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Diversity of hypsodont teeth in mammalian dentitions —
construction and classification

by
WI1GHART V. KOENIGSWALD

with 9 text-figures and 3 tables

This paper is dedicated with great respect to Prof. em. Dr. Adolf Seilacher of Tiibingen and Yale. Dolf successfully inspired many
students with his understanding of ‘Constructional Morphology. He opened many eyes, mine included, to the trade-offs of history,
function, and construction that constrain morphology.

Zusammenfassung

Hypsodontie, so wie der Begriff hier gebraucht wird, beschreibt Zihne, deren Krone parallel zur Wachstumsrichtung verlingert
ist. Diese Zahnform kann in allen Zahnpositionen auftreten. Die Hypodontie wird als die heterochrone Verlingerung bestimmter
ontogenetischer Phasen wihrend der Zahnbildung auf Kosten der anderen Phasen interpretiert. Mit drei Kriterien lsst sich die Viel-
falt hypsodonter Zihne unterscheiden: zum einen geht es darum, welche Phase (oder Phasen) in der Ontogenie verlingert sind, zum
anderen um den Grad der Hypsodontie (zunehmende Kronenhéhe bis zur Euhypsodontie) und drittens um die Art der Abkauung
(ein ausbalancierter Abrieb, bei dem Nachwachsen und Abrieb im Gleichgewicht stehen, oder ein freies Gréf8enwachstum). Die Un-
terteilung der Ontogenie in vier Phasen (I=Zahnspitzen; II = Seitenwinde, III = Dentinoberfliche (Zahnhals) und IV = differen-
zierte Wurzeln) ist zwar kiinstlich, erméglicht aber, die Diversitit hypsodonter Zihne in sechs Kategorien zu gliedern. 1. Vielspitzen-
Hypsodontie (verlingerte Phase I); 2. Spitzen-Hypsodontie (verschmolzene Phasen I und IT); 3. Seitenwand-Hypsodontie (verlinger-
te Phase IT); 4. Schmelzband-Hypsodontie (Phasen II und III bilden den Zahn gleichzeitig); 5. Partielle Hypsodontie (Phasen IL, IIT
und IV sind gleichzeitig aktiv) und 6. Dentin-Hypsodontie (Dominanz von Phase III). Eine Gegeniiberstellung der bislang benannten
Typen von hypsodonten Zihnen wird gegeben. Die neue Klassifizierung ist generell anwendbar, eroffnet den Blick in erster Linie auf
die Bauweise der hypsodonten Zihne und ermdglicht auch einen Vergleich unter evolutioniren Aspekten.

Schliisselworter: Heterochronie, Vielspitzen-Hypsodontie, Spitzen-Hypsodontie, Schmelzband-Hypsodontie, Partielle Hypsodontie,
Dentin-Hypsodontie

Summary

Hypsodonty, as used here, describes a specific type of tooth with the crown elongated parallel to the growing axis, a condition
which can occur in any tooth position. Hypsodonty is interpreted as the elongation of specific ontogenetic phases during tooth devel-
opment at the cost of all others in a heterochronic mode. Three parameters are used for differentiation: the specific elongated ontoge-
netic phase or phases; the degree of hypsodonty (increasing hypsodont and euhypsodont); and the kind of abrasion (balanced wear by
an antagonist or free growth). The first parameter is regarded as the most important one. Although the separation of the four ontoge-
netic phases (I - cusps, II - sidewalls, I1I - dentine surface, and IV - differentiated roots) is artificial, it allows characterization of the
great diversity of hypsodont teeth in six categories: 1) multicusped hypsodonty (extended phase I); 2) unicuspid hypsodonty (conflu-
ent phases [+I1); 3) sidewall hypsodonty (extended phase II); 4) enamel band hypsodonty (phases II+I1I synchronous); 5) partial
hypsodonty (phases II+III+IV synchronous); and 6) dentine hypsodonty (phase III dominant). A synopsis with previously defined
types of hypsodonty is given. The new classification is comprehensive, opens the view to the construction of hypsodont teeth, and al-
lows a comparison under evolutionary aspects.

Keywords: heterochrony, multicusped hypsodonty, unicuspid hypsodonty, sidewall hypsodonty, enamel-band hypsodonty, partial
hypsodonty, dentine hypsodonty.
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1. Introduction

Hypsodonty is a widespread phenomenon in
mammalian dentitions. The term hypsodonty de-
scribes those teeth in which the enamel-covered crown
is higher than wide orlong (WHITE 1959; VAN VALEN
1960), as occurs e.g., in the premolars and molars of
horses. The horse example is often used in textbooks,
and many papers dealing with hypsodonty consider
only check teeth of ungulates (e.g., FORTELIUS 1985;
Janis 1988; FORTELIUS & SOoLOUNIAS 2000; KAT-
SER et al. 2003). This might evoke the impression that
hypsodont teeth are restricted to cheek teeth. But
teeth of similar construction occur in the anterior
dentition as well. HERsHKOVITZ (1962) and MAR-
TIN (1993) discussed as hypsodont the enlarged ca-
nines in carnivores, rodent incisors and elephant tusks.
Later Janis & ForteLius (1988); BARGO et al.
(2006); and FreLps (2009) did not hesitate to talk
about the hypsodonty in xenarthran molars although
they have no enamel. Thus, the term hypsodonty was
expanded from cheek teeth with an enlarged crown
covered with enamel to elongated teeth of the entire
dentition including dentine teeth without enamel.
This extended use of the term makes sense, because it
focuses the discussion of hypsodonty on the structural
aspect. In this study the term hypsodonty is used in
this broad sense. The constructional and functional
similarities lead to an all-embracing classification of
the great variety of hypsodont teeth, although hyp-
sodonty evolved independently in various mammalian
lineages.

This is not the first atctempt in classifying the great
diversity of hypsodont teeth. WHITE (1959) surveyed

the molar hypsodonty of a great variety of fossil mam-
mals and suggested three types of hypsodonty: “cusp
hypsodonty”, “tooth-base hypsodonty”, and “root hyp-
sodonty”. HERSHKOVITZ (1962, 1967) could not ap-
ply these categories to rodents from South America.
Observing that different parts of the crown are elon-
gated, he created the term “coronal hypsodonty” for
an expansion of the superficial part, and “tubercular
hypsodonty” for an expansion of the base of the crown.
ScHMIDT-KITTLER (2002) interpreted hypsodonty
in rodents as a stretching of particular ontogenetic
growth programs, but he did not aim at a more com-
prehensive system.

The classification proposed here is based on a set
of three independent parameters and is intended to be
applicable to all teeth that are elongated parallel to the
growing axis, no matter which region of the dentition
they occur in. It pays special attention to whether the
teeth are covered with enamel totally, partially or if
they lack enamel altogether. The main factor of the
classification is related to the specific ontogenetic
phase during which the predominant part of the tooth
is formed. This requires a definition of four distinct
ontogenetic phases. The second factor differentiates
hypsodont teeth according to their wear. The third
factor is the degree of increasing hypsodonty.

The categories established here refer to the hyp-
sodonty of single tooth positions or tooth families,
thus different types may occur within the dentition of
the same individual. In Sus scrofa, for instance, the
premolars and molars are brachydont, the canines are
cuhypsodont, but show a highly differentiated enamel
cover. The upper incisors are brachydont, the lower in-
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cisors are hypsodont, but, in contrast to the canines,
are rooted.

The classification proposed here shall primarily
draw attention to a better understanding of the forma-
tion and different constructions of hypsodont teeth.
This approach differs widely from the application us-
ing hypsodonty primarily as an indicator for palae-
occological conditions (e.g., KAISER et al. 2003;
Damus & Jants 2011).

Several of the existing terms together with the
new ones are compiled in Table 1. The relationship
and concordance of the different types of hypsodonty
proposed by the various authors will be discussed later

(see also Table 2).

2. Materials and methods

This classification is based on traditional tooth
morphology. Tooth morphology was often discussed
in detail in the traditional literature, but specific char-
acters used here e.g., enamel thickness or dentine fields,
are often described incompletely or figured inade-
quately. Thus besides an extensive study of the litera-
ture, original material of extant and fossil taxa was re-
investigated, as far as possible. In fossil teeth the vari-
ous materials of a tooth (enamel, dentine, cementum)
often differ in colour and enable an easy differentia-
tion.

In extant teeth it is often very difficult to distin-
guish the various materials, especially when they are
fresh and bright. Most zoological collections provide
skulls with dentitions, but rarely isolated teeth that al-
low a better investigation of the root formation. The
extraction of hypsodont teeth for investigation is rare-
ly advisable, due to the value of the material. CT-scans
and/or micro CT scans offer an adequate method for
the investigation of the unerupted parts of teeth as
well as the distribution of enamel. Thus, this study is
based on a wide mixture of information. Due to the
great diversity of hypsodont teeth in mammalian den-
titions only a limited number of taxa could be investi-
gated, but this survey seems to be extensive enough to
outline the main features. A selection of taxa investi-
gated and the classification of their hypsodont teeth in
various tooth positions is listed in the Table 3.

Abbreviations for collections

AMNH - American Museum Natural History, New
York

BSPG - Bayerische Staatsammlung Paldontologie und
Geologie, Miinchen

CM - Carnegie Museum, Pittsburgh

GPIT- Geologisch-Paliontologisches Institut der
Universitat Tubingen

MB - Museum fiir Naturkunde Berlin

Table 1. Attempt of a synopsis of various systems of hypsodont teeth.

. ScHMIDT-KITTLER HERSCHKOVITZ
This paper 2002 1962/1967 WHITE 1959
Multicusped hypsodonty stretching of only the relief of the
ontogenetic phase I dominant tooth (his No. 3) Tubercular Cusp
Unicuspid hypsodonty proportional stretching of all its parts hypsodonty hypsodonty

ontogenenetic phases I and II (perhaps his No. 1)
Sidewall hypsodonty stretching of only the basis of the Coronal Tooth base

ontogenetic phase II dominant crown (his No. 2) hypsodonty hypsodonty

Part'lal hypsodonty asymmetrical stretching of the relief
ontogenetic phases I1, Il and IV . - --
. (his No. 4)
occur simultaneously
Enamel-band hypsodonty
ontogenetic phases I and I1I Tubercular Root
?
Dentine hypsodonty hypsodonty hypsodonty
ontogenetic phase III
Root differentiation
ontogenetic phase IV - - -
no hypsodont teeth
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NHMB — Naturhistorisches Museum Basel

STIPB - Steinmann-Institut (Paliontologie) der Uni-
versitit Bonn

ZMFK - Zoologisches Museum und Forschungsin-
stitut Alexander Koenig, Bonn

ZMK - Zooogical Museum Kopenhagen

3. The three parameters characterizing
hypsodont teeth

3.1. First parameter: The ontogenetic phases
(Text-fig. 1)

Mammalian teeth are mostly formed in the crypt
and mineralization starts at the tip and migrates down
towards the root. The enamel is formed by odontob-
lasts on the outer side of the basement membrane. Os-
teoblasts form the dentine on the inner side of the
basement membrane (KEiL 1966; PEYER 1968;
HILDEBRAND 1974). For comparison an idealised se-
quence of four ontogenetic phases is adequate, begin-
ning with the tip of the cusps. The four ontogenetic
phases distinguished here are:

Phase I — the primary occlusal surface character-
ized by the cusps

Phase II — formation of the enamel covered side-
walls

Phase III — formation of the dentine covered sur-
face around the tooth

Phase IV — formation of the separated roots

In brachydont teeth these phases are subsequent
to each other, and the tooth formation proceeds in
ring like growing zones that are mostly perpendicular
to the growing axis of the tooth. All types of hypsod-
onty are characterized by the heterochronic expansion
of one of these phases at the costs of the others (Text-
fig. 1A-E).

This idealized differentiation of these phases
needs some interpretation for hypsodont teeth, espe-
cially since subsequent phases may overlap in time to
various degrees. During the ontogenetic phase I the
cusps are formed individually. At the end of this phase
they merge into the primary surface of the crown.
During the subsequent phase II the sidewalls are
formed prior to tooth eruption. Both phases are easily
distinguishable when the crown is broadened and
contains several cusps, as is true of most molars. In
unicuspid teeth, however, phase I and phase II are of-
ten confluent and cannot be separated. The enamel
covered sidewalls are formed during the phase IT are
more or less vertical in hypsodont teeth. Deep enamel

islets related to the tooth surface, and thus to phase I
may be formed simultaneously with the sidewalls dur-
ing phase II. These enamel islets and their relation to
intensive re-entrant folds of the sidewalls will be dis-
cussed separately. The end of phase II is marked by the
end of enamel formation. But in many hypsodont
teeth the lower margin of the enamel undulates inten-
sively, forming dentine tracts, especially in rodent
teeth (HIBBARD 1954). RABEDER (1981) coined the
term “linea sinuosa” for the undulating enamel margin
in arvicolids. In the ring like growing zone of tooth
formation, some parts are covered with enamel (phase
IT), while in other parts the dentine surface (phase I1I)
is formed. Thus both phases occur simultaneously in
the growing zone but on different sides of the tooth.
The ontogenetic phase III is primarily subsequent to
the enamel formation and marked by the formation of
the dentinal surface in the entire circumference of the
tooth. This area is often called the neck of the tooth. It
occurs prior to the formation of separated roots dur-
ing phase IV.

These four ontogenetic phases were shaped for the
description of the great variability of hypsodont teeth.
Although they may overlap in parts they turn out to
be very useful as shedding light on the construction of
hypsodont teeth and their evolutionary changes.

During each of the proposed phases several ge-
netic programs are active simultaneously, e.g., forming
enamel and dentine. They are related to much more
complex interactions of the dental epithelium and the
odontogenetic mesenchyme at a distinctly more deli-
cate scale. Thus the phases defined here are not identi-
cal to the various genetic cascades of gene expression.
The tooth morphology demonstrates that the differ-
ent genetic programs are correlated at a higher level.
Nevertheless the defined ontogenetic phases seem not
to contradict with the genetic programs for enamel
and/or dentine formation as described for arvicolid
molars (TUMMERS & THESLEFF 2003; RENVOISE et
al. 2009).

3.2. Second parameter: Increasing tooth height
(Text-fig. 1)

In the evolution of several mammalian lineages an
increasing height of teeth can be observed leading
from brachydont teeth to hypsodont teeth and even
rootless teeth (Text-fig. 1 G-J). The degree of hypsod-
onty is one of the three parameters used here. Several
terms describe the transition from brachydont to hyp-
sodont teeth (mesodont, prohypsodont, protohyp-
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Text-fig. 1. The four ontogenetic phases in the tooth formation:

A-E - Schematic models fort he ontogenetic phases and the heterochronic extension of one phase at the costs of the others: A — Bra-
chydont molar; B — Extended phase I as in multicusped and unicuspid hypsodonty; C and D - Extended phase II as in sidewall hyp-
sodonty, in D the euhypsodonty is reached, while phases III and IV are suppressed; E — Extension of phase III as in dentine hypsod-
onty, phase IV is suppressed.

F — An ecarly attempt explaining the transition from rooted to rootless (euhypsodont) arvicoline molars by the extension of phase II,
during which the sidewalls are formed. The death of the animal occurs (mostly) before the phases III and IV become activated
(KOENIGSWALD 1982).

G-J: Increasing hypsodonty in rodent molars (m1): G — Apodemus sylvaticus m1, Recent, Germany (STIBG - M1069); H - Microtia
sp.» m1, Late Miocene, Mte. S. Gargano, Italy (STIPG - KOE 276); I — Mimomys reidi, m1, Late Pliocene, Schambach, Germany
(BSPM 1075 XXXI 18); J — Arvicola terrestris, m1, Recent, Germany (STIPG M 6623). — (G-] virtual 3D models based on Micro
CT scans).

sodont) Most of these terms were used with varying  the term “superhypsodont”. Rootless or continuously
definitions or are applicable only for specific groups — growing teeth are often described as “hypselodont”,
(e.g, SCHMIDT-KITTLER & VIANEY-LIAUD 1987; and JaNis & ForTeLius (1988) differentiated be-
VIANEY-LIAUD 1991 for theridomyids). Fewer terms ~ tween “crown hypselodont” and “root hypselodont”
describe the increasing height of hypsodont teeth.  in molar teeth. But the term hypselodont was used in
WHITE (1959: 233) regards a tooth as being “full hyp-  different ways and sometimes for hypsodont, as shown
sodont” when the crown is twice as high as wide. But by MoNEs (1982). Thus, he coined the term “euhyp-
the term “full hypsodont” is used for teeth which are  sodont” for continuously growing teeth. This term is
rootless (TOBIEN 1976, 1978). MARTIN (1993) used  preferred here.
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Several indices for hypsodonty were created to in-
dicate the height of the unworn tooth and these indi-
ces were successfully used for palacoecological recon-
structions. But such indices were defined for the vari-
ous mammalian groups in different ways (e.g., Artio-
dactyla: height to length of lower m3 in Jan1s 1988;
Equidae: relation between different measurements of
upper molars in KAISER et al. 2003; Arvicolidae: rela-
tion of the height of specific dentine tracts in WEERD
1976; Xenarthra: relation of mandibular height and
tooth row length in BARGO etal. 2006; FIELDS 2009).
Thus these hypsodonty indices are suitable for a com-
parison within an evolutionary lineage or in closely

Balanced wear

Free growth

related groups. For ecological interpretations the data
base NOW (Neogene of the Old World) uses the
tooth shape for herbivores calculated from the rela-
tion between height and length of the second upper or
lower molars. Brachydont teeth have a ratio below 0.8,
mesodont a ratio between 0.8 and 1.2. A ratio above
1.2 is regarded as hypsodont (FORTELIUS et al. 2002).
An increasing hypsodonty index correlates in ungu-
lates with an increasingly open environment and thus
is an important indicator of the paleoenvironment
(Janis 1995; JERNVALL & FORTELIUS 2007; MEN-
D0zA & PALMQUIST 2007). For our purpose it is suf-
ficient to realize the increasing hypsodonty without

Text-fig. 2. Types of wear in hypsodont teeth, balanced wear (A-C) and free growth (D-E): A — Vombatus ursinus, right lower jaw,
Recent, Australia (STIPB M542); B — Ovis ammon, right upper and lower jaw, Recent, Germany (STIPB M6642); C — Microtus
geregalis, cheek teeth and incisors show balanced wear, Recent, Alaska (STIPB M1004); D — Smilodon fatalis, cranium with hypsod-
ont upper canine representing free growth, Pleistocene, Califormia; E — Sorex araneus, left mandible with extended lower incisor,
Recent, Germany (STIPB MaU 156). - Figures are not to scale. (A, B: photos G. Oleschinski, STIPB; D: photo © Wallace63 /
GFDL; C and E virtual 3D models based on Micro CT scans).
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quantification and be aware of the multiple transitions
from hypsodonty to euhypsodonty. Tooth height is
one, but not the only parameter important for charac-
terizing hypsodont teeth.

3.3. Third parameter: Relation between tooth eruption
and wear (Text-fig. 2)

Most brachydont teeth erupt in a fairly short time
and then form the roots. Hypsodont teeth erupt for a
much longer time before they form roots, or they erupt
continuously when rootless. In relation to wear, hyp-
sodont teeth are attributed here to two distinct cate-
gories: “balanced wear” (Text-fig. 2A-C) and “free
growth” (Text-fig. 2D-E).

“Balanced wear” is characterized by a constant
position of the occlusal surface, although the teeth
erupt for a long period or even continuously (MAR-
TIN 1993). The intensive wear by an antagonist is in a
perfect equilibrium with the tooth eruption. Any dis-
turbance of the balanced wear results in severe mal-
functions (KE1L 1966). In cheek teeth the occlusal
surface is mostly very close to the alveolar border, in
the anterior dentition those teeth showing balanced
wear may surmount the alveolar border significantly.
The presence of a similarly constructed antagonist is
the prerequisite of balanced wear. Hypsodont or
euhypsodont teeth with balanced wear occur in cheek
teeth, e.g., in many herbivores, and/or in the anterior
dentition e.g., in rodent or lagomorph incisors, and in
several notungulates.

“Free growth” is characterized by the lack of wear
compensating for tooth eruption in hypsodont teeth.
The visible length of such teeth is not limited by the
wear of an antagonist, and they often protrude from
the mouth. The teeth erupt to full size if hypsodont or
may erupt continuously if euhypsodont. Teeth with
free growth are restricted to the anterior dentition.
The primary tip is often preserved but may show ir-
regular wear as well. More often wear facets occur on
their sides. Such teeth are found in canines of several
mammalian groups (e.g., carnivores, bats, suids and
several primates (Text-fig. 2D, 4F, 8B, 8E), or as en-
larged incisors (e.g., macropodids, apatemyids, plesia-
dapids, and lemurs (Text-fig.2E, 4D-E, G). Most
spectacular examples are the tusks of elephants (Text-
fig. 8D) or the whale Monodon.

Balanced wear and free growth exclude each other
almost totally. A few exceptions, however, may occur.

The insular bovid Myotragus and the rhino Chiloth-

erium have greatly enlarged lower incisors, but no an-
tagonist in the premaxilla. They fall in the category of
free growth, but their length is regularly shortened by
soft tissues or horny plates, and thus the result is simi-
lar to a balanced wear.

4. The heterochronic approach of

interpretation

The rich fossil record of rodent dentitions and the
multiple transitions from rooted to rootless molars re-
quired an evolutionary explanation that is more in-
formative than the “loss of roots”. KOENIGSWALD
(1982) differentiated ontogenetic phases for the tooth
formation in arvicolid molars and explained the loss
of roots by a heterochronic shift of ontogenetic phases,
assuming that the phase during which the sidewalls are
built, was elongated to such a degree that the animal
would not live long enough to experience the forma-
tion of roots (Text-fig. 1F). This model was based on
own observations in the extant gerbillid Rhombomys
opimus from Central Asia, which is regarded to have
cuhypsodont molars (PAvLINOV 1982). But in very
old individuals the initial formation of the crown base
could be observed in several individuals. Such an un-
balanced elongation or reduction of specific ontoge-
netic phases is typical for heterochrony (MCNAMARA
1990; SM1TH 2003).

CHALINE & SEVILLIA (1990) interpreted some
evolutionary changes in Mimomys using the term het-
erochrony explicitly. AGUSTI et al. (1993) described
the evolution of specific arvicolid genera and distin-
guish between lineages following peramorphic and
pacdomorpic tendencies. SCHMIDT-KITTLER (2002:
143) interpreted hypsodonty in rodent molars as a
stretching of particular ontogenetic growth programs
and differentiated: “(1) proportional stretching of all
its parts, (2) stretching of only the base of the crown,
(3) stretching of only the relief of the tooth, and (4)
asymmetrical stretching of the relief and expansion of
the size of particular elements of the crown at the cost
of other elements”. While we did not find any instance
of astretching of all ontogenetic phases, the expansion
of one phase (or two subsequent ones) at the cost of all
others is the general way in which hypsodont teeth are
constructed. The various types of hypsodont teeth can
be characterized by the specific phase that is expanded.
In addition the degree of hypsodonty and the type of
wear have to be recognized to understand the great di-
versity of hypsodont teeth.
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Text-fig. 3. Multicusped hypsodont teeth: A — Phacochoerus acthiopicus, mandible with m2 and m3, Recent, Uganda, (STIPG M1208);
B — Phacochoerus aethiopicus, m3, Recent, Botswana, (STIPG M7028); C — Schematic model for the heterochronic extension phase I
at the costs of the other phases; D — Desmostylus hesperus, Miocene, California, (BSPG 2009 I 50); E — Elephas maximus, sectioned
mandible, Recent (Tiibingen collection). F-G — Mammuthus primigenius, lower m3, occlusal surface and lateral aspect, Upper Pleis-

tocene, Rhine River (STIPG M3287). — Figures are not to scale. (A, B, F, G: photos G. Oleschinski, STIPB; D: photo BSPG

Munich).

5. The categories of hypsodont teeth

5.1 Multicusped hypsodonty (Text-fig. 3)

In several hypsodont teeth the cusps of the occlu-
sal surface are elongated and dominate the tooth mor-
phology (Text-fig. 3C). The sidewalls are very low.
Thus in these teeth the ontogenetic phase I is domi-
nant, and the subsequent phases I, IIl and IV are rela-
tively short. Multicusped hypsodont teeth occur in
the posterior dentition only and show a balanced wear.
So far no examples for euhypsodonty are known.

Typical examples are the molars of Phacochoerus
or Desmostylus (Text-fig. 3A-B, D). The isolated cusps
form columns that are linked by enamel only at the
very base. Among the huge diversity of rodent molars,
such multicusped hypsodonty is fairly rare. We found

only some molars of Microtia fitting into this catego-
ry.

To the same category belong those teeth with
clongated, transverse lamellae formed by confluent
cusps. The molars of Elephas, Loxodonta and Mam-
muthus are examples (Text-fig. 3E~G). The individual
lamellae merge only at the very base. The stability of
these teeth is not related to sidewalls but to cementum
between the cusps or lamellae.

5.2. Unicuspid hypsodonty (Text-fig. 4)

The category “unicuspid hypsodonty” refers to
elongated single cusped teeth, as the large canines of
carnivores. Wear may occur on the tip or on the side-
walls, but the length is not primarily controlled by
wear.
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Text-fig. 4. Unicuspid hypsodont teeth: A — Schematic model of the ontogenetic phases with the smooth transition from phase I to
phase II; B — Moschus moschiferus, anterior dentition with enlarged upper canines (adult male), Recent, Siberia (ZMFK 97.664); C
— Deinohyus sp., large upper canine with strong roots, where phases Il and IV are continuous, Miocene, Agate Springs, Nebraska (CM
2124); D - Papio ursinus, upper and lower canines are hypsodont, Recent, Namibia (STIPB M 280); E — Lemur fulvus albifrons, all
teeth of the tooth comb can be classified as unicuspid, Recent, zoo specimen (ZMFK 87.649), hypsodont with free growth; F — Phyl-
lostomus hastatus, mandible with enlarged canine, Recent, Ecuador (ZFMK 59.201); G — Petaurus breviceps, mandible with enlarged
incisor that is rooted and surrounded by enamel, Recent, Tiibingen breed (STIBG KOE935). — Figures are not to scale. (B, D: photos
G. Oleschinski, STIPB; E-F: virtual 3D models based on Micro CT scans).

The single cusp and the sidewalls are confluent,
thus both ontogenetic phases I and II contribute to
the height of the tooth crown. In unicuspid hypsod-
ont teeth the phase II is often marked when the side-
walls show longitudinal grooves or a basal cingulum.
The subsequent phases III and especially IV (root for-
mation) are usually present (Text-fig. 4A).

Such elongated unicuspid teeth that are restricted
to the anterior dentition are generally characterized by
free growth. When fully erupted, these teeth normally
develop strong roots.

Typical examples are the enlarged canines of bats,
primates, creodonts, and carnivores (Text-figs.2D,
4D-F). The upper canines of some artiodactyls (e.g.,
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Moschus or Deinobyus (Text-fig. 4B—C) have to be in-
cluded here as well.

Many mammalian lineages evolved a pair of elon-
gated procumbent lower incisors that work against
several upper incisors of very different shape. Such
hypsodont teeth occur e.g., in soricids, apatemyids,
plesiadapids and diprotodontid marsupials, e.g., Pe-
taurus (Text-fig. 4G) or Macropus. These teeth share
the characteristic that the main functional surface is
the sidewall directed upwards due to the horizontal
orientation of the tooth. The characteristic tooth
comb in lemurs (Text-fig. 4E) is formed by the incisors
and canines. Fach tooth fulfils the characteristic of a
unicuspid hypsodont tooth.

The lower margin of the enamel cap may show an
undulating linea sinuosa. In some teeth, especially in-
cisors and canines, the dentine areas may extend into
the crown and form dentine tracts. The increasing
width of the dentine tracts forms a morphological
transition from teeth that are clearly unicuspid hyp-
sodont to those that are here classified as sidewall or
enamel-band hypsodont.

The term “unicuspid hypsodonty” covers partly
the cusp hypsodonty as defined by WHITE (1959),
but we differentiate between multicusped hypsodonty,
usually occcuring in cheek teeth with balanced wear,
and unicuspid hypsodonty, common in the anterior
dentition with free growth. The unicuspid hypsodonty
covers a section of the wide realm of “tubercular hyp-
sodonty” of HERSHKOWITZ (1962), but his unit in-
cludes other unicuspid teeth as well, here attributed to
the categories enamel band hypsodonty or dentine
hypsodonty. Only unicuspid teeth with strong roots
come close to what SCHMIDT-KITTLER (2002) de-
scribed as a “proportional stretching of all parts” How-
ever, he referred mainly to rodent molars. In well root-
ed unicuspid teeth, phases I and IT as well as IIT and IV
are not easily discernable, and thus their proportional
elongation cannot be tested.

5.3. Sidewall hypsodonty (Text-fig. 5)

Teeth of the category “sidewall hypsodonty” are
dominated by high sidewalls that are covered with
enamel and formed during the ontogenetic phase II
(Text-fig. SA-B). The primary occlusal surface, related
to phase I, is functionally insignificant and worn away
quickly after tooth eruption. Balanced wear is domi-
nant in molars. The enamel covered sidewalls form
cuttingedges surroundinga dentine field ( Text-fig. 5B-
O). The phases Il and IV may be present, but in many

evolutionary lineages euhypsodonty was achieved and
thus the phases are postponed. Sidewall hypsodonty is
widespread among placental mammals and occurs in
the anterior and posterior dentition. In the posterior
dentition it is always linked with balanced wear.

In the anterior dentition, sidewall hypsodonty oc-
curs e.g., in spatulate incisors of Lama and Camelus or
elongated ones in Sus. These teeth have enamel-cov-
ered sidewalls and are abraded but have no explicit
balanced wear. They are not regarded as unicuspid
hypsodont because of their differentiated and broad-
ened shearing blade.

The examples for sidewall hypsodonty in the pos-
terior dentition are innumerable. Most hypsodont or
cuhypsodont cheek teeth of derived equids (Text-
fig. 5C, E), bovids (Text-fig. SF), camelids, notungu-
lates, and some rhinos, belong to this category. In small
mammals the cheek teeth of some macroscelids, of
many rodents, e.g., pedetids, hystricids, geomyids,
arvicolids, and various other species (Text-fig. SH-1,
K-0) have sidewall hypsodonty. Sidewall hypsodonty
certainly is the most frequent form of hypsodonty.
Since the primary occlusal surface is lost in early wear
stages, several authors talk about a simplification or
even a degeneration of the occlusal surface, when only
a ring of enamel surrounds the dentine (HERSHKO-
vitz 1967; THENIUS 1989; SCHMIDT-KITTLER
2002). Aplodontia and geomids are typical examples.
More often, however, the secondary occlusal surface is
differentiated by enamel islets and/or re-entrant folds
that increase their efficiency (Text-fig. SH-I).

Examples for teeth with distinct enamel islets (re-
lated to phase I) are e.g., check teeth of bovids (Text-
fig. 5F) and those of many rodents e.g., Castor and
Hystrix (Text-fig. SI). Examples for lateral re-entrant
folds (related to phase II) are the lower cheek teeth of
Equus (Text-fig. SE), several rodents (Text-fig. SH,
M-0), including the geomyoid Entoptychus (RENS-
BERGER 1971, 1975), or lagomorphs (Text-fig. 5])
(KOENIGSWALD et al. 2010a). Both structures are
functionally very important since they are increasing
the shearing ability of the secondary occlusal surfaces,
but there is a significant difference in the formation of
these two structures.

Teeth attributed to the category of sidewall hyp-
sodonty are mainly covered with enamel on the vari-
ous sides. HIBBARD (1954) drew attention to the den-
tine tracts in rodent molars, e.g., in arvicolids and geo-
myids. Dentine tracts are narrow, vertical stripes of
dentine extending from the lower margin of the enam-
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Text-fig. 5. Sidewall hypsodont teeth: A—B Schematic models for the heterochronic extension phase IT; A - retaining phases III and
IV (=rooted) and B - reduced phases Il and IV (= euhypsodont); C — Equus caballus mandible with hypsodont lower molar, subfos-
sil, Germany (STIPB M589); D — Hippopotamus amphibius, occlusion of canines, the enamel band in lowers on the anterior side in
uppers on the posterior side, Recent, Africa (STIPB M2365); E — Equus caballus, occlusal surface of lower molars surrounded by
enamel with deep re-entrant folds, Recent, Germany; F — Bos taurus, lower molars with enamel islets, Recent, Germany (STIPB
M1568); G — Sus scrofa, cross-section of lower canine with on e side free of enamel, Recent, Germany (STIPB 2163); H — Mimomys
savini, m1 dex., with intensive lateral re-entrant folds, Pleistocene, Cromer, Britain (STIPB KOE19); I — Hystrix sp., molar with
enamel islets, Pleistocene, China (STIPB KOE74); J — Prolagus sardus, euhypsodont p4 with complicated re-entrant folds, Pleis-
tocene, Sardinia (STIPB KOE1060); K — Aplodontia rufa, m1 with dentine tracts, Recent, Washington (STIPB KOE591); L - Tho-
momys bottae, M2 sin., with dentine tracts, Recent, Chile (STIPB KOE1612); M — Pedetes cafer, m1, Recent, Africa (STIPB KOE158);
N - Octodon degus, M2 with lateral infold, Recent, Chile (STIPB KOE976); O — Abrocoma benetti, upper M 1with lateral infolds from
both sides, Recent, Chile (STIPB KOEG619). — In cross-sections: black = enamel, gray = dentine, stippled = cementum. - Figures are
not to scale. (Photos G. Olschinski STIPB).
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el cap far up into the crown and their progressive evo-
lution has been documented in Oligocene geomyoids
(RENSBERGER 1971). Thus these dentine tracts are
related to phase ITI, but these molars are dominated by
the surrounding enamel of phase II. For practical rea-
sons such dentine tracts up to 1/3 of the circumfer-
ence of the tooth are tolerated in the category of side-
wall hypsodonty. If the dentine fields exceed this value,
as in rodent incisors, the hypsodont teeth are classified
as enamel-band hypsodont.

In the anterior dentition sidewall-hypsodonty
may occur in teeth of free growth. In contrast to en-
larged incisors and canines attributed to unicuspid
hypsodonty, these teeth are characterized by distinct
dentine tracts. The upper and lower canines of Astra-
potherium are triangular, and a dentine tract covers the
posterior side that is narrower than 1/3 of the circum-
ference of the tooth. Thus this tooth represents side-
wall hypsodonty (ScoTT 1937).

In Hippopotamus the massive canines have dis-
tinct dentine tracts. In the lower teeth thick enamel
covers the anterolingual and anterobuccal sides, while
the posterior side is free of enamel. In upper canines
the anterior side shows the dentine tract while the
grooved posterior side is covered by enamel. The den-
tine tracts are less than 1/3 of the circumference of the
teeth and thus they can be classified as sidewall hyp-
sodont. The occlusion of upper and lower canines is
characterized by balanced wear. The lower canine
passes the upper on the anterior side (Text-fig. SD).
Thus the enamel forms a sharp cutting edge anteriorly
on the almost vertical occlusal surface. In the upper
canine the steeply ascending occlusal surface forms a
sharp cutting edge on the posterior side. Thus the ori-
entation of the dentine tracts has a significant func-
tion.

The impressive lower canines of Sus scrofa (Text-
figs. 5G, 9L) and several other suids have a dentine
tract on the posterior side. It covers less area (about
1/3 of the circumference) of the tooth. Thus these
teeth are classified as sidewall hypsodont. They are
euhypsodont and represent a free growth, although
they show intensive wear. But the wear is from the side
and leaves a sharp tip which becomes larger with indi-
vidual age.

5.4. Enamel-band hypsodonty (Text-fig. 6)

The category “enamel-band hypsodonty” com-
prises hypsodont teeth that have enamel only on one

or two sides, while the dentine surface covers more
than one third of the circumference of the tooth. Teeth
with smaller dentine tracts are included in sidewall
hypsodonty. Both ontogenetic phases II and III are
forming the tooth simultancously in its dominant
part, in euhypsodont teeth throughout the entire life
span. In all of these teeth a small enamel cap may be
formed during phases I, but it is relatively small and
functionally insignificant. Many teeth showing an
enamel band hypsodonty are euhypsodont, which
means the phases III and IV are missing (Text-
fig. 6A).

The most typical examples for the category of
enamel-band hypsodonty are the large incisors of ro-
dents (Text-fig. 6B-F) and lagomorphs. Upper and
lower incisors are euhypsodont and the enamel band
covers the anterior side regularly and parts of the me-
sial side. The length of these teeth is strictly controlled
by balanced wear.

Very similar constructions of incisors evolved in-
dependently in lagomorphs, the multituberculate 7ze-
niolabis, the primate Daubentonia, hyracoids, tillo-
donts, tacniodonts, pyrotheres, and even in few mar-
supials (e.g., the fossil Diprotodon and Phascolonus
(Text-fig. 6G), and the extant Vombatus and Lasiorhi-
nus (Text-fig. 61-]).

In Hippopotamus amphibius upper and lower inci-
sors, with exception of the dentine hypsodont lower
first incisor, have a distinct lateral band of enamel.
These teeth are euhypsodont and have a rounded
cross-section. The tip is worn, but irregularly. Thus
they are classified as enamel-band hypsodont with free
growth.

The insular bovid Myotragus balearicus is special
in having a pair of euhypsodont lower incisors, with a
typical enamel band on the anterior side. Although
this incisor has no antagonist, it is intensively worn by
food and the horny plate covering the premaxilla.

The upper canines of Sus scrofa are euhypsodont
and intensively curved, therefore the geometry of
these teeth covered only partially with enamel is com-
plex. At the alveolar rim a broad enamel band is found
at the lower side. A just erupted permanent upper ca-
nine shows the unworn enamel cap (Text-fig. 6M-N).
This cap continues into the wide enamel band on the
lower side and two narrow ones on the opposite sides.
These bands separate the dentine tracts, which are
confluent in a later stage, covering three sides of the
tooth. In contrast to lower canines, the uppers have
enamel band hypsodonty.
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Text-fig. 6. Enamel-band hypsodont teeth: A — Schematic model for the heterochronic extension of phases II and III with suppression
of phase IV, if euhypsodont; B — Dicrostonyx torquatus lower incisor, Pleistocene, Germany (STIPB KOE93); C - Hydrochoerus hy-
drochaeris, occlusion of rodent incisors, Recent, Argentina (STIPB M5684); D — Tachyoryctes splendens, cross-sections of lower and
upper incisors, Recent, Kongo (STIPB KOE2382); E — Meriones shawi, cross-sections of lower and upper incisors, Recent, Morocco
(STIPB KOFE44); F — Ondatra zibeticus, cross-sections of lower and upper incisors, Recent, Germany (STIPB KOE2807); H - Thyla-
cosmilus atrox, euhypsopdont upper with enamel on the buccal side only. Wear sharpens the blade; G — Phascolonus gigas, cross-section
of upper incisor, Pleistocene, New South Wales (STIPB KOE1684); H-1 — Vombatus ursinus, lower molars with enamel on the buccal
side only, Recent, Australia (STIPB M542). K-L - Stylinodon mirus check tooth with enamel on buccal and lingual sides, Eocene,
Wyoming (USNM 16664); M Sus scrofa, Recent, Germany (STIPB M 1212), freshly erupted upper canine, distal aspect of the un-
worn tip with the wide dentine band to the right and one narrow to the left; N — Cross-section of the same tooth -section with the
wide enamel band on the lower side and three dentine tracts; due to the freshly erupted tooth the pulpa is very wide. — In cross-sec-
tions: black = enamel, gray = dentine, stippled = cementum. — Figures are not to scale. (D-F: from KarTHOFF 2000; H: from
KoEeNIGSWALD & GOIN 2000; C, I, K, M: photos G. Oleschinski, STIPB).

Other canines attributed to this category are more ~ with enamel only on the lateral side, while dentine is
bladelike. The large, euhypsodont canines of the mar-  exposed on the lingual side. Although there is no an-
supial Thylacosmilus (Text-fig. 6H) is an impressive  tagonist the dentine is abraded by the horny skin cov-
example (TURNBULL 1978). The canine is covered ering the mandible. The exposed rims of the enamel
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form sharp cutting edges (KOENIGSWALD & GOIN
2000). Several early cervids (e.g., Muntiacus, Pomel-
omeryx) have very similarly constructed upper ca-
nines.

In the posterior dentition, enamel-band hypsod-
onty is rare since the surrounding enamel is of great
functional importance. Therefore, dentine tracts ex-
ceeding 1/3 of the circumference are found only in a
few checek teeth. The wide dentine tracts in Stylinodon
(Text-fig. 6GK-L) were observed previously by WHITE
(1959). Broad dentine tracts with cementum cover
the anterior and the posterior side (KOENIGSWALD et
al. 2010b). The euhypsodont cheek teeth of the extant
marsupials Vombatus (Text-fig. 61-]) and Lasiorhinus
are covered with enamel only on one side. Lowers
show enamel on the buccal side, uppers on the lingual
side. Such a distribution is related to the chewing di-
rection and thus to the pattern of functional symme-
try found in many check teeth (RENSBERGER 1973;
KOENIGSWALD et al. 1994). The euhypsodont lower
molars of the rodents Geomys and Pappogeomys then
fall into the same category, having an enamel band on
the distal side only, while uppers are characterized as
sidewall hypsodont with narrower dentine tracts free

of enamel.
B
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5.5. Partial hypsodonty (Text-fig. 7)

The category “partial hypsodonty” as defined by
(ToBIEN 1963, 1974, 1976, 1978) is represented by
strongly curved upper cheek teeth that are dominated
by a hypsodont enamel band on the lingual side, while
tiny roots anchor the tooth on the buccal side (Text-
fig. 7B-F). During the long lasting tooth eruption, the
tooth rotates in a buccal-lingual direction around the
anchoring roots.

Such teeth have a primary occlusal surface formed
during phase I. The dominant enamel on the lingual
side is related to phase II. Simultaneously, the dentine
surface of phase Il is built more buccally and the small
roots on the buccal side represent phase IV (Text-
fig. 7A). Thus the phases IL III, and IV are involved
simultaneously in the formation of this type of tooth.

The most prominent examples of partial hypsod-
onty are the upper cheek teeth of some lagomorphs
(e.g., Palacolagus, Amphilagus, Piezodus, Titanomys,
and Myronolagus) (Text-fig. 7B-E) (FORSYTE Ma-
JOR 1899; TOBIEN 1963, 1976, 1978; DaAwsoN 1958,
1967; BAIr 2007; FosTowicz-FRELIK & TABRUM
2009; KOENIGSWALD et al. 2010). An almost identi-
cal construction is found in theridomyids (SCHMIDT-
KiTTLER & VIANEY L1auD 1987), tsaganomyids

Text-fig. 7. Partial hypsodonty in upper cheek teeth of lagomorphs (B-E) and rodents (F). A — Schematic model for the heterochron-
ic extension of phase II; phases Il and IV occur simultaneously on the buccal side. B — Palaeolagus sp., M1 with lateral roots, middle
Eocene, Montana (STIPB KOE 668); C — Mytonolagus ashcrafti, P4, middle Eocene, Montana; D — Amphilagus ulmensis, P4, Miocene
Germany; E — Amphilagus antiquus, MicroCT of P4 and M1 showing the pair of buccal roots in cross-section, upper Oligocene,
France (NHMB Cod 377); F — Cyclomys lohensis, eatly Oligocene, Mongolia. In drawings: black = enamel, gray = dentine, stippled = ce-
mentum. — Figures are not to scale. (B and C: from FosTowicz & TaBRUM 2009; D: from TOBIEN 1974; F: from WaNG 2001).
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(Text-fig. 7F) (WaNG 2001), and several other ro-
dents. During wear, the secondary occlusal surface is
rotating around the buccal rim. Due the increasing
obliquity with the growing axis the buccal-lingual ex-
tension of the occlusal surface becomes larger (BAIR
2007). The lower cheek teeth of the same taxa are less
curved and represent sidewall hypsodonty.

Phase Ill elongated
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BAIR (2007) studied the geometrical aspect of
the partial hypsodonty in the ochotonids Desmatola-
gus and Hesperolagomys. She compared the strongly
curved upper molars with incisors of the rodent Oz-
datra. Despite similarities in the geometry both tooth
types are related here to different categories of hyp-
sodonty. Neither in rodent incisors nor in any of the

Text-fig. 8. Dentine hypsodonty: A — Schematic diagram for the heterochronic extension phase III. Phase I and II may be present,
phase IV is regularly suppressed. B — Babyrussa babyrussa, euhypsodont upper and lower canines are dentine teeth, Recent, Sulavesi
(ZMFK 39.136); C — Prodeinotherium bavaricum, Miocene, Ulm (SMNS 41562); D — Mammuthus primigenius, Pleistocene, Horb,
Germany (GPIT/MA/2129); E — Odobenus rosmarus, cranium with enlarged canines, Recent, Bering Sea (ZFMK 94.138); Mamuthus
primigenius tusk, Pleistocene, Siberia; F — Orycteropus afer, mandible with euhypsodnt dentine teeth, Recent, Africa (AMNH 51372);
G — Megatherium americanum, mandible with lophed cheek teeth, Pleistocene, Buenos Aires province, (MLP 2-56); H — Glyptodon
reticularis, mandible with euhypsodont cheek teeth, Pleistocene, San Alberto, Bolivia (MB Ma. 33514); I — Glyptodon typus, cheek
teeth showing the dentine differentiation of the dentine, Pleistocene, Escrivanta Huelen, Brazil (ZMK 1845/1:9250). — Figures are
not to scale. (Photos B: G. Olschinski, STIPB; C: H. Lumpe, SMNS; D — W. Gerber, GPIT; E: R. Hutterer, ZMFK; F: T. Lehmann,
SME; G: S. Bargo, MPL; H: O. Hampe, MB; I: K.L.Hansen, ZMK).
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strongly curved cheek teeth occurring in notungulates
or vombatids, roots restricted to the buccal side are
present or can be assumed for earlier phylogenetic
stages.

5.6. Dentine hypsodonty (Text-fig. 8)

The category “dentine hypsodonty” comprises
elongated teeth with a surface that is dominated by
dentine and thus attributed to ontogenetic phase III
(Text-fig. 8A). A small enamel cap formed during
phases I and II may be present but is normally insig-
nificant. The teeth of dentine hypsodonty are gener-
ally euhypsodont and thus a formation of differenti-
ated roots during phase IV does not occur. Dentine
hypsodonty occurs in anterior dentitions showing free
growth as well as in posterior dentitions with balanced
wear. The most impressive examples are the ivory tusks
in the whale Monodon, the canivore Odobenus, or in
proboscideans (Elephas, Mammuthus and Deinoth-
erium) (Text-fig. 8C-E).

In the posterior dentition, typical dentine hyp-
sodonty can be observed in Orycteropus (Text-fig. 8F)
and fossil and extant xenarthrans e.g., Megatherium
and Ghprodon (Text-fig. 8G-H). These teeth show
balanced wear and are regularly surrounded by cemen-
tum. The dentine structure provides various modifica-
tions of different resistance to wear (KALTHOFF
2011).

Traces of the initial enamel cap are known from
fossil and even some extant dasypodids (SPRUGIN
1904; SIMPSON 1932), indicating that the ontogenet-
ic stages I and II were present in earlier phylogenetic
stages but have been reduced. Similarly the narrow
enamel band present in the entire length of gompho-
therian tusks (e.g., Cuvieronius and Gomphotherium)
can be interpreted as a rudiment (GOHLICH 2010).

In Hippopotamus amphibins, only the massive
lower central incisor is a dentine tooth, while the other
incisors represent enamel-band hypsodonty. In the
suid Phacochoerus, the upper canines are heavy dentine
teeth: In Babyrussa not only the upper canines are free
of enamel but the lowers as well.

6. Discussion

6.1. Comparison with previously described types of
hypsodonty

In contrast to the previous classifications, the
types of hypsodonty defined here are based on three

different and independent parameters: the extended

ontogenetic phase, the degree of hypsodonty, and the
type of wear. One parameter alone is not enough to
characterize the great diversity of hypsodonty in mam-
malian dentitions. That this classification is applicable
to the great diversity of hypsodont teeth in mammali-
an dentitions is shown by the arrangement of exam-
ples in the field between the three selected parameters,
as shown in Text-fig. 9. A single dentition may contain
several types of hypsodont teeth. In Table 3 various
mammalian taxa having hypsodont teeth are listed,
and the various tooth positions are classified. This list
demonstrates the occurrence of hypsodonty in almost
all mammalian orders and the wide applicability of the
proposed system. Any such kind of classification is like
a Procrustean bed, into which some intermediate stag-
es have to be squeezed in. The large array of taxa listed
in Table 3 shows that the new system is broad enough
to include almost all teeth. Certainly the attribution
to a specific type does not give all the required infor-
mation nor replaces a detailed description. But with
additional comments these basic types of hypsodonty
can easily be differentiated.

The more traditional way to look at hypsodont
teeth dealt mainly with cheek teeth of balanced wear
and thus excluded all other hypsodont teeth, despite
their very similar construction.

As mentioned in the introduction this is not the
only approach classifying hypsodont teeth. The system
proposed by WHITE (1959) covers the morphology
of a great number of hypsodont cheek teeth in mam-
malian families, but his types are not comprehensive
and do not include all tooth types. HERSHKOWITZ
(1962) concentrated on rodent teeth and created a
system with only two types. Thus teeth attributed to
one of his types may show a highly diverse ontogenetic
history. Nevertheless these types can be correlated
with the system proposed here (Table 2), but some of
them cover several types distinguished here.

6.2. Evolutionary aspects

All categories of hypsodonty differentiated here
are based on the critical condition that primarily one
of the ontogenetic phases is extended at the cost of
others. Thus all categories can be deduced from this
basic pattern alone. But any classification is more or
less static and does not reflect the evolutionary chang-
es. The widespread tendency for hypsodonty to in-
crease can be expressed within the parameter of the
degree of hypsodonty.
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Text-fig. 9. Categories of hypsodonty characterized by three parameters: 1. dominant and extended ontogenetic phase (phase I, I1, and
III), 2. type of wear (balanced wear or free growth), and 3. degree of hypsodonty (increasing hypsodont to euhypsodont). A — Destmo-
stylus (molar); B — Phacochoerus (molar); C — Loxodonta (molars); D — Smilodon (upper canines); E — Moschus (upper canines); F -
Sorex (lower incisor); G — Prolagus (premolar); H — Arvicola (euhypsodont molar); I - Mimomys (rooted molar); ] — Equus (molar);
K - Bos (molar); L — Sus scrofa (euhypsodont lower canine); M — Protaceratherium minutum (rooted lower incisor); N — Mytonolagus
(upper molar with partial hypsodonty); O — Microtus gregalis (upper and lower molars and upper and lower incisors); P — Stylinodon
mirus (euhypsodont molar); Q — Sus scrofa (euhypsodont upper canine); R — Megatherium (molar); S — Physeter (molar); T — Mam-
muthus primigenius (tusk); U — Odobenus (upper canines). — Figures are not to scale.

But whether categories change within lineages
when the teeth are modified during evolution needs to
be discussed. One striking result from this survey is
that cheek teeth seldom change from one category to
the other during their evolution in the fossil record.
One exception is the rodent Microtia, classified as
multicusped hypsodont. It seems to develop enlarged
sidewalls and might end up in the sidewall hypsodont
category. Others may develop central longitudinal
ridges connecting the cusps.

The enlarged teeth in the frontal region are more
likely to change category by increasing the dentinal
part of the tooth surface. Apatemyids are an example.
The enlarged lower incisor of Steblinella from the
Uintan (Middle Eocene) of Utah is enlarged but well
rooted. The elongated cusp is covered with enamel on
all sides and thus is classified as unicuspid hypsodont.
In the more derived Sinclairella from the Oligocene of

Dakota, the crown is elongated and covered by enamel
mainly on the lower side (JEPSEN 1934). The Euro-
pean genus Heterohyus from the Eocene of Messel and
Egerkingen has achieved a full euhypsodont lower in-
cisor with an enamel-band on the anterior side (STEH-
LIN 1916; KOENIGSWALD 1990). Although this is
not a phylogenetic lineage, these teeth demonstrate
the possible evolutionary pathway.

Canines of suids provide another example. Al-
though the upper canines are massive, the enamel
bands, present in Sus, are reduced in Phacochoerus
while the pointed lower canine retains the enamel
forming sharp cutting edges. In Babyrussa the enamel
of upper and lower canines is reduced to produce es-
sentially dentine teeth, although these teeth are very
impressive in size. It seems that enamel is less impor-
tant in teeth mainly used as display organs. Perhaps
the stiff enamel is less favored in large tusks that need
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Table 2. Terms related to hypsodonty with abbreviated explanations and comments about their interrelationships.

(HERSHKOVITZ 1962 and
1967: 834)

Balanced wear Hypsodont or euhypsodont teeth with a stable position of the occlusal surface due to a constant

(this paper) equilibrium between a long lasting tooth eruption and abrasion by a structurally similar antago-
nist.

Coronal hypsodonty “Coronal hypsodonty results in vertical elongation of the entire crown of the tooth at the expense

of the root ... in molariform teeth” [equivalent to multicusped- and mainly sidewall hypsodont
teeth in this paper]

Crown hypselodonty “(Cheek-) teeth with indefinite suppression of root formation, and the crown continues to grow
(Janis & FORTELIUS 1988) | after eruption.” [Such euhypsodont teeth are part of sidewall hypsodonty in this paper]

Cusp hypsodonty Molars with elevated crowns, rooted or unrooted. [Comprises multicusped -, unicuspid-, and
(WHITE 1959:243) partly sidewall hypsodonty of this paper]

Dentine hypsodonty Hypsodont teeth mainly formed by dentine, usually euhypsodont (ontogenetic phase III domi-
(this paper) nant)

Dentine tracts
(e.g., HIBBARD 1954)

Narrow stripes of dentine reaching from the /irea sinuosa up into the crown

Enamel-band hypsodonty
(this paper)

Hypsodont tecth with enamel and dentine exposed in the sidewalls, the dentine part is more than
1/3 of the circumference, simultaneous activity of phases I and III in the dominant part of the
tooth

Euhypsodont
(MoNES 1982)

Rootless or continuously growing teeth (equivalent to hypselodont)

Free growth

Hypsodont or euhypsodont teeth that may protrude from the mouth and are not limited in length

(various authors)

(this paper) by regular abrasion.

Hypselodont Synonym of euhypsodont (see MONES 1982)

Hypsodont Teeth higher than wide or long (VAN VALEN 1960: 531), being rooted or unrooted (euhypso-
(as used in this paper) dont), occur in the entire dentition, and may have enamel or not.

Hypsodonty index Relationship between the height of freshly erupted, hypsodont teeth and the width or length,

defined for restricted taxa and special purposes

Linea sinuosa
(RABEDER 1981)

Undulating lower margin of the coronal enamel, often forming dentine tracts

Multicusped hypsodonty
(this paper).

Hypsodont teeth with several elevated cusps or transverse lophs, and low sidewalls; balanced wear
is dominant.

Partial hypsodonty
(ToBIEN 1963, 1974, 1978)

Hypsodont cheek teeth in lagomorphs with an oblique lower enamel margin and growing zone.
They are strongly curved in lingual-buccal and often rooted on one side. The enamel cover is pre-
dominantly on the side with the greater radius [simultaneous activities of phases II, III, and IV],
partly equivalent to unilateral hypsodonty.

Root hypsodonty
(WHITE 1959: 243)

“In this type the principal growth of the tooth takes place in the roots....the enamel depositing
may or may not persist or may be limited to certain areas”. [ Thus this type comprises enamel-band

hypsodont, and dentine hypsodont cheek teeth]

(MARTIN 1993:210)

Root hypselodonty “Teeth with true crown lost through wear in an early stage and the root continue to grow and

(Jants & FORTELIUS 1988) | crupt as a dentine peg.” [equivalent to check teeth with dentine hypsodonty]

Sidewall hypsodonty Teeth that are dominated by extended sidewalls. They may be rooted or euhypsodont. The prima-

(this paper) ry occlusal surface is functionally insignificant. Ontogenetic phase II dominants at the costs of
other parts. Enamel islets and lateral re-entrant folds may be present. Dentine tracts up to 1/3 of
the circumference are tolerated. Thus ontogenetic phase I and III may be partially involved.
[Cheek teeth of this type are fall in the category “tooth-base hypsodonty” of WHITE (1959).
Euhypsodont cheek teeth fall into “crown hypselodonty” of JaN1s & FORTELIUS (1988)]

Superhypsodonty Another term for euhypsodont or hypselodont

Tooth-base hypsodonty
(WHITE 1959:243)

“In this type the principle growth of the tooth takes place between the base and the root and the
cusps or crests are usually low” [Comprises sidewall hypsodont cheek teeth in this paper.]
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Table 2. Continued.

Tubercular hypsodonty “Tubercular hypsodonty results in elongation of the coronal tubercle, or tubercles, at the expense

(HErRsHKOVITZ 1962 and of the remainder of the tooth, including the root” [He explicitly includes rodent incisors, ele-

1967: 834) phant tusks, but molariform teeth as well. Thus it comprises multicusped, unicuspid, and enamel
band-, and dentine hypsodont teeth of this paper]

Unicuspid hypsodont Hypsodont teeth with simple (unicuspid) enamel cap that continues into the sidewalls, thus the

(this paper) ontogenetic phases I and I are not distinguishable. As in some canines, roots may be larger than
crowns.

Unilateral hypsodont Hypsodont molars, where the lower rim of the enamel cap is at different height on the lingual and

(BURKE 1934, 1941) buccal sides (WANG 2001; CANDELA et al. 2007). [A synonym of partial hypsodonty TOBIEN
1963.] — BAIR (2007) expanded this term (unfortunately) to rodent incisors.

to be somewhat elastic to prevent breakage. This rela-
tionship is not applicable to dentine teeth in the pos-
terior dentition.

Teeth with partial hypsodonty are a final example.
ToBIEN (1976) assumed that the ochotonid lago-
morphs achieved euhypsodonty in their upper molars
by passing through a stage of partial hypsodonty in
which the curvature of the upper cheek teeth was
gradually straightened. The two buccal roots are pos-
sibly replaced by dentine ridges located in exactly the
same position. Such ridges are present in several de-
rived ochotonids. Thus these teeth changed from the
category of partial hypsondonty to sidewall or enamel-
band hypsodonty.

A similar evolutionary change presumably oc-
curred in the upper molars of theridomyid rodents
(ScHMIDT-KITTLER 2002) and may have occurred in
hystricids as well. Partial hypsodonty seems to be one
way to reach the level of euhypsodonty, but certainly it
is only one of several ways, for it is not applicable to
rodent or lagomorph incisors.

A transition from one hypsodont category to the
other is possible through partial hypsodonty. The im-
pression of our study, however, is that the interchange
between the various types of hypsodonty is limited.
Neither so far convincing examples for any evolution-
ary reversals were found, neither in reduction of the
degree of hypsodonty nor in closure of dentine tracts
or fields by enamel.

6.3. Simultaneous activity of different ontogenetic

phases

The ontogenetic phases are not strictly sequential
but distinct interactions between the various phases
occur. In unicuspid hypsodonty, phase I cannot be dif-
ferentiated from phase II. This is a simple interaction.
More complicated is the formation of enamel islets. If

they originate from the primary occlusal surface, they
are related to phase I and are formed — to some degree
— simultaneously with the sidewalls of phase II. The
formation of such an enamel islet is, however, only
possible until the margins of the islet have reached the
occlusal surface, for the enamel forming epithelium
can only be supported from outside of the basement
membrane. Thus, such islets are limited in depth to
the maximal tooth height before the eruption. This
may be the reason why enamel islets disappear when
teeth become euhypsodont. Perhaps this specific limi-
tation is the reason why bovid molars are hypsodont
but never became euhypsodont. However, lateral re-
entrant folds from the sidewalls do not have this struc-
tural limitation. The preference for lateral infolds is
well documented in the evolutionary history of arvi-
colids. The relationship between islets and the ontoge-
netic phase II can be a bit more complicated. Some
lateral infolds often end with a final deepening that
take the form of enamel islets when the tooth is worn.
Such enamel islets have been observed in the molars of
the multituberculate Sudamerica and the upper cheek
teeth of the lagomorph Palacolagus (KOENIGSWALD
& GoIN 2000; KOENIGSWALD et al. 2010a). This
specific topic requires a more detailed investigation.

The simultaneous activity of the ontogenetic
phases II and III characterizesenamel-band hypsod-
onty and occurs to a minor degree in teeth of the cat-
egory sidewall hypsodonty with narrow dentine tracts.
In contrast to brachydont teeth, where the ontogenet-
ic phases are more or less subsequent, in hypsodont
teeth different genetic programs are active in different
areas. In teeth representing partial hypsodonty as
many as three phases are active simultaneously.

In euhypsodont teeth, the heterochronic expan-
sion of the phases II or III suppresses the formation of
differentiated roots. It is not known, so far, whether
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the genetic information for the root formation is to-
tally lost or present but no longer expressed. Certainly
it is a question of time until genetic information be-
comes unavailable due to mutations, when the expres-
sion of such genes is not controlled by natural selec-
tion.

6.4. Function and selective value of hypsodont teeth

The different types of wear in hypsodont teeth
open the view to the selective value of hypsodonty.
The function of teeth with free growth ranges from
gathering food e.g., the large canines in carnivorous
mammals to social interactions e.g., weapons in pigs,
or demonstration of superiority in elephants. Some
enlarged canines show a significant sexual dimorphism
e.g., canines in primitive cervids (Text-fig. 9E).

Hypsodont teeth with balanced wear occur in the
anterior and posterior dentition. They all are related
to food acquisition or comminution. Those in the an-
terior dentition may have many other functions as
well, e.g., rodent incisors for digging, fighting or giv-
ing signals.

The advantage of hypsodont teeth with balanced
wear is often regarded as its provision of increased du-
rability (Jants & FORTELIUS 1988) because of the
additional tooth material that can be used for commi-
nuting food. VAN VALEN (1960) assumed that hyp-
sodont teeth might allow a longer life span. However,
a prolonged life span does not seem to have a selective
value (FORTELIUS 1985). The additional tooth mate-
rial provided by hypsodont teeth allows feeding on
more abrasive food (RENSBERGER 1971) and thus ex-
pands the range of available resources.

Despite an intensive abrasion the occlusal surface
of molars belonging to this type of hypsodonty re-
mains almost unchanged. Thus the effectiveness of
these teeth remains constant for a very long period du-
ring the life span. That seems to be one of the major
advantages of this very widely spread type of hypso-
donty. It is very common in environments characteri-
zed by siliciferous grasses and the correlation is inten-
sively discussed (e.g., MACFADDEN 1992, JaN1s 2008,
SANSON et al. 2007, HUMMEL et al. 2010).

The progressing hypsodonty is combined with an
accelerated tooth eruption. When molars become
euhypsodont the eruption rate may be accelerated
even more. In arvicolid molars first comparative data
of tooth eruption could be obtained (KOENIGSWALD
& GOLENISCHEV 1979). In Clethrionomys, with root-
ed molars, the eruption rate reaches only about 10% of

the eruption rate measured for Lagurus, Microtus, and
Dicrostonyx, which have euhypsodont teeth. The high-
ly increased costs required for the formation of hyp-
sodont and euhypsodont teeth does not seem to be a
limiting factor for the animal. The worn-off tooth ma-
terial passes together with the food through the gut
and might be partially digested and thus recycled by
the animal itself. Nevertheless enlarged teeth mainly
used as display organs tend to become dentine hyp-
sodont, relinquishing the enamel.

6.5. The building material in hypsodont teeth

The building materials are crucial for the function
and durability of hypsodont teeth (Janis &
FOrTELIUS 1988). During mammalian evolution the
building materials of teeth, enamel, dentine and ce-
mentum are partly modified. Thus the question may
be raised whether the evolution of hypsodonty re-
quires specific structural changes in these materials.
Many hypsodont teeth show cementum on the enamel
surface, and some of them have an especially rough
enamel surface for the attachment of the cementum
(KoeNIGSWALD 2002). Cementum on the enamel
surface is known as early as the late Cretaceous on the
hypsodont molars of the multituberculate Sudamerica
ameghinoi from Patagonia (KOENIGSWALD et al.
1999). WHiTE (1959) highlighted the combination
of cementum and euhypsodonty in the molars of the
Paleogene tacniodont Stylinodon (Text-fig. 6G). Ce-
mentum occurs frequently in hypsodont teeth, e.g. in
the molars of bovids, horses, and elephants. Arvicolids
demonstrate that euhypsodont molars can have ce-
mentum on the crowns (Ondatra, Microtus, Arvicola,
Lemmaus) but also may lack it (Dicrostonyx, Lagurus).

Some specific variations of the dentine structure
occur in the euhypsodont dentine teeth. The high
elasticity in elephant tusks is related to the presence of
Schreger bands that create the typical ivory pattern
(O’NIEL EsPINOZA & MANN 1993). The dentine of
Orycteropus afer has a highly specialized prismatic
structure, although these teeth are poorly loaded when
the animal is crushing ants (HEUSER 1913; KEIL
1966). Modified types of dentine with different physi-
cal properties cause the differential wear in the molars
of the xenarthrans Ghprododon and Megatherium
(Text-fig. 8G-I) (KaLTHOFF 2011).

The various modifications in the enamel micro-
structure evolved in brachydont teeth to reinforce the
enamel against breakage. But two examples indicate
that the degree of differentiation is especially high in
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euhypsodont teeth. The enamel in marsupials is gener-
ally formed by underived radial enamel. A notable ex-
ample occurs in the euhypsodont wombats, which
have very distinct Hunter-Schreger bands (HSB) in
their incisor and cheek tooth enamel (BEIER 1981;
KOENIGSWALD 1994). The hypsodont and euhyp-
sodont molars of arvicolids have a much more differ-
entiated pattern of enamel structures than in the re-
lated but brachydont cricetids (KOENIGSWALD 1980).
In conclusion, the building material of hypsodont
teeth is often highly derived, but — perhaps with excep-
tion of the dentine — these structures occur prior to
and independent of the development of hypsodonty.

7. Conclusions

Hypsodont teeth are regarded as a morphological
group of teeth elongated parallel to the growing axis,
regardless of the tooth position or the presence of
enamel. This goes beyond the traditional usage of the
term, in which generally cheek teeth with balanced
wear are discussed. This extension of the term was an-
ticipated by HERSHKOVITZ (1962), MARTIN (1993),
and others. The construction of teeth may differ in the
various tooth positions. Thus different teeth from a
single dentition may represent very different types of
hypsodonty. The aim of this new classification is a bet-
ter understanding of the construction and the evolu-
tion of hypsodont teeth. The ecological significance of
hypsodonty for herbivorous mammals is not discussed
here.

Three independent parameters are used to distin-
guish different types of hypsodont teeth:

1) The extension of specific ontogenetic phases,

2) The degree of hypsodonty, and

3) The type of wear.

Mammalian teeth have a basic pattern of tooth
formation, which is divided here into four more or less
subsequent ontogenetic phases. The various types of
hypsodont teeth can be characterized by the dominant
ontogenetic phase which is extended at the cost of the
others. This can be described as heterochrony.

The expansion of the first phase, the formation of
tooth cusps, leads in molars to multicusped hypsod-
ont teeth, with low sidewalls, as in Phacochoerus or El-
ephas.

In canines the cusp is not discernable from the
subsequently formed sidewalls, thus such teeth, if hyp-
sodont, are regarded as unicuspid hypsodont.

In most hypsodont teeth, the primary occlusal
surface is worn away and the elongated sidewalls are

the most functionally important. Those teeth are re-
garded as sidewall hypsodont and are formed usually
during ontogenetic phase II. The worn occlusal surface
is often differentiated by enamel islets or re-entrant
folds that increase their efficiency. This category is rep-
resented by the teeth of many herbivorous mammals
from rodents to ungulates. They may be rooted or
euhypsodont. The enamel covered sidewalls may be
interrupted by dentine tracts related to the next on-
togenetic phase.

If the dentine tracts do not cover more that 1/3 of
the circumference, the teeth are regarded as sidewall
hypsodont, but if the dentine covers more than 1/3,
the next category, they represent enamel band hypsod-
onty. Rodent incisors and many other similarly built
teeth represent this category, in which phase I and II1
are forming the tooth simultaneously.

Hypsodont teeth formed dominantly during
phase III are dentine teeth and range from xenarthran
molars to elephant tusks. They represent dentine hyp-
sodonty and are mainly euhypsodont. Differentiated
roots never cause the hypsodonty of a tooth.

The dominance of extended ontogenetic phases
sets the framework for this classification, but adding
the two other aspects, increasing hypsodonty and the
type of wear, allows a much better description of the
great diversity of hypsodonty. All three features
evolved independently and parallel in many mamma-
lian lineages. They indicate the constructional limita-
tions in tooth formation.
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