tooth surface is
the orientation of the prisms to the surface (Rensberger,
1997; Maas and Dumont, 1999). Cross-sectioned prisms
are significantly more resistant than interprismatic enamel
or longitudinally sectioned prisms (Jeng et al., 2011). Thus,
maximum wear resistance occurs when the prisms are
aligned with the abrasive force (Boyde and Fortelius, 1986;
Rensberger, 1997). On the leading edges of enamel ridges,
the prisms intersect the surface at a relatively small angle, a
structure that resists wear that would otherwise result in
rounding of the edge and hence loss of cutting efficiency
(Crompton et al., 1994; Rensberger, 1997). On the trailing
edges the prism arrangement may be a compromise be-
tween resisting fracture and resisting abrasion (Rensberger,
1997).

Fracture

The complex patterns of stresses and strains within the
enamel layer set up by mastication (Benazzi et al., 2011)
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could potentially induce fractures leading to tooth failure.
Studies on human teeth suggest that the structure of enamel
limits crack propagation, so that many cracks can exist
within the tissue but do not progress. In many mammals
(including humans), the outer layer consists of radial
enamel and the inner layer contains HSBs, as in Fig. 2.9A.
This Schmelzmuster seems to be adapted to resisting the
propagation of cracks emanating from the outer surface.

Spears et al. (1993) suggested that if enamel is stiffer
along the axes of the prisms than across the prisms, then
stresses set up by occlusal loads will be diverted toward the
EDJ rather than toward the cervical enamel. Crack pro-
gression from the outer surface is influenced by properties
of the enamel at several scales. It is well established that
cracks form much more easily at prism boundaries than
through the prism bodies, probably because of the raised
content of protein. Consequently, cracks will tend to run
inward through the outer, radial enamel, toward the EDIJ.

The first line of defense against such cracks is at the
interface between the outer radial and the inner HSB
enamel. Mechanically, HSB enamel can be defined as a
“helical” structure (Naleway et al., 2015), i.e., one in which
“fibrous” elements (here, enamel prisms) change direction
at different levels of the structure. Helical structures derive
their toughness from the frequent change in direction of
interfaces, which absorb crack energy and hence make
propagation of cracks more difficult. It has been recognized
for a long time that such ‘“crack stopper” mechanisms
operate in enamel: first, through the change in crystal
orientation at prism boundaries and, second, through the
changes in prism orientation within decussating enamel
(Shellis and Poole, 1977; Rensberger, 1997). Other
toughening mechanisms include crack bridging, by organic
matrix and by ligaments of unbroken enamel, and micro-
cracking at prism boundaries ahead of the crack tip (Bajaj
and Arola, 2009; Yahyazadehfara et al., 2013). Together,
these mechanisms significantly increase the fracture
toughness against inward-traveling cracks of the inner
enamel compared with that of the outer enamel, from 1.47
to 1.96 MPa m®? (Yahyazadehfara et al., 2013). Because of
the less perfect packing of the prisms, the inner enamel has
a raised organic content. This reduces the elastic modulus
and hardness and has been reported to introduce plastic
deformation (Bechtle et al., 2010) and reversible creep
deformation, which may reduce stress concentrations
within the inner enamel (Zhao et al., 2013).

The second line of defense against inwardly progressing
cracks is the enamel-dentine junction (EDJ), the interface
between the inner enamel and the outer mantle dentine.
The latter has several distinctive properties. Compared with
bulk, or circumpulpal dentine, the tubules at the EDJ are
finer, have a thinner layer of peritubular dentine, and are
more widely spaced; a greater proportion of the constituent
collagen fibers are oriented perpendicular to the EDJ; the
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mineral content is lower; and the hardness and elastic
modulus are lower (Imbeni et al., 2005; Zaslansky et al.,
2006; Brauer et al., 2011). Cracks rarely penetrate farther
than the outer few micrometers of the mantle dentine, and
cracking at the EDJ itself is rare (Imbeni et al., 2005;
Bechtle et al., 2010). The EDJ can be characterized at
several scales (Marshall et al., 2003). The obvious histo-
logical feature of the junction is a pattern of scallops,
25—100 pm wide, with the concavities facing the enamel
(Fig. 2.11A and B). The scalloping is particularly evident
beneath cusps and incisal edges, whereas the EDIJ is
smoother on the lateral surfaces of the crown. This may be

(B)

FIGURE 2.11 Enamel—dentine junction in human teeth. (A) Scanning
electron micrograph of dentine surface at the enamel—dentine junction,
following removal of enamel by demineralization. The dentine at this site
shows a series of concavities. Original magnification x400. (B) Scalloped
appearance of the enamel-dentine junction beneath the cusp of a tooth in
longitudinal ground section. Original magnification x60. (A) Courtesy of
Dr. B.G.H. Levers. Both (A) and (B) from Berkovitz, B.K.B., Holland,
G.R., Moxham, B.J., 2017. Oral Anatomy, Histology and Embryology, fifth
ed. Elsevier, London.

correlated with the compressive or shearing forces to which
the different regions of the EDJ are exposed. At higher
magnification, microscallops 2—5 pm in size form a second
order of structure. At a third nanostructural level of orga-
nization, enamel and dentine interdigitate: the ends of
radially oriented mineralized collagen fibers from the
dentine are intimately mingled with the innermost crystals
of enamel (Fig. 2.12). The functional width of the EDJ, i.e.,
the width of the transition in mechanical properties from
enamel to dentine, varies with the method of measurement:
from 15 to 25 um for the interdigitated layer (Fong et al.,
2000) to 12 um for nanoindentation to about 2 um for
nanoscratching in the atomic force microscope (Marshall
et al., 2003).

The EDJ is regarded as a graded structure (Naleway
et al., 2015), which derives its strength from the changes in
mechanical properties encountered by a crack as it traverses
the structure. The EDJ, through the intimate association
between components of the dentine and enamel, provides
good mechanical coupling between the two tissues (Fong
et al., 2000). At the microscopic level, EDJ specimens
preferentially fail within the enamel and, consequently,
have an ultimate tensile strength similar to that of enamel
but lower than that of the outer dentine (Giannini et al.,
2004). At the nanolevel, the flexural strength of the EDJ
(0.74 GPa) was found to be lower than that of enamel
(0.87 GPa) but higher than that of dentine (0.31 GPa)
(Chen et al., 2011). There have been a number of sugges-
tions as to the functional role of the EDJ. Zaslansky et al.
(2006) showed that the mantle dentine is more easily
deformable than either the enamel or the circumpulpal
dentine and suggested that it acts as a cushioning layer
between the two. Because the elastic modulus of the mantle
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FIGURE 2.12 Transmission electron micrograph, showing enamel (A)
and dentine (B) crystallites at the enamel—dentine junction (arrow). Note
the larger size of the enamel crystallites. Original magnification x 18,000.
Courtesy of Professor H.N. Newman. From Berkovitz, B.K.B., Holland,
G.R., Moxham, B.J., 2017. Oral Anatomy, Histology and Embryology, fifth
ed. Elsevier, London.



dentine is lower than that of enamel, there is an abrupt fall
in stress intensity at the tip of a crack crossing the EDJ, so
that the crack is arrested (Tesch et al., 2001; Imbeni et al.,
2005; Bechtle et al., 2010).

It has been suggested that the principal failure mecha-
nism of enamel is that transverse stresses set up by occlusal
loads initiate cracks at the cervical margin, which then
travel toward the cusp tips (Chai et al., 2009; Lee et al.,
2009), leading eventually to failure of the crown. Cracks
appeared to originate in enamel tufts (hypomineralized
developmental features at the EDJ). The evidence outlined
previously suggests that, while initial outward extension of
cracks would be slow, because of prism decussation in the
inner enamel and through acquisition of exogenous organic
material (Chai et al., 2009), subsequent extension through
the outer enamel would require less energy and cracks
would tend to become unstable and would accelerate (Bajaj
and Arola, 2009; Bechtle et al., 2010). The hypothesis of
outwardly growing cracks originating at the cervical margin
was based on very simple mechanical models in which a
single cusp was cemented to a base and loaded axially.
Only a few tooth uses, such as cracking of hard, resistant
nuts by some primates (Kay, 1981) or crushing of bones
between the cheek teeth of hyenas (Ewer, 1973), would
resemble this type of loading. However, even in such sit-
uations, the stresses within the teeth are moderated by
deformation of the periodontal ligament and alveolar
bone, while the application of force is governed by sensory
feedback. Computer modeling of chewing shows that
stresses in the cervical region of the crown are much lower
during the power stroke than in simple axial loading, and
that tensile stresses are localized in fissures (Benazzi et al.,
2011). Moreover, cervical stresses are considerably reduced
by occlusal wear (Benazzi et al., 2013). Therefore, it is
likely that the formation of cracks at the cervical margin
may be more important in relation to occasional high-
impact episodes or to long-term accumulation of damage
to human teeth, which experience anomalously low levels
of wear (Benazzi et al., 2013).

Human enamel, the subject of the studies cited earlier,
has pattern 3 prisms. Comparative studies of fracture
behavior under compression suggested that the pattern 2
prisms of pig enamel, which has a similar Schmelzmuster,
but with pattern 2 prisms, are better able to withstand
tensile stresses in multiple directions (Popowics et al.,
2001, 2004). Further comparisons of different prism pat-
terns would be valuable.

Enamel Thickness

As a mammalian tooth has to last for much of the lifetime
of an individual, the enamel is much thicker than in non-
mammalian vertebrates, where it is usually no more than
tens of micrometers thick. In human molars, the enamel
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over the cusps can be up to 2.5 mm thick. There have been
a number of measurements of average enamel thickness,
exclusively on primate molars (Kay, 1981; Martin, 1985;
Shellis et al., 1998; Kono, 2004; Olejniczak et al., 2008).
These have revealed that some taxa have unusually thin
enamel (e.g., Gorilla), whereas others have unusually thick
enamel, e.g., Homo, Sapajus [previously Cebus] apella),
and efforts to relate these features to diet have been made.
For instance, it has been proposed that thick enamel would
improve resistance to compressive stresses and so could be
an adaptation to a diet containing hard objects, which
require high resistance to fracture (Kay, 1981; Dumont,
1995; Popowics et al., 2001; Kono, 2004; Lucas et al.,
2008). Greater thickness might also extend the functional
life of the enamel in abrasive diets, which require pro-
longed resistance to wear (Shellis et al., 1998; Kono, 2004;
Lucas et al., 2008).

It is likely that the average thickness of pristine molars
is a metric of limited value by itself. The functional role of
enamel will be affected by variations in thickness over the
crown and by crown topography (Kono, 2004; Lucas et al.,
2008), and also by the Schmelzmuster (Maas and Dumont,
1999). Certain features of the crown surface, such as
grooves, fissures, and the cingulum, may strongly influence
stress distribution at the occlusal surface (Lucas et al.,
2008; Benazzi et al., 2011). The distribution and magnitude
of stresses during molar function change as the teeth wear
(Benazzi et al., 2013). Finally, the molars cannot be
considered in isolation, and the role of the anterior teeth in
food processing has to be taken into account (Martin et al.,
2003). Therefore, the detailed role of enamel thickness in
tooth function awaits elucidation, which will probably
involve the combination of microtomographic measure-
ments and biomechanical modeling.

CEMENTUM

Cementum is a layer of mineralized tissue that forms the
outer layer of the roots and also the inner layer of the
periodontium: the complex of tooth-supporting tissues,
consisting of the cementum, periodontal ligament (PDL)
alveolar bone, and gingiva. Most of the detailed studies
have been undertaken on human cementum (Berkovitz
et al., 2017), but there is no evidence for major interspecific
differences.

Cementum covers the root dentine surface of all teeth,
where its main function is to provide attachment to collagen
fibers of the PDL. Like the PDL and alveolar bone (Diep
et al., 2009), cementum is formed by mesenchymal cells
derived from the dental follicle (Diekwisch, 2001;
Yamamoto et al., 2016).

In herbivores, coronal cementum also covers the tooth
crown: it fills the spaces between tall cusps and lamellae
and thus consolidates crown structures. The layer is thicker
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FIGURE 2.13 Ground longitudinal section of human tooth, showing
acellular cementum directly overlying root dentin (at bottom of field).
original image width ~ 2 mm.

in perissodactyls (Fig. 12.4) than in artiodactyls or lago-
morphs. The formation of coronal cementum in perisso-
dactyls is described by Sahara (2014). Like dentine,
cementum wears faster than enamel, so the presence of the
three tissues at the occlusal surface of molars maintains
relief that is essential for grinding plant material and, on
incisors, maintains sharp cutting edges.

Cementum has, on average, a slightly lower mineral
content than dentine and a lower elastic modulus but similar
hardness (Table 2.1). However, there is extensive variation
in mineral content and, presumably, of the physical prop-
erties, within the layer. The organic matrix contains about
90% collagen, together with a variety of glycoproteins,
proteoglycans, and glycosaminoglycans, some of which are
shared with bone and dentine and some, e.g., cementum
attachment protein, are found only in cementum.

Cementum may lack or contain cells (acellular and
cellular cementum). The cells within cementum are derived
from cementoblasts, which lay down cementum at the

FIGURE 2.14 Developing cellular cementum in 1-week-old brown rat
(Rattus norvegicus). Principal fibers of the periodontal ligament (arrow-
heads) run between cementoblasts and insert into the cementum as extrinsic
fibers. The majority of cells in the periodontal ligament are fibroblasts. Cb,
cementoblast; Cc, cementocyte; D, dentine; PDL, periodontal ligament.
Original image width = 600 pm. Courtesy Professor A.S. Tucker.

interface with the PDL (Fig. 2.14). Cementoblasts that are
trapped in the forming cementum become quiescent or
inactive cementocytes and occupy lacunae within the
cementum (Figs. 2.15—2.16). They possess fine cell
processes, which are often directed toward the outer, peri-
odontal surface. The fibers of cementum have two orien-
tations (Fig. 2.19B). Radially oriented or extrinsic fibers
are formed by PDL cells and are incorporated within the
cementum: they mediate attachment of the PDL to the
tooth. Intrinsic fibers are laid down by the cementoblasts

A
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FIGURE 2.15 (A) Thick layer of cellular cementum on a side of a tooth
root of the Virginia opossum (Marsupialia, Didelphimorphia, Didelphidae,
Didelphis virginiana). The outer cementum (top) consists entirely of
cellular mixed-fiber cementum. In the thick inner cementum, layers of
mixed-fiber cementum, containing oblique Sharpey fibers, alternate with
layers without Sharpey fibers (asterisks), which presumably consist of
cellular intrinsic-fiber cementum. Original image width = 1.05 mm. (B)
Thick layer of cellular cementum at the root apex of a tooth of a quoll
(Marsupialia, Dasyuromorpha, Dasyuridae, Dasyurus sp.). Original image
width = 4.3 mm. Cem, cementum; Den, dentine. (A) Courtesy RCS Tomes
Slide Collection. Cat. no. 731. (B) Courtesy RCS Tomes Slide Collection.
Cat. no. 722.



FIGURE 2.16 Apical region of the root of a genet (Placentalia,
Carnivora, Viverridae, Genetta sp.), showing increase in thickness of the
cellular cementum toward the apex. On the left side of the root, cellular
cementum appears to overlie a thin layer of acellular cementum (arrow),
which tapers off toward the apex, whereas on the right the cellular
cementum overlies root dentine directly. Original image width = 1.47 mm.
Courtesy RCS Tomes Slide Collection. Cat. no. 1326.
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themselves and are oriented tangentially to the tooth surface
and so intersect the intrinsic fibers at right angles. They are
structural and play no role in tooth support. This difference
in collagen fiber orientation produces a different appear-
ance when viewed between crossed polars and helps
distinguish the two tissues microscopically (Fig. 2.19B).
Both types of fiber are mineralized.

Traditionally, cementum was classified into two forms:
primary, or acellular cementum (Fig. 2.13), and secondary,
or cellular cementum (Fig. 2.15—2.16 and 2.19). The terms
“primary” and “secondary” indicate that these types are the
first-formed and later-formed layers, respectively, and are
useful terms. However, it has become clear that “acellular”
and “cellular” are inadequate unless the fiber orientation is
also taken into account (Jones, 1981; Yamamoto et al.,
2016), and the classification has been revised accordingly.
The following scheme aims to correlate the older binary
classification, relying solely on the presence or absence of
cells, with the modern classification.

Primary cementum is laid down directly on the root
surface. It consists of acellular extrinsic-fiber cementum,
in which the fibers are radially oriented, closely packed,
and not well separated (Fig. 2.13). This type of cementum
is formed as a fringe of fibers, which are laid down by fi-
broblasts of the PDL and at the inner surface are intimately
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FIGURE 2.17 (A) Transverse section of the mandible of a colugo (Placentalia, Dermoptera, Cynocephalidae, probably Cynocephalus volans). Ground
section of a methacrylate-infiltrated specimen, showing the apical portion of a molar root. The root, including the apex, is covered by a thin layer of
acellular cementum, and cellular cementum is absent. Original image width = 2.38 mm. (B) Transverse section of the mandible of an African giant shrew
(Placentalia, Eulipotyphla, Soricidae, Crocidura olivieri). Ground section of a methacrylate-infiltrated specimen, showing the apical portion of a molar
root. Very thin layer of acellular cementum on the sides of the root, with a bulbous mass of cellular mixed-fiber cementum at the apex. Beneath the tooth is
a fenestra in the thin bone roof of the inferior dental canal. Original image width = 950 pm. (B) From Shellis, R.P., 1982. Comparative anatonty of tooth
attachment. In: Berkovitz, B.K.B., Moxham, B.J., Newman, H.N. (Eds.), The Periodontal Ligament in Health and Disease. Pergamon Press, Oxford, pp.

3—25. Courtesy Elsevier.
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FIGURE 2.18 Cementum on continuously growing incisors of rodents.
Transverse ground section of an incisor of a ground squirrel (Spermophilus
sp.), showing a thin layer of acellular cementum (AcCem) covering most of
the surface, where enamel (En) is absent. Original image width = 2.1 mm.
Courtesy RCS Tomes Slide Collection. Cat. no. 988.

associated with fibers of the outer dentine. These fibers
eventually become continuous with principal fibers of the
PDL. The matrix between the extrinsic fibers may be
contributed by cementoblasts.

Secondary cementum either overlies primary
cementum (Fig. 2.16) or is deposited directly on the root
dentine (Figs. 2.15—2.16 and 2.19). In humans, and in
many other mammals, secondary cementum consists of
between one and three types of cementum, which may be
laid down as alternating lamellae (e.g., Fig. 2.15):

e Cellular intrinsic-fiber cementum consists of inter-
woven intrinsic fibers oriented tangential to the surface.
Extrinsic fibers are sparse or absent, so this type of
cementum plays little or no part in tooth attachment.

e Cellular mixed-fiber cementum (Fig. 2.19) is often the
major component of secondary cementum. It is
composed of both extrinsic and intrinsic collagen fibers.
In contrast to acellular cementum, the extrinsic fibers
form discrete bundles (Sharpey fibers), which are
continuous with principal fibers of the PDL. These are
embedded in intrinsic fibers, which interweave between
the extrinsic fibers. The proportions of the two types of
fibers vary.

e Acellular intrinsic-fiber cementum, which lacks cells
and in which the arrangement of fibers is similar to
that in its cellular counterpart, sometimes forms a minor
part of the secondary cementum.

There are also other forms of cementum:

e Acellular afibrillar cementum occurs as a thin layer
overlying the cementum—enamel junction and contains
neither cells nor mineralized collagen fibers.

FIGURE 2.19 Cementum—dentine junction of a tusk (incisor) of an
Asian elephant (Elephas maximus) in longitudinal ground section.
Cementum to right. (A) Ordinary light. (B) Polarized light. Cellular
cementum overlies dentine without an intervening layer of acellular
cementum. In polarized light, both extrinsic fibers (running left to
right) and intrinsic fibers (running top to bottom) are visible. Note the
changes in orientation of the extrinsic (Sharpey) fibers. Original image
width = 1.5 mm.

e Intermediate cementum was originally described as a
layer between dentine and cementum. However, the ex-
istence of the layer, and its nature, has given rise to
considerable controversy; most likely, this tissue is a
component of the dentine (Yamamoto et al., 2016).

In humans, and also in other large or medium-sized
mammals, primary acellular cementum covers 40%—70%
of the more cervical portion of the root, while secondary
cellular cementum covers primary acellular cementum in
the cervical region and directly covers the root dentine in
the apical region of the root. In small mammals, acellular
cementum seems to be predominant in mediating the
attachment of the periodontal fibers to the root surface.



FIGURE 2.20 Demineralized section, stained with hematoxylin and
eosin, of periodontal ligament, showing general distribution of tissues in a
rat molar (1 week of age). Note the increase in the thickness of the cellular
cementum toward the apex. White arrows indicate the cementum—dentine

junction, which has a reduced fiber density. Original image
width = 3.6 mm. AB, alveolar bone; BV, blood vessels; Cb, cementoblasts;
Cm, cementum; D, dentine; DP, dental pulp; Oc, osteoclasts, lying in
concavities in the bone surface (Howship’s lacunae); PDL, periodontal
ligament. Courtesy Professor A.S. Tucker.

Sometimes only this type of cementum is present at the root
surface (Fig. 2.17A), while in other cases, some cellular
mixed-fiber cementum is also present but is confined to the
root apex of the cheek teeth, often as a bulbous mass
(Fig. 2.17B).

On continuously growing incisors, cementum covers
those surfaces from which enamel is absent (Fig. 2.18). The
structure of the cementum layer depends largely on tooth
size. Smaller incisors, like those of rodents and lago-
morphs, tend to have a simple layer of acellular extrinsic-
fiber cementum (Fig. 2.18), whereas the massive tusks of
the walrus, narwhal, and elephant are covered with cellular
mixed-fiber cementum, which is often very thick and
multilayered (Fig. 2.19).

It is widely believed that at the cementum—dentine
junction, fibers from the two tissues intermingle and, when
mineralized, produce a firm bond (Bosshardt and Selvig,
1997). However, there are reports that the junction is
characterized by a lower collagen fibril content than the
adjoining hard tissues, a raised glycoprotein content, and
hydrophilic properties (Yamamoto, 1986, Yamamoto et al.,
1999; Ho et al., 2004). Such a junction is visible in the
mouse root shown in Fig. 2.20. The width of this layer was
reported as 1—3 pm by Yamamoto et al. and 10—40 pm by
Ho et al. The discrepancy has not been explained but may
be due to differences in the microscopical methods used.
Yamamoto et al. (1999) suggested that the layer acted as an
adhesive between dentine and cementum. However, Ho
et al. (2004) thought that, because the junction has a lower
elastic modulus than either cementum or dentine, it would
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act as a cushioning layer and redistribute stresses when the
tooth was loaded.

Cementum is similar in chemical composition and
physical properties to bone but differs from it in several
important respects: it is avascular, is not innervated, and has
very limited abilities to remodel. Although it is not
remodeled like bone, in the sense that it is resorbed and
redeposited in relation to growth, cementum does respond
to environmental stimuli (Bosshardt and Selvig, 1997).

First, like dentine, cementum can be laid down
throughout the life of a tooth. Deposition of secondary
cementum allows continual adjustment and reattachment of
the PDL fibers at its surface. This adapts the tooth to
changing functional requirements and tooth movement. For
instance, slow, continuing eruption of the tooth is accom-
panied by the deposition of secondary cementum around
the root apex, and it is in this area that the cementum layer
reaches its greatest thickness (Fig. 2.15B), whereas
cementum is thinnest cervically (in humans cementum is 10
to 15 um cervically but can be 200 pm or more thick at the
root tip). Cellular intrinsic-fiber cementum is often laid
down in adaptation to growth because it can be formed
relatively quickly (Yamamoto et al., 2016). In thick layers
of cementum, changes in the orientation of the extrinsic
fibers throughout the layer (Fig. 2.19) mark remodeling of
the PDL fibers in response to changes in tooth position
during the life of the tooth.

Second, cementum repairs small areas of the root that
have suffered resorption induced by infection, disease,
trauma, or prolonged compression, by filling the resorption
lacunae. The reparative tissue consists of acellular
extrinsic-fiber cementum or cellular intrinsic-fiber
cementum (Yamamoto et al., 2016).

There have been reports that the epithelial root sheath
cells secrete enamel-related proteins, particularly amelo-
genin, into the matrix of the initially formed cementum, and
it was suggested that the enamel-related proteins may
participate in epithelial-mesenchymal interactions or in
mineralization (Hammarstrom (1997). However, extensive
investigations by Diekwisch (2001) failed to confirm the
presence of amelogenin and it was concluded that there is
no evidence for this protein having a role in cementum
formation.

PERIODONTAL LIGAMENT (PDL)

In all mammals, the roots of the teeth are embedded in
sockets (alveoli) in the jawbones, to which they are
attached by the PDL, a fibrous joint or gomphosis. The
PDL is a dense, unmineralized, fibrous, connective tissue,
about 200 um in width. Attachment of the roots to the
socket wall is mediated by collagen fiber bundles, which
are embedded at one end into the alveolar bone and at the
other into the layer of cementum at the root surfaces
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FIGURE 2.21 (A) Demineralized cross section of an in situ tooth of a
dog (Placentalia, Carnivora, Canidae, Canis lupus familiaris), showing the
richly vascular periodontal ligament lying between the tooth (lower right)
and the alveolar bone (upper left). The alveolar bone surface is lined by a
layer of osteoblasts (arrowheads), while the surface of the tooth is lined by
a layer of cementoblasts (arrows). The majority of cells in the periodontal
ligament are fibroblasts. Hematoxylin and eosin. Original image width
~350 pm. (B) The insertion of human periodontal fibers into alveolar
bone (A) and cementum (B). The horizontal lines in the bone and
cementum are Sharpey fibers, which are larger and less numerous at the
bone surface. Demineralized section, stained with aldehyde fuchsin and
van Gieson. Original magnification x250. (A) Courtesy Mr. S. Franey. (B)
From Berkovitz, B.K.B., Holland, G.R., Moxham, B.J., 2017. Oral Anat-
omy, Histology and Embryology, fifth ed. Elsevier, London; Fig. 12.19.

(Fig. 2.21B). Crocodilian reptiles also possess roots sup-
ported in a periodontium. However, crocodilian teeth are
continually replaced and the sockets are persistent, whereas
in mammals the sockets of deciduous teeth disappear after
the teeth are shed and permanent teeth develop in new
sockets.

Like other soft connective tissues, the PDL consists of a
stroma of fibers and ground substance containing cells,
blood vessels, and nerves.

Extracellular Matrix

Ninety percent of the fibers consist of fibrillar collagens
type I, type III, and type V, which account for, respectively,
about 75%, 20%, and 5% of the collagen (Kaku and
Yamauchi, 2014). Reticulin fibers, another variety of

collagen, are associated with blood vessels and groups of
residual epithelial cells. The abundance of type III collagen
is unusually high. It is not localized to any specific region
of the PDL but is covalently linked to type I collagen
throughout the tissue. Its function is not clear, although
it is associated in other tissues (e.g., granulation tissues and
fetal connective tissue) with rapid turnover. There are, in
addition to these types of collagen, smaller concentrations
of types IV, VI, XII, and XIV collagens, the functions of
which are unknown. However, experimental loss of one
type of collagen can produce a disruption in the three-
dimensional arrangement of the collagen network.

Individual collagen fibril diameters range from 20 to
70 nm. Most fibrils are gathered together in bundles, termed
principal fibers, approximately 5 um in diameter. The
principal fibers cross the periodontal space, branching en
route, and anastomosing with other fibers to form a com-
plex three-dimensional network. The terminal portions of
the principal fibers form the Sharpey fibers embedded into
cementum and alveolar bone (Figs. 2.21 and 2.22). There
are fewer but larger Sharpey fibers at the alveolar bone
surface (Fig. 2.21B). The principal fibers show different
orientations between tooth and alveolus in different regions
of the PDL (Figs. 2.23—2.25). Dentoalveolar crest fibers
run obliquely between the neck of the tooth and the crest of
the alveolus; horizontal fibers occur slightly further down
the root (Fig. 2.24); oblique fibers form the largest group of
fibers and connect most of the length of the root to the
socket wall (Figs. 2.23 and 2.25); apical fibers are located
at the root tip; interradicular fibers occur in multirooted
teeth and connect the inner surfaces of each root to the
crests of bone separating the roots. It has been usual to
ascribe specific functions to each group of principal fibers:
for example, oblique fibers form a suspensory ligament,
which translates pressure on the tooth into tensional forces
on the alveolar wall. However, no physiological evidence
exists to support such a concept (Moxham and Berkovitz,
1995a).

Collagen turns over within the PDL more quickly than
in virtually all other connective tissues (half-life
3—23 days). The rate appears to vary along the length of
the tooth and is highest toward the root apex, but is rela-
tively even across the width of the PDL. The reason for the
rapid turnover is not known. Turnover rate is not related to
functional demands, since it is the same under normal and
reduced masticatory loads, nor to tooth movement, as it is
the same in rapidly erupting teeth as in fully erupted teeth.

Depending upon the species, the PDL also contains
either oxytalan fibers (probably immature elastin fibers) or,
in some mammals, e.g., herbivores, elastin fibers. Oxytalan
fibers are anchored in the cementum and course out into the
PDL in various directions, but are rarely incorporated into
bone. The functions of the oxytalan and elastin fibers
remain unknown.
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FIGURE 2.22 (A) Electron micrograph of human collagen fibrils within a principal fiber of the rat periodontal ligament sectioned longitudinally. The
fibrils display the banding characteristics of collagen. The fiber bundle is inserted into alveolar bone (left margin) as a Sharpey fiber. Original
magnification x 16,000. (B) Electron micrograph of transversely sectioned collagen fibrils from the periodontal ligament of a rat (Ratfus norvegicus). Original
magnification x 100,000. The fibrils have a narrow distribution of diameters (in the rat, modal diameter = 42 nm, while in the human PDL the mean diameter
is 50 nm). From Berkovitz, B.K.B., Holland, G.R., Moxham, B.J., 2017. Oral Anatomy, Histology and Embryology, fifth ed. Elsevier, London.
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FIGURE 2.24 The dentoalveolar crest fibers (A) and the horizontal fibers

FIGURE 2.23 The orientation of the principal fibers of the periodontal (B) of the periodontal ligament of the ferret (Placentalia, Carnivora,

ligament seen in a longitudinal section of a human multirooted tooth: 7, Mustelidae, Mustela putorius furo). Decalcified, longitudinal section

dentoalveolar crest fibers; 2, horizontal fibers; 3, oblique fibers; 4, apical through the ligament in the region of the alveolar crest, aldehyde fuchsin

fibers; 5, interradicular fibers. From Berkovit;, B.K.B., Holland, G.R., and van Gieson. Original magnification x80. From Berkovitz, B.K.B.,

Moxham, B.J., 2017. Oral Anatomy, Histology and Embryology, fifth ed. Holland, G.R., Moxham, B.J., 2017. Oral Anatomy, Histology and
Embryology, fifth ed. Elsevier, London.

Elsevier, London.
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FIGURE 2.25 The oblique fibers (A) of the periodontal ligament of the
ferret (Mustela putorius furo). Decalcified, longitudinal section, aldehyde
fuchsin and van Gieson. Original magnification x80. From Berkovitz,
B.K.B., Holland, G.R., Moxham, B.J., 2017. Oral Anatomy, Histology and
Embryology, fifth ed. Elsevier, London.

The collagen fibers are embedded in a ground substance
consisting mainly of glycosaminoglycans, proteoglycans,
and glycoproteins (Embery et al., 1995). Important pro-
teoglycans are proteodermatan sulfate and a proteoglycan
(PG1) containing chondroitin sulfate/dermatan sulfate hy-
brids. Fibronectin and tenascin are important glycoproteins
also present. The ground substance of the PDL is thought to
have many important functions, such as ion and water
binding and exchange, control of collagen fibrillogenesis,
and fiber orientation.

Blood Vessels and Nerves

The PDL is well vascularized: 10%—30% of the tissue is
occupied by blood vessels (Foong and Sims, 1999)
(Fig. 2.21A). There is a complex system of capillary
plexuses and arteriovenous anastomoses. The capillaries
show numerous fenestrations (Moxham et al., 1985a),
which may be correlated with high tissue fluid pressure in
the PDL (10 mm Hg above atmospheric pressure).

The PDL is richly supplied with sensory and autonomic
nerve fibers, both myelinated and unmyelinated. The sen-
sory modalities concerned are pain (associated with free
nerve endings) and mechanoreception (associated with
Ruffini-type endings), which allow reflex control of
mastication (Linden et al., 1995; Trulsson, 2006; Tiirker
et al., 2007). In addition, the nerves release numerous
neuropeptides, such as substance P, vasoactive intestinal

peptide, and calcitonin gene-related peptide. Such sub-
stances have widespread effects on blood vessels and may
be involved in the homeostasis of the tissue.

Cells

There is a high cell density in the PDL (Figs. 2.24 and
2.20—2.21), which exceeds that in most other connective
tissues, such as tendons and dermis. The predominant cell
type is the fibroblast (Fig. 2.26), but defense cells, stem cells,
osteoblasts, and osteoclasts are also present. The fibroblasts
are responsible for the synthesis of collagen (Fig. 2.26).
They also degrade collagen intracellularly. Collagen appears
to be enclosed in vesicles following phagocytosis and
degraded by lysosomal enzymes (Cho and Garant, 2003)
(Fig. 2.27). Osteoblasts and cementoblasts occur at sites of
bone or cementum formation. Alveolar bone turns over and,
as part of this process, there is resorption of bone by
multinuclear osteoclasts (Fig. 2.20). Localized regions of
cementum may be resorbed by osteoclast-like cells in
response to an injurious stimulus and subsequently repaired
by deposition of reparative cementum. Stem cells, located in
the perivascular regions, replenish the populations of fibro-
blasts, osteoblasts, and cementoblasts. Usually, the rate of
cell generation (mitotic index) is modest (0.5%—3%). A
higher level has been found in the central region, where the
cell density is lowest. It is not known whether fibroblasts,
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FIGURE 2.26 Transmission electron micrograph of a periodontal
fibroblast from the molar tooth of a rat (Rattus norvegicus). The cytoplasm
contains the intracellular organelles associated with protein synthesis:
rough endoplasmic reticulum, Golgi apparatus, and vesicles. Original
magnification x4000. From Berkovitz, B.K.B., Holland, G.R., Moxham,
B.J., 2017. Oral Anatomy, Histology and Embryology, fifth ed. Elsevier,
London.



FIGURE 2.27 Electron micrograph of a fibroblast from the periodontal
ligament of the incisor of a sheep, showing the presence of an intracellular
collagen profile (arrowed) indicative of intracellular collagen phagocy-
tosis.. Original image width = 2.5 um. From Berkovitz, B.K.B., Shore,
R.C., 1995. Cells of the periodontal ligament. In: Berkovitz, B.K.B.,
Moxham, B.J., Newman, H.N. (Eds.), The Periodontal Ligament in Health
and Disease, second ed. Mosby-Wolfe, London, pp 9—33.

cementoblasts, and osteoblasts all arise from a common
precursor or whether each cell type has its own specific
precursor cell.

The adult PDL contains a network of epithelial cells
close to the cementum. These “epithelial rests” are derived
from the developmental epithelial root sheath responsible
for the formation of the root. They are surrounded by a
basal lamina, united by desmosomes, and contain cyto-
keratin filaments (Fig. 2.28). Their function is unknown
(for review: Maheaswari et al., 2014).

The PDL may be specialized, as it differs in many re-
spects from other adult soft fibrous connective tissues, but it
has much in common with fetal connective tissues. Features
suggesting that the PDL retains fetal characteristics include:
high collagen turnover rate; significant quantities of type III
collagen; relatively thin collagen fibrils; expression of
fibronectin; high cellularity, with abundant intercellular
contacts; and D-glucuronate-rich proteoglycans (Moxham
et al., 1985b).

The periodontium operates as a functional unit that of-
fers many advantages for the mammalian masticatory sys-
tem compared with other types of tooth support:

1. In most nonmammalian vertebrates, tooth attachment
either is rigid and unyielding or is flexible and allows
lateral movement of the tip. In the first case, stress is
not well dissipated away from the tooth, and in the
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FIGURE 2.28 Light mic
periodontal ligament showing strong positivity (dark brown staining) for
cytokeratin 13. Streptavidin—biotin immunoperoxidase, counterstained
with hematoxylin. Original image width =200 um. From Berkovitz,
B.K.B., Whatling, R., Barrett, AW., Omar, S., 1997. The structure of
bovine periodontal ligament with special reference to the epithelial cell
rests. J. Periodontol. 68, 905—913.

second, the functional surface of the tooth is displaced
by occlusal load. Both effects would be detrimental to
the functioning of mammalian teeth. In contrast, loca-
tion of the roots within sockets limits lateral movement
of the tooth during function and provides a confined
space within which the PDL allows slight movement
during mastication and acts as a shock absorber by
dissipating the powerful masticatory forces and
restoring the tooth to its original position following
occlusal loading. The blood vessels, collagen fibers,
and ground substance all appear to play a role in the
mechanical properties of the PDL, which has been
described as a poroelastic/viscoelastic material (Moxham
and Berkovitz, 1995a; Jonsdéttir et al., 2006). Upon
loading, there is an initial rapid, large displacement,
which could be due to fluid displacement or to
tensioning of the collagen fibers. If the load persists,
the PDL continues to deform slowly by viscoelastic
creep (Jonsdottir et al., 2006).

2. Mammalian teeth are capable of vertical movement
(eruption), lateral movement, and rotation (tilting)
throughout life. The nature of the driving force behind
these movements is as yet unresolved but is believed
to be generated within the PDL (Moxham and
Berkovitz, 1995b).
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Both the PDL and the alveolar bone are capable of
remodeling in response to changes in the forces acting
on the tooth (McCulloch et al., 2000; Saffar et al.,
1997; Kaku and Yamauchi, 2014). Continuing eruption
can compensate for loss of tooth height as a result of
enamel abrasion and attrition at the occlusal surface.
Forward or backward movement of the teeth, known
as mesial drift or distal drift (Moxham and Berkovitz,
1995b; Gomes Rodrigues et al., 2012), depends on the
remodeling of alveolar bone, which is resorbed at one
side of the tooth socket and deposited at the opposite
side. Mesial drift compensates for wear at the contact
points between adjacent teeth and thus maintains close
approximation of teeth within the tooth row. An
example of the importance of this phenomenon is pro-
vided by the human dentition. In humans with an abra-
sive diet, interdental wear and mesial drift shorten the
tooth row by up to 3 mm, thereby creating room for
the later eruption of the third permanent molars.
When the diet is soft, as in many modern human soci-
eties, the lack of interdental wear increases the preva-
lence of impacted third molars (Kaidonis, 2008).

3. The presence of mechanoreceptors in the PDL, together
with those in other regions of the mouth, such as the
gums, cheeks, and temporomandibular joint, allows
fine reflex control of mastication (Linden et al., 1995;
Trulsson, 2006; Tiirker et al., 2007). Application of
excessive force, with the attendant risk of tooth fracture,
can therefore be minimized. It has further been sug-
gested that the periodontal mechanoreceptors are an in-
tegral component of a neuromuscular reflex system that
maintains a constant chewing cycle length, even when
the physical properties of the food vary. This enables
a high chewing frequency to be achieved and hence a
raised intake of food (Ross et al., 2007).
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Chapter 3

Herbivory

INTRODUCTION

Plants provide a wide variety of foodstuffs: nectar, sap,
flowers, seeds, fruits, nuts, leaves, stems, bark, and un-
derground storage organs such as tubers. Many mammals
consume plant material as a part of their diet: for instance,
omnivores take more easily digestible plant products, such
as flowers, young shoots, and softer fruits, along with
animal foods. More specialized feeders feed predominantly
on particular plant products, such as grass, nectar, sap, or
fruits. This chapter is devoted to the factors that influence
the dentitions of herbivores, that is, mammals with a diet
in which leaves and herbaceous plants predominate
(Eisenberg, 1978).

Mammals include a much higher proportion of herbi-
vores than any other vertebrate class. Among extant
mammals, six orders of placentals are exclusively herbiv-
orous and a further six orders, plus the marsupials, include
herbivorous species (Janis and Fortelius, 1988). An esti-
mated 23% of mammals can be considered herbivores
(Eisenberg, 1978), compared with 1% of lizards (Cooper
and Vitt, 2002). Herbivores encounter a number of distinct
problems and, as these are common to several orders of
mammals, they are described here as a background to the
separate descriptive chapters.

Herbivores tend to be larger than insectivores. Insects
have a relatively high nutritional value but, as body mass
increases, the net energy yield decreases because of greatly
increased energetic costs of hunting prey. As body mass
increases, the mass-specific metabolic rate decreases, so, at
a certain mass, it becomes profitable to include plant parts
in the diet because of the relatively low energy
requirements of obtaining food, even though the nutritional
value is less than that of animal prey (Pough, 1973; Kay
and Hylander, 1978). There is a lower limit on the size of
herbivores, which is that at which plant material cannot
supply enough nutrients to meet metabolic requirements. It
has been suggested, mainly from observations of primates
(Kay and Hylander, 1978), that there exists a body mass
cutoff at 500—700 g, which separates insectivores from
folivores. However, Hogue and ZiaShakeri (2010) found
considerable overlap in the ranges of body mass among
marsupials. The range for insectivores (>50% of diet being
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insects) was 15—1277 g and that for folivores (>50% of
diet being leaves) was 152—10,000 g.

Leaves are an abundant food source and are less subject
to seasonality than other plant parts. However, the nutri-
tional content of leaves is significantly lower than that of
animal prey, particularly with respect to fat and protein, and
the nutrients are less accessible. The readily digestible
constituents are located within the cells and are released
only after the cellulose cell walls have been disrupted.
Furthermore, most plant carbohydrate is in the form of
cellulose, which makes up not only the cell walls, but also
the ribs and veins that support the leaf structure. To break
down the cellulose-based structure in preparation for
digestion requires blades, in the form of enamel lophs and
crests (Chapter 1 and Lucas, 2004). The arrangement and
use of lophs and crests on ungulate molars are described in
detail by Fortelius (1985) and in the following chapters.
The density of crests on low-crowned molars of primates
and marsupials increases according to the proportion of
leaves in the diet (Kay, 1975; Hogue and ZiaShakri, 2010).

To derive nutrition from the cellulose, it must ultimately
be broken down by a symbiotic bacterial gut flora that
produces cellulase, an enzyme lacking in all mammals. The
process of cellulose digestion is very slow in herbivores,
and symbiotic bacteria are located within enlarged parts of
the gut, which constitute fermentation chambers that can
also accommodate large quantities of forage in the process
of digestion. In foregut fermenters, the stomach is
enlarged and may be subdivided into a number of cham-
bers, while in hindgut fermenters, cellulose is broken
down in an enlarged cecum. In both groups, the length of
the small intestine is much greater than in omnivores or
animalivores. The mode of cellulose digestion has impli-
cations for mastication (Sanson, 2006).

Hindgut fermenters obtain most of their nutrition
directly from the plant tissue, so they need a dentition that
reduces the food to small particles for maximum extraction
of nutrients. The breakdown of cellulose in the cecum
releases fatty acids, which are absorbed and used as an
energy source. In large hindgut fermenters, the remaining
nutrients in the cecum are lost in the feces but some small
forms, such as lagomorphs and many rodents, reingest
feces from the first passage of the gut and residual nutrients
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are then extracted by a second passage through the gut
(Chapter 7).

In foregut fermenters, cellulose breakdown begins
immediately after swallowing. The symbiotic bacteria
utilize cell contents as well as the cellulose, so nutrients
such as simple sugars are not available directly to the
herbivore, which obtains energy from the fatty acid end-
products of cellulose hydrolysis and nitrogen by digestion
of the bacteria. Nonruminant foregut fermenters, like
hindgut fermenters, must reduce their food extensively
before swallowing. Ruminants, on the other hand, regur-
gitate partly digested food and chew it further, then
swallow it again and continue the digestive process. The
food that is ingested initially must not have too small a
particle size, as it would then pass through filters between
the stomach chambers and would not be fully exposed to
the initial stage of digestion. Thus, ruminants require a
dentition that can produce relatively large particles of fresh
food but is also capable of comminuting the regurgitated
bolus to small particles. Ruminant digestion is more
efficient than hindgut fermentation (about 80% vs. 50%)
but the passage of food through the gut is much longer
(Duncan et al., 1990). Therefore, hindgut fermenters can
take in food at a higher rate than ruminants of the same size
and competition between medium-sized members of these
two groups of herbivores depends on the food available
(Duncan et al., 1990).

Plants mount several forms of defense against herbi-
vores. Chemical defenses consist of secondary metabolites,
such as terpenes and polyphenols (for review, see Mazid
et al., 2011), which are distasteful to mammals and hence
likely to reduce palatability. Some, such as polyphenols,
also interfere with digestion by binding to enzymes. The
concentrations of these defensive substances are lower in
grasses than in herbaceous plants or leaves of trees and
shrubs (Clauss et al., 2008). Mammals can, to some extent,
counter these effects. By adjusting the pattern of eating,
e.g., by taking leaves from a variety of plants; by limiting
meal size; or by extending the intervals between meals, they
can avoid ingesting toxic quantities of secondary metabo-
lites (Torregrossa and Dearing, 2009). Polyphenols can be
partially inactivated by binding to specific salivary proteins
(McArthur et al., 1995; Naurato et al., 1999). However, the
defensive substances are ultimately removed only when
they are broken down in the gut (Parra, 1978).

Many animals eat clay (geophagy). One function of
geophagy may be to counteract plant toxins, by detoxi-
fying unpalatable and noxious compounds, alleviating
gastrointestinal upsets or reducing hyperacidity in the
digestive tract. Alternatively, the activity may simply
supplement the body with minerals. The precise purpose of
geophagy is, however, unknown (for review, see Slamova
et al., 2011).

Physical defenses of plants are of two kinds. The stems
of many dicotyledonous plants are covered with external
defenses in the form of spines, thorns, hooks, and hairs.
According to Cooper and Owen-Smith (1986), these
structures do not prevent herbivores from feeding. How-
ever, bite size and biting rate are reduced, so smaller
amounts of foliage are lost by plants.

The leaves of many plants contain particles of silica
(phytoliths), which provide mechanical support and
constitute an internal defense against herbivores. Silica is
most abundant in leaves of grasses and palms, but high
concentrations are also present in some non-
monocotyledons (Prychid et al., 2004; Hodson et al., 2005).
These particles are often hard and may have prickly or
angular morphologies (Prychid et al., 2004; Rudall et al.,
2014), which are likely to affect palatability. The deterrent
effect against grazing seems to be greater against small
herbivores (such as rodents) but smaller against large her-
bivores (such as sheep), whose feeding preferences may
therefore be relatively insensitive to the silica content of
forage plants (Hartley and DeGabriel, 2016; Stromberg
et al., 2016). Silica also appears to reduce digestibility,
possibly by protecting cell walls from rupture (Hartley and
DeGabriel, 2016). It is not, however, clear that the roles of
silica in leaf support and defense against herbivores are
adaptive (Stromberg et al., 2016).

As phytoliths are relatively hard, they potentially
contribute to tooth wear, a subject discussed later in this
chapter, in connection with grazing herbivores.

ARBOREAL HERBIVORES

Eisenberg (1978) calculated that about 20% of herbivores
live in trees. This estimate includes species spending >50%
of their time in the trees and consuming a range of diets in
which the proportion of plant material varies from 30%
—40% to 100%. The range of body size is restricted:
head + body length varies between 100 and 1000 mm
(Eisenberg, 1978) and mass between 1 and 13—15kg
(Coley and Barone, 1996). At the lower limit, a diet of
leaves is just adequate to support the energetic needs of a
small animal and, at the upper limit, there are problems of
the weight-bearing capacity of tree branches.

The arboreal herbivores include members of Pha-
langeridae, Phascolarctidae, Petauridae, and Macropodidae,
among diprotodont marsupials, and members of the der-
mopterans, rodents, xenarthrans, hyraxes, and carnivorans
among placentals. Not surprisingly, therefore, they show a
wide range of dentitions and tooth form, although the teeth
possess in various forms the blades needed to process
leaves (Lucas, 2004, and Chapter 1). The lack of speciali-
zations may reflect the fact that arboreal folivores prefer
young leaves, which are less fibrous than older leaves and



thus easier to process. A disadvantage of eating young
leaves is that the content of some chemical defense sub-
stances, such as terpenes and polyphenols, may be higher
than in mature leaves (Coley and Barone, 1996).

Some arboreal herbivores, notably the tree sloths,
which depend wholly on leaves, have particularly low
metabolic rates, poor thermal regulation, and a slow,
sedentary way of life. Whether this is related to the low
nutrient content of the diet, a relatively low muscle mass, or
the accumulation of plant secondary metabolites is not
known (McNab, 1978).

TERRESTRIAL HERBIVORES

The evolution of the mammals during the Cenozoic was
heavily influenced by climatic change. During the Paleo-
cene the planet was warm, temperature gradients were
small, and tropical forests were dominant. The global
temperature reached a peak around the Paleocene/Eocene
boundary and then declined during the rest of the Tertiary.
As the climate became cooler, it also became dryer. This
resulted in shrinkage of forests and the spread of open
forests, savannah, and open grassland, which now occupy
about 40% of the earth’s surface. From small, nocturnal
animals, mammals diversified into numerous lineages
occupying all ecological niches (Prothero, 2006). Herbi-
vores inhabiting ‘“closed” forest woodland habitats and
feeding primarily on leaves of trees and shrubs, are classed
as browsers. As more ‘“open” forests, which include
patches of grassland between wooded areas, and finally
extensive savannah and grasslands appeared, the feeding
habits of herbivores diversified. Grazers are adapted to
feeding on grass, while mixed feeders exploit both leaves
and grass, usually switching between types of vegetation
according to seasonal fluctuations in abundance. Hofmann
(1989) distinguished between concentrate selectors, grass
and roughage eaters, and intermediate feeders. These
correspond approximately to browsers, grazers, and mixed
feeders, but Hofmann’s classification emphasizes the
nutrient content of the diet and the digestive physiology.
Concentrate selectors require foods with high levels of
readily accessible nutrients because their ability to digest
fiber is limited, while grass and roughage eaters are able to
exploit fiber-rich foods because their digestive system is
capable of efficient fermentation of cellulose. Intermediate
feeders are opportunists that eat fiber-rich vegetation when
higher quality food is not available.

Size has a strong influence on the diet of terrestrial
herbivores, because the gut volume is proportional to size,
while the metabolic rate scales with body mass to the power
0.75, so that the mass-specific metabolic rate decreases with
size (Parra, 1978; Sanson, 2006). Consequently, large
herbivores can subsist on poorer-quality forage, containing
more fiber, than can small herbivores. Small herbivores
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must consume plant material with lower fiber content, from
which nutrients can be extracted simply by breaking cell
walls, to satisfy their metabolic requirements (Sanson,
2006; Codron et al., 2007).

Tooth Wear

While ingestion of plant toxins can have ill effects on
arboreal herbivores, the main problem facing terrestrial
herbivores is accelerated wear of the teeth.

The role of the fibrous components of plants is probably
small. Microwear observations suggested that plant fibers
(ground soybean hulls) are too soft to scratch enamel and
hence to cause wear (Covert and Kay, 1981; Kay and
Covert, 1983). On the other hand, Miiller et al. (2014,
2015) observed some increases in the wear rate of rabbit
and guinea pig teeth when the fiber content of the diet was
increased by replacing lucerne pellets with grass pellets
supplemented by rice hulls. Feeding on hay tended to
increase incisor wear, suggesting that wear is increased by
herbage with high fiber content that requires more pro-
longed nibbling. It was assumed that incisor wear caused
by eating hay was due to the phytoliths deposited within the
leaves.

Phytoliths associated with grass plants were once
believed to be the main cause of tooth wear (McNaughton
et al., 1985), but, in recent years, the view that phytoliths
have a minor role in wear has prevailed. This is in part due
to the finding that not all phytoliths are as hard as was
suggested by early measurements (Baker et al., 1959), so
they will wear the enamel less or not at all (Sanson et al.,
2007; Lucas et al., 2013). While some phytoliths are
soft (e.g., hardness 0.56—1.07 GPa; Sanson et al., 2007,
Lucas et al., 2014), the hardness of others approaches or
exceeds that of ungulate enamel, which appears to be
2.54—4.3 GPa (Table 3.1) (e.g., hardness 2.56—5.86 GPa;
Baker et al., 1959; Lucas et al., 2013, 2014). Lucas et al.
(2013) argued that the scratch marks made by phytoliths
simply produce buildup of enamel around the scratch and
hence would not cause wear. However, further exposure
of the surface to continued abrasion would remove the
displaced enamel, and that would constitute wear
(Rabenold, 2017). Moreover, the phytoliths used in the
experiments of Lucas et al. (2013) (see their Fig. 3) came
from squash and have a mean hardness of only 0.89 GPa,
so their results show that even soft phytoliths can scratch
enamel. Harder phytoliths would cause more damage; Xia
et al. (2015) showed that silica with an estimated hardness
of 5.7 GPa (greater than that of ungulate enamel) dis-
lodges particles of enamel when dragged across enamel
surfaces, and hence causes wear. Enamel particles
dislodged in this way can themselves act as abrasive
particles, as they do in attrition (Kaidonis et al., 1998;
Eisenburger and Addy, 2002). Rabenold (2017) drew
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TABLE 3.1 Comparison of Hardness of Enamel Among Mammals

Order Species H, GPa Reference
Eulipotyphla Blarina brevicauda Uu27,P37 Dumont et al. (2014)
Sorex araneus U 6.71, P 4.97 Soderlund et al. (1992)
Sorex minutus U 5.00, P 4.99 Soderlund et al. (1992)
Crocidura russula U 5.55-5.63 Soderlund et al. (1992)
Lagomorpha Oryctolagus cuniculus® 2.4 Nazir et al. (2015)
Rodentia Rattus norvegicus" 2.31 Ozbek et al. (2014)
Rattus rattus’ 2.65—3.52 Currey and Abeysekara (2003)
Primates Homo sapiens 4.0—4.88 Lee et al. (2010)
Gorilla gorilla 4.4 Lee et al. (2010)
Pongo pygmaeus 4.83 Lee et al. (2010)
Pan troglodytes 4.8 Lee et al. (2010)
Hylobates muelleri 5.09 Constantino et al. (2012)
Macaca fascicularis 4.93 Constantino et al. (2012)
Macaca mulatta 3.68 Currey and Abeysekara (2003)
Papio ursinus 4.59 Constantino et al. (2012)
Chlorocebus aethiops 5.16 Constantino et al. (2012)
Alouatta palliata 4.13—4.75 Darnell et al. (2010)
Cebus apella 4.44 Constantino et al. (2012)
Brachyteles arachnoides 4.69 Constantino et al. (2012)
Eulemur fulvus 4.67 Constantino et al. (2012)
Hapalemur griseus 5.65 Constantino et al. (2012)
Lepilemur leucotus 4.25—-4.73 Campbell et al. (2012)
Lemur catta 4.43—4.54 Campbell et al. (2012)
Propithecus verreauxi 4.13—4.30 Campbell et al. (2012)
Perissodactyla Equus caballus 3.27 Currey and Abeysekara (2003)
Artiodactyla Sus scrofa domestica 2.54 Fernandes Fagundes et al. (2015)
Cervus elaphus 3.13 Currey and Abeysekara (2003)
Ouvis aries 2.87—4.3 Currey and Abeysekara (2003), Sanson et al.
(2007), and O’Brien et al. (2014)
Bos taurus 3.00 Currey and Abeysekara (2003)
Cetacea Delphinus sp. 2.15 Currey and Abeysekara (2003)
Dolphins (10 species) 2.36—3.86 Loch et al. (2013)
Carnivora Enhydra lutris 3.0 Constantino et al. (2011)

H, hardness; P, iron-pigmented outer enamel; U, unpigmented outer enamel.
?Hypselodont molar enamel.
bHypselodont incisor enamel.

attention to other aspects of phytolith wear. While the
importance of phytoliths in the wear of enamel has not
been quantified, it seems certain that these particles would
readily wear dentine (hardness 0.5—1.0 GPa: Table 2.1).
The abrasivity of grass against acrylic, which has a

hardness similar to that of dentine, is greater when the
silica content is raised (Massey and Hartley, 2006).

It seems clear that further work on the abrasivity of
phytoliths would be valuable. However, a reasonable
interpretation of the aforementioned data is that interaction



of teeth with plant foods in the absence of exogenous
abrasives probably causes a “baseline” level of wear. There
is evidence that wear rate increases as the silica content of
food plants increases (Massey and Hartley, 2006; Kubo and
Yamada, 2014). The direct effect of increased fiber
concentration is likely to be small, but high-fiber plants
require extended chewing and hence would increase wear
indirectly, by prolonging the exposure of the teeth to
abrasion.

When the food is contaminated by grit, the baseline
wear becomes relatively unimportant and may be dwarfed
by the effect of the exogenous abrasive. Quartz particles
have a hardness of 6.96—7.75 according to Baker et al.
(1959) or 10.1—14.1 according to Lucas et al. (2013), and
so are much harder than enamel and cause deep scratches,
with removal of enamel particles, when dragged across
enamel surfaces (Lucas et al., 2013).

Wear due to both plant silica and grit is most severe in
grazing mammals. First, phytoliths are more abundant in
grasses than in the dicotyledons on which browsers feed.
Second, dust and soil particles accumulate most heavily
near the ground, through the action of wind and rain
(splashing). Numerous observations show that as they feed,
herbivores can take in large quantities of soil (Damuth and
Janis, 2011), which can be many times the possible mass of
phytoliths ingested, and wear of the teeth of sheep is
correlated with the amount of soil ingested (Healy and
Ludwig, 1965; Damuth and Janis, 2011). Thus, for herbi-
vores grazing close to the ground, grit is far more important
in tooth wear than plant silica. The rate of wear of ungulate
molars increases with the proportion of grass in the diet and
decreases in the order grazers > mixed feeders > browsers
(Damuth and Janis, 2014; Kubo and Yamada, 2014).

Adaptations to Wear
Enamel

Table 3.1
mammals.

The data suggest that the enamel of ungulates is not
adapted to resist wear by increased hardness, which is
lower than among primates. Table 3.1 also shows that
incorporation of iron in enamel does not confer increased
hardness, as was suggested by Janis and Fortelius (1988),
among others. The continuously growing molars of lago-
morphs and some rodents show an anomalously high wear
rate, and Damuth and Janis (2014) suggested that this was
due to these teeth having softer enamel. This hypothesis is
supported by the data on continuously growing rabbit and
rat teeth, which have enamel as soft as the vestigial enamel
of cetaceans (Table 3.1).

Although the enamel of herbivores is not particularly
hard, the Schmelzmuster can increase the wear resistance of

compares the hardness of enamel among

Herbivory Chapter | 3 51

enamel where needed (e.g., at the leading edges of crests
and lophs) and also the resistance to fracture of the inner
enamel (Chapter 2).

Increasing the proportion of the occlusal surface occu-
pied by enamel should slow down the rate of wear. An
“enamel complexity index,” the length of enamel ridges per
unit area on the occlusal surfaces of cheek teeth, was found
to be correlated with diet in a sample of 213 ungulates: it
increased from browsers through mixed feeders to grazers
(Famoso et al., 2013). The index was not correlated with
the degree of hypsodonty (Famoso et al., 2016). There is a
nonsignificant increase in the enamel complexity index
from the most anterior premolar to the last molar (Famoso
et al., 2013). Winkler and Kaiser (2015) directly measured
the volumetric proportion of enamel in the molar crowns of
a sample of artiodactyls and rhinoceroses by micro-
computed tomography, and found that the relative enamel
content was significantly greater in lower molars than in
upper molars and increased from M1 to M3 in both jaws.
These authors suggested that an increased enamel content
in the later-erupting molars would compensate for exten-
sive wear on M1, which would otherwise reduce the
shearing capacity of the dentition.

Increased Occlusal Area

Increased tooth size (i.e., occlusal area) increases the ca-
pacity of the dentition to process herbage and should
thereby reduce overall wear. For example, the premolars of
perissodactyls and hyraxes are enlarged and acquire a
pattern of ridges at the occlusal surfaces similar to that of
the molars: a phenomenon known as molarization. Some
rodents such as capybaras have very large posterior molars
(see Fig. 7.53).

In herbivores that display the phenomenon of horizontal
succession, eruption of the more posterior molars into
function is delayed. This mode of growth of the dentition
does not by itself increase the overall durability of the
dentition unless the posterior molars are enlarged, as in the
giant forest hog (Hylochoerus meinertzhageni) (Janis and
Fortelius, 1988), so that the occlusal surface area increases.
The extreme form of this method of increasing the dura-
bility of the dentition occurs in the elephants (see Figs.
5.30—5.35).

In a small number of species—manatees (Trichechus
sp.), the silvery mole rat (Heliophobius argenteocinereus),
and the little rock wallaby (Peradorcas concinna)—
horizontal succession continues throughout life as super-
numerary molars develop posteriorly and move forward,
replacing anterior molars that have been worn away
(Gomes Rodrigues et al., 2012; Gomes Rodrigues and
Sumbera, 2015) (see Fig. 5.23).

Janis and Fortelius (1988) pointed out that horizontal
succession, whether or not this involves recruitment of
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supernumerary teeth, is not compatible with teeth with a
complex crown morphology that need to be worn in, so it
is associated with bunodont or bilophodont molars, with a
predominantly vertical jaw movement. Elephant molars
are operated with an anteroposterior motion. However,
the oblique direction of tooth eruption and the low relief
on the occlusal surface (Aguirre, 1969 and Chapter 5)
avoid disruption of the occlusion during horizontal
succession.

Hypsodonty and Hypselodonty

The principal means of compensating for wear among
herbivores is to increase the height of the crowns of the
cheek teeth, so that they take longer to wear down: such
teeth are referred to as hypsodont (Figs. 3.1 and 3.2). The
functional life can be extended indefinitely if the tooth
grows continuously, so that dental tissue lost by wear is
replaced throughout the life of the animal. These strategies
are dependent on two aspects of mammalian tooth biology
(Chapter 2). First, the periodontium can bring about
continuing eruption, thus compensating for the loss of hard
tissue by wear at the occlusal and interdental surfaces.
Second, the tooth reacts to wear by formation of reactive
tertiary dentine, which prevents exposure of the dental
pulp, the vital, sensitive connective tissue at the center of
the tooth, which would otherwise be vulnerable to
infection.

(A)

FIGURE 3.1 Domestic cow (Bos taurus). Longitudinal anterior—
posterior section of lower selenodont molar. Tooth height = 7.0 cm. (A)
Cut surface showing complex structure of the crown. Den, dentine; En,
enamel; PC, pulp chamber. (B) Lateral view of tooth. Black stain is due to
dietary chromogens adsorbed by coronal cementum: the lower border
(black arrows) is located at the gum line. The portion of the tooth below
this line was embedded in the jawbone. White arrows indicate the limit of
the crown.

FIGURE 3.2 Domestic horse (Equus caballus). Lateral radiograph of
mandibular hypsodont molars. Courtesy MoLSKCL.

Von Koenigswald (2011) suggested that all teeth in
which the total height exceeds the width should be called
hypsodont. Usually, the term is restricted to teeth with
relatively tall crowns, in which the proportion of the tooth
covered by enamel is greater than in low-crowned
(brachydont or brachyodont) teeth. Janis (1988) defined
a hypsodonty index (HI) as the crown height of the unworn
molar divided by the occlusal width (Damuth and Janis,
2011). Teeth were placed in four groups according to the
magnitude of HI: brachydont (HI < 1.5), mesodont
(HI = 1.5—-3.0), hypsodont (HI = 3.0—4.5), and highly
hypsodont (HI > 4.5).

Continuously growing teeth have been described by a
variety of names (von Koenigswald, 2011). In this book we
use the term hypselodont, which is widely used in studies
on tooth development (e.g., Jernvall and Thesleff, 2012).

Janis and Fortelius (1988) and Renvoisé and Michon
(2014), the latter using mainly data from Ungar (2010),
surveyed the distribution of hypsodonty and hypselodonty
among vertebrates. Although there are some disagreements,
the two studies show that hypsodonty and hypselodonty
have evolved independently in several mammalian lineages
and are more common among placentals than among
marsupials. With respect to cheek teeth, hypsodonty occurs
in about 18% of mammalian families and hypselodonty in
6%—9%. Both phenomena occur principally among
herbivores, and also in the aardvark (ant-eating) and
armadillos (omnivorous), but as these animals take their
food from ground level their teeth suffer wear from inclu-
sion of sand and grit in the diet.

The development of a hypsodont tooth requires
continued morphogenesis and hard tissue formation beyond
the stage when these processes terminate during formation
of a brachydont tooth. This involves extended activity of



stem cells, which control crown height (Jernvall and The-
sleff, 2012) and, presumably, the cellular interactions
responsible for the generation of cusps, as in hypsodont
teeth the cusps and connecting lophs can be very tall
(Fig. 3.1). Once the crown is complete, the dental epithe-
lium ceases to participate in enamel formation and forms
the epithelial root sheath, and root formation proceeds.
After completion of the enamel crown and loss of the
protective dental epithelium of hypsodont teeth, it is
covered by deposition of cementum, which binds and
supports the cusps. As coronal cementum has approxi-
mately the same hardness as dentine (Table 2.1), it wears
faster than enamel, and the patterns of elevated enamel
ridges, crucial for the grinding action of the teeth, are
maintained.

There are two types of hypselodont teeth (Janis and
Fortelius, 1988). In root hypselodonty (as in the Xenar-
thra), a crown is formed, but subsequent development
involves only extension of the root and formation of
dentine and cementum. After eruption, the enamel laid
down at the tooth tip is worn away and the tooth thereafter
consists entirely of dentine and cementum. In crown
hypselodonty (as in rodents, lagomorphs, and hyraxes),
formation of both enamel and root tissues continues
indefinitely, so the functional surface is composed of
enamel and dentine. In both forms of hypselodonty, there is
a persistent population of stem cells at the growing margin
of the tooth (the cervical loop), which generate all the cells
that form the tooth tissues (Jernvall and Thesleff, 2012;
Juuri et al., 2012; Hu et al., 2014).

The crowns of hypsodont molars can have a complex
internal structure due to vertical infolding of the
epithelial—mesenchymal boundary in the developing tooth
and resulting in enamel ridges and islands surrounded by
dentine at the occlusal surface. However, development of
such a structure is not compatible with the continuous for-
mation of a hypselodont tooth (Janis and Fortelius, 1988),
because the vertically folded epithelial—mesenchymal
boundary needed for cusp formation cannot be maintained.
Complexity of the occlusal surface of a hypselodont tooth is
established instead by lateral infolding of the enamel
forming the perimeter of the crown.

It is important to note that there are also numerous
examples of both hypsodonty and hypselodonty among the
anterior teeth (von Koenigswald, 2011; Renvoisé and
Michon, 2014). This is sometimes associated with high
levels of wear, for instance, the hypsodont lower incisors of
cercopithecine monkeys (Shellis and Hiiemae, 1986) and
the hypselodont incisors of rodents, lagomorphs, and the
aye-aye. However, hypsodonty and hypselodonty in ante-
rior teeth are, in many cases, related to other functions,
including grooming, predation, display, or use as tools (von
Koenigswald, 2011).
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On hypselodont teeth, and sometimes on hypsodont
anterior teeth, enamel formation may be suppressed over
parts of the crown surface. A lack of enamel over one or
more surfaces of the crown results in formation of a gouge
shape, as in rodent incisors and cercopithecine lower
incisors. Often, however, the enamel-free zones are more
localized and form narrow strips, as on hippopotamus
canines (Janis and Fortelius, 1988; von Koenigswald,
2011).

The HI is correlated with the rate of wear of the molars
(Damuth and Janis, 2014; Kubo and Yamada, 2014). On
average it increases with the proportion of grass in the diet
(Codron et al., 2007; Damuth and Janis, 2014; Kubo and
Yamada, 2014) and with fecal ash, which measures the
total ingested burden of plant silica and environmental grit
(Hummel et al., 2011). It is generally agreed that these
results are due to the action of grit, rather than the intrinsic
abrasivity of grass. The effect of hypsodonty on the dura-
bility of molars was clearly demonstrated by Solounias
et al. (1994), who found that the life span of hypsodont
third molars could exceed somatic life span in ruminant
ungulates.

Where tree cover is reduced, as in savannah or grass-
lands (“open habitats”), herbivores will be exposed to
higher levels of dust and grit, and the HI is influenced by
habitat as well as by the proportion of grass in the diet. The
index is lower in browsers or in mixed feeders living in
“closed” habitats (woodland or forest) than in grazers
(Janis, 1988; Pérez-Barberia and Gordon, 2001; Mendoza
and Palmgqvist, 2008; Damuth and Janis, 2011), but in
mixed feeders living in open habitats the index is little
different from that of grazers (Janis, 1988; Damuth and
Janis, 2011; Mendoza and Palmqvist, 2008). Grit levels are
also likely to be lower at the tops of tall plants than near
ground level, and the greater the height at which herbivores
feed, the lower the value of the HI tends to be (Williams
and Kay, 2001; Damuth and Janis, 2011).

Open grasslands appeared during the mid- to late
Miocene, about 20 MYA (Stromberg, 201 1; Stromberg et al.,
2013). Their appearance was preceded by a period during
which forest and woodland became progressively more
open, so that there was a mixture of trees, shrubs, and low-
growing plants, including grasses. Studies on ungulates
and rodents in North America showed that, beginning in the
early Oligocene, there was a progressive decline in the
number of taxa with brachydont teeth, while the numbers
with hypsodont teeth increased (Jardine et al., 2012). As
these changes preceded the emergence of grasslands by over
7 million years, they are not due to a shift to feeding on grass
but are probably associated with increased levels of grit
ingestion through feeding at lower levels in more open
environments. Hypsodonty became common in ungulates
during the middle Miocene and thereafter hypsodont
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molars were the dominant type (Jardine et al., 2012), and
in rodents hypselodonty followed a similar pattern (Jardine
et al., 2012; Tapaltsyan et al., 2015). Hypselodonty devel-
oped in lagomorphs very early, probably because these
animals have always cropped grass close to the ground
(Jardine et al., 2012).

Feeding style is also correlated with craniodental vari-
ations. This subject is discussed in Chapter 12.
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Chapter 4

Monotremata and Marsupialia

MONOTREMES

The Monotremata consists of two families: the Tachy-
glossidae (two genera of echidnas or spiny anteaters) and
the Ornithorhynchidae, which contains only one species,
the platypus. Monotremes are oviparous, and hatchlings,
like those of reptiles, are equipped with an egg tooth, which
has a basis of dentine and is used to pierce the eggshell
(Green, 1930; Hughes and Hall, 1998). The egg tooth is
shed a day or two after hatching. After loss of the egg tooth,
echidnas are toothless. Platypuses are nocturnal and
aquatic; they are opportunistic predators of bottom-living
arthropods together with mollusks, annelids, and fish eggs
(Pasitschniak-Arts and Marinelli, 1998). Adult platypuses
lack teeth but juveniles possess a number of vestigial
teeth; the dental formula is given as I%C}P%M3i = 34
(Pasitschniak-Arts and Marinelli, 1998). The teeth are
multirooted and have a thin layer of enamel, which shows
only traces of prismatic structure but has some incremental
markings and some atypical features (Lester et al., 1987).
However, these teeth are replaced by horny ridged plates
that are used by adults to crush food.

MARSUPIALS

Introduction

Marsupials inhabit North and South America and Australasia.
They are divided into seven orders, which contain about
335 species in 20 families. The Didelphimorphia, Paucitu-
berculata, and Microbiotheria live in the Americas, whereas
the Dasyuromorphia, Notoryctemorphia, Peramelomorphia,
and Diprotodontia are Australasian.

Marsupials are distinguished from the placentals in
lacking a true placenta. They have two uteri, one or both of
which are occupied by eggs after fertilization. The young
are born at a precocious stage of development, although
their forelimbs are well developed and they use them to
crawl up the mother’s abdomen and into an abdominal
pouch, where each becomes attached to a teat. The young
develop further within the pouch, up to the time when they
can live independently. Some female marsupials,
e.g., phascogales (Dasyuridae) do not have a permanent
pouch, but develop a temporary pouch between fertilization
of the egg and weaning.
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Australasian marsupials developed in isolation, free of
competition from placental mammals, and have occupied all
the available feeding niches. Thus, there are carnivorous,
herbivorous, insectivorous, and omnivorous forms as well
as highly specialized forms such as the honey possum
(Tarsipes). There are numerous examples of convergence
with the placentals, such as the evolution of hypselodont
teeth in wombats. Not only are there similarities in the
dentitions of marsupials and placentals feeding on similar
diets, but the external body forms are similar as well, for
example, in marsupial and placental moles and the
carnivorous thylacine and placental canids.

Dental Formula

Although the dentition consists of incisors, canines, pre-
molars, and molars, marsupials differ from placentals in
the number of each type of tooth. The maximum dental
formula of marsupials is I% C %P%M 45 = 50, compared with
13C1P3M 3 = 44. Theincisors often exceed the maximum
number of 3, found in each placental jaw quadrant. The upper
incisors outnumber the lower except in wombats.

As noted in Chapter 1, the homologies of th