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EVOLUTION OF INCISOR ENAMEL MICROSTRUCTURE IN LAGOMORPHA
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ABSTRACT—A single layer of radial enamel in the incisors represents the plesiomorphic condition for stem-lineage
representatives of Glires (Lagomorpha and Rodentia). A single layer of radial enamel is detected in the incisors of the
zalambdalestid Barunlestes butleri and the pseudictopid Pseudictops lophiodon as well as the eurymylid Eurymylus
laticeps. The eurymylid Matutinia nitidulus exhibits a more derived, double-layered schmelzmuster with Hunter-Schre-
ger bands (HSB) in the portio interna (Pl) and radial enamel in the portio externa (PE). Mimotonids are characterized
by a schmelzmuster with HSB: Anatolimys rozhdestvenskii has double-layered enamel (Pl with HSB, PE with radial
enamel) and two undetermined mimotonids from Mongolia exhibit a single-layered enamel. An incisor of an undeter-
mined leporid (Srenulagus or Aktashmys) from the early Eocene of Kyrgyzstan, one of the geologically oldest studied,
has double-layered schmelzmuster with HSB in the Pl and radial enamel in the PE, whereas all other leporids have
single-layered enamel with HSB. This is evidence that the single-layered leporid incisor schmelzmuster is derived from
a double-layered condition. The presence of multilayered schmelzmuster in upper and lower incisors of Ochotonidae
with modified radial enamel, HSB, and tangential enamel is corroborated. All three species of the supposed ochotonid
Desmatolagus (D. gobiensis, D. robustus, and D. vetustus) exhibit a single-layered schmelzmuster with HSB and
therefore are transferred to the Leporidae. Ochotonid schmelzmuster was derived by a different pathway than leporid
schmelzmuster and possibly originated from that of yet poorly known early Paleogene Gliriformes such as Decipomys

mongoliensis. This indicates that the ochotonid-leporid divergence is much older than previously believed.

INTRODUCTION

There is a long-standing debate on the interrelationships of
Lagomorpha and Rodentia. From a morphological viewpoint,
Glires (Rodentia and Lagomorpha) is one of the best established
supraordinal monophyletic groups within Eutheria (Novacek,
1985, 1996; Luckett, 1985; Novacek and Wyss, 1986; Luckett
and Hartenberger, 1993; Shoshani and McKenna, 1998; Meng
and Wyss, 2001). Support for Glires from molecular studies has
been equivocal, although is now stronger (Czelusniak et al.,
1990; Graur et a., 1996; Huchon et al., 1999; Madsen et al.,
2001; Murphy et al., 2001a, b).

In the discussion on the interrelationships of Lagomorpha
and Rodentia, incisor enamel microstructure plays an important
role. Lagomorpha have generally been characterized as having
single-layered incisor enamel in contrast to double-layered in-
cisor enamel in Rodentia (Tomes, 1850; Korvenkontio, 1934;
Li et a., 1987), a view which entered some textbooks (e.g.,
Carroll, 1988). Koenigswald (1995, 1996) demonstrated that
this approach is too simplistic, because within Lagomorpha
only Leporidae (hares and rabbits) have single-layered incisor
enamel whereas Ochotonidae (pikas) exhibit multilayered in-
cisor enamel. A simple counting of enamel layers proved in-
sufficient, and it is necessary to consider the enamel types that
form the incisor schmelzmuster (Koenigswald, 1995, 1996).
Since the classic works of Tomes (1850) and Korvenkontio
(1934), incisor enamel microstructure of a number of fossil and
modern lagomorphs has been investigated. But there has not
been a comprehensive study of lagomorph incisor enamel mi-
crostructure that also includes stem-lineage representatives of
both lagomorph and rodent and important Cretaceous and early
Paleogene outgroup taxa. To elucidate the origin and early evo-
lution of lagomorph and rodent incisor schmelzmuster and to
clarify character polarity of enamel microstructure within glir-
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iform mammals, the zalambdalestid Barunlestes butleri and the
pseudictopid Pseudictops |lophiodon were included in this study.
The urgent need for a clarification of character polarity in the
incisor enamel microstructure of gliriforms is demonstrated by
contradictory discussions on this topic (e.g., Flynn et al., 1987;
Koenigswald, 1995, 1996; McKenna and Meng, 2001; Meng et
a., 1994; Meng and Wyss, 1994; 2001; Martin 1997, 1999a).
Enamel microstructure can be studied equally in extant and fos-
sil organisms. It therefore provides a character complex that
can be traced from plesiomorphic stem-lineage representatives
to the living crown groups. Thus, it has a great potential in
providing important information on the evolutionary history of
mammalian higher taxa.

Institutional Abbreviations—AMNH, American Museum
of Natural History, New York; VPP, Institute of Vertebrate
Paleontology and Paleoanthropology, Beijing; MA, enamel col-
lection of T. Martin, currently housed at the Institut fur Geo-
logische Wissenschaften, Fachrichtung Palaontologie, Freie
Universitat, Berlin, MAE, Mongolian-American Museum of
Natural History Expedition; MgM, suffix for mammalian spec-
imens from Mongolia in the collections of ZPAL (Mg, Mon-
golia, M, Mammalia); ZIN, Zoological Institute, Russian Acad-
emy of Sciences, St. Petersburg; ZPAL, Institute for Paleobi-
ology, Polska Akademia Nauk, Warsaw.

Enamel Microstructure Abbreviations—EDJ, enamel-den-
tine junction; HSB, Hunter-Schreger bands; | PM, interprismatic
matrix; OES, outer enamel surface; P, prism; PE, portio exter-
na; Pl, portio interna; PLEX, prismless external layer.

MATERIAL AND METHODS
Specimens Studied

Zalambdalestidae—Barunlestes butleri, MgM-1/135, right
lower incisor taken from mandible with p3—4 and m1-3; Barun
Goyot Formation, Late Cretaceous; MA 178.

Pseudictopidae—Pseudictops lophiodon, MgM-I11/11, left
lower incisor (i2) associated with isolated ?dc, pl, p2, p3, ml,
m2; Naran Bulak, Paleocene, Sulimski, 1968; MA 257. Pseu-
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dictops lophiodon, MgM-I1/24, isolated left upper incisor (12);
Naran Bulak, Paleocene, 1964; MA 258.

Eurymylidae—Eurymylus laticeps, MgM-I1/61, right lower
incisor taken from mandible with p4—m3 (Sych, 1971:pls. 25,
27-28); Naran Bulak, Nemegt Basin, late Paleocene; MA 256.
Matutinia nitidulus, VPP V-7444, left upper and right lower
incisors taken from skull fragment with mandible; Lingcha For-
mation, Hengyang Basin, China, early Eocene; MA 172. Ma-
tutinia nitidulus, VPP V-7449, left upper and right lower in-
cisors taken from skull with lower jaw; Lingcha Formation,
Hengyang Basin, China, early Eocene; MA 173.

Mimotonidae—Anatolimys rozhdestvenskii, ZIN 79158, left
lower incisor taken from mandible with p4 and m2-3; Andarak
2, Kyrgyzstan, early Eocene (Anatolimys Shevyreva 1994 has
priority over Anatolmylus Averianov 1994; Averianov and God-
inot, 1998); identified by A. O. Averianov; MA 180. cf. Ana-
tolimys rozhdestvenskii, ZIN-An-5, 2upper isolated incisor; An-
darak 2, Kyrgyzstan, early Eocene; according to A. O. Averi-
anov (pers. comm., July, 2003) Anatolimys rozhdestvenskii is
the only species of that genus present at Andarak; MA 181.
Mimotonidae gen. et sp. indet., MAE-56-97-5112, right upper
incisor taken from anterior skull fragment with 12—3 and cheek
teeth; above base of Bumban Member, early Eocene; identified
by M. C. McKenna; MA 204. Mimotonidae gen. et sp. indet.,
MN 50a, left upper and lower incisors taken from skull with
12—3 and mandible with i2 plus complete cheek dentition; Bum-
ban Beds, Naran Bulak, early Eocene; identified by M. C. Mc-
Kenna; MA 206.

Ochotonidae—Snolagomys sp. indet., AMNH 56648, left
lower incisor taken from mandible with i, p3—m1; Hsanda Gol
Formation, Tsagan Nor Basin, Mongolia, Oligocene; MA 186.
Desmatolagus vetustus, AMNH 26093, left lower incisor taken
from mandible with i, p3—m3, Ulan Gochu Formation, Shara
Murun region, early Oligocene; MA 189. Desmatolagus go-
biensis, AMNH 84851, right lower incisor taken from mandible
with i, p3—m2; Hsanda Gol Formation, Tsagan Nor Basin, Mon-
golia, Oligocene; MA 187. Desmatolagus robustus, AMNH
83856, right lower incisor taken from mandible with i, p3—p4;
Hsanda Gol Formation, Tasagan Nor Basin, Mongolia, Oligo-
cene; MA 188. Austrolagomys simpsoni, AMNH 22528b, right
lower incisor taken from mandible with p3—p4 (paratype); S. of
Lideritz Bay, Namibia, SW. Africa, Miocene; MA 252. Bel-
latona forsythmajori, AMNH 26238 (805), right lower incisor
taken from mandible with i, p3—m3; Tung Gur beds, Tairum
Nor Basin, middle Miocene; MA 202. Ochotonoides complici-
dens, AMNH 141011, left upper and lower incisors taken from
skull with associated mandible; Hsi Chuang, Shou Yang, China,
Pliocene; MA 249.

Leporidae—Leporidae gen. et sp. indet. (Aktashmys or
Strenulagus), ZIN-An-1, isolated right upper incisor; Andarak
2, Kyrgyzstan, early Eocene; MA 185. According to A. O. Av-
erianov (pers. comm., July, 2003), two lagomorphs are present
in Andarak, Aktashmys montealbus Averianov 1994 (= ‘“‘Val-
erilagus reshetovi’’ Shevyreva 1995) and a new species of
Strenulagus Tong and Lei 1987; although the latter is slightly
larger, identification of isolated incisors is not possible. Lepor-
idae gen. et sp. indet. (Aktashmys or Strenulagus), ZIN-An-6,
isolated left upper incisor; Andarak 2, Kyrgyzstan, early Eo-
cene; identified by A. O. Averianov; MA 285. Litolagus moli-
dens, AMNH 105999, left lower incisor taken from mandible
with p2—m2; Niobrara County, Wyoming, late Eocene (Chad-
ronian); MA 194. Shamolagus medius, AMNH 26144, piece of
right lower incisor taken from mandible with p3—m1 (holotype);
Shara Murun Formation, near Baron Sog, Inner Mongolia, Chi-
na, late Eocene; MA 253. Chadrolagus emryi, AMNH 99121,
right lower incisor taken from mandible with p3—m1; Natrona
County, Wyoming, late Eocene (Chadronian); MA 195. Pa-
laeolagus temnodon, AMNH 99137, right lower incisor taken
from mandible with p3—m3; Natrona County, Wyoming, late
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FIGURE 1.

Incisor cross sections of various Eurymylidae and Lago-
morpha. Scale bar equals 1 mm. A, Matutinia nitidulus, right lower
incisor (MA 172). B, Matutinia nitidulus, left upper incisor (MA 172).
C, Leporidae, gen. et sp. indet. (Aktashmys or Strenulagus), ZIN-An-6,
left upper incisor (MA 285). D, Leporidae, gen. et sp. indet. (Aktashmys
or Srenulagus), ZIN-An-1, right upper incisor, enamel layer missing in
this part of tooth due to corrosion (MA 185). E, Mimotonidae, gen. et.
sp. indet., left upper incisor (MA 206). F, Mimotonidae, gen. et sp.
indet., right upper incisor (MA 204). G, Eurymylus laticeps, right lower
incisor (MA 256). H, Palaeolagus temnodon, left upper incisor (MA
203). 1, Ochotonoides complicidens, left lower incisor (MA 249). J,
Megalagus turgidus, left upper incisor (MA 193).

Eocene (Chadronian); MA 191. Palaeolagus temnodon, AMNH
99130, left upper incisor taken from skull with I, dP2-3, P3—
M2 (right), P2-M2 (left); Natrona County, Wyoming, late Eo-
cene; MA 203. Palaeolagus burkei, AMNH 106367, left upper
incisor taken from anterior skull portion with teeth; Washington
County, South Dakota, early Oligocene; MA 198. Palaeolagus
haydeni, AMNH 105835, upper and left lower incisors taken
from skull with lower jaw; S. Heart, South Dakota, early Oli-
gocene; MA 200. Palaeolagus intermedius, AMNH 141013,
left lower incisor taken from mandible with i, p3—m2; 7 mi.
south of S. Heart, South Dakota, early Oligocene; MA 201.
Megalagus turgidus, AMNH 545, left lower incisor taken from
mandible with p3—4; White River, Logan County, Colorado,
early Oligocene; MA 192. Megalagus turgidus, AMNH
141012, left upper incisor taken from anterior skull fragment
with teeth; 4 miles SE of Douglas, Wyoming, early Oligocene;
MA 193. Gobiolagus andrewsi, AMNH 26097, right lower in-
cisor taken from mandible with p4—m2; Ulan Gochu Formation,
Shara Murun region, early Oligocene; MA 190. Archaeolagus
macrocephalus, AMNH 141010, right lower incisor taken from
mandible with i, p3—m3 (left) and i, p3—m2 (right); Royal Val-
ley, late Oligocene/early Miocene; MA 196. Archaeolagus cf.
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FIGURE 2. Scanning electron migrographs of incisor enamel sections of Zalambdalestidae and Pseudictopidae. A and C, longitudinal sections;
B and D, cross sections. In all sections, EDJ is to the left and in the longitudinal sections, the tip of the incisor is to the top. Scale bar equals 10
pm. A and B, Barunlestes butleri, Late Cretaceous, MA 178. Lower incisor enamel with a single layer of radial enamel. As evident from the
longitudinal section, prisms are inclined 40° apically near the EDJ and turn horizontally towards the OES. C and D, Pseudictops lophiodon,
Paleocene, MA 258. Upper incisor enamel with a single layer of radial enamel. Prisms are slightly bent antapically and thick |PM surrounds the
prims.
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In all sections, EDJ is to the left and in the longitudinal sections the tip of the incisor is to the top. Scale bar equals 10 pum. A and B, Eurymylus
laticeps, late Paleocene, MA 256. Lower incisor enamel with a single layer of radia enamel. Prims (P) run straight from the EDJ to the OES
and the enamel layer is very thin. Thick interprismatic matrix (IPM) surrounds the prisms. C and D, Matutinia nitidulus, early Eocene. C, lower
incisor longitudinal section (MA 172) with double-layered enamel. Portio externa (PE) with radial enamel is much thinner than portio interna
(PI) with HSB. D, upper incisor cross section (MA 173) with double layered enamel. In the PE, prism cross sections are strongly laterally flattened.
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FIGURE 4. Scanning electron micrographs of lower incisor enamel sections of early Eocene Mimotonidae. A and C, longitudinal sections; B
and D, cross sections. In all sections, EDJ is to the left and in the longitudinal sections, the tip of the incisor is to the top. Scale bar equals 10
pm. A and B, Anatolimys rozhdestvenskii, MA 180. The incisor enamel is double layered with HSB in the Pl and radial enamel in the PE. Prism
inclination is 0° in the PE, therefore prisms are cut longitudinally in the longitudinal and cross section. C and D, Mimotonidae, gen. et sp. indet.,
MA 206. The incisor enamel consists of a single layer with HSB. Towards the OES, HSB become somewhat indistinct, because the angle of
decussation decreases.
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FIGURE 5. Scanning electron micrographs of upper incisor enamel sections of early Eocene Leporidae. A and C, longitudinal sections; B and
D, cross sections. In al sections, EDJ is to the left and in the longitudinal sections, the tip of the incisor is to the top. Scale bar equals 10 pm.
A and B, Leporidae, gen. et. sp. indet. (Aktashmys or Srenulagus), MA 185. The incisor enamel is double layered with HSB in the Pl and radial
enamel in the PE. The border between Pl and PE is not very distinct, but the presence of a PE is clearly evident from the cross section. Prism
cross sections in the PE are irregulary rounded. C and D, Lagomorpha, gen. et sp. indet. (Aktashmys or Strenulagus), MA 285. In this specimen
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macrocephalus, AMNH 22288, upper incisors (12 and 13) taken
from maxillary fragment, associated broken lower jaw with
dentition; Sandoval County, New Mexico, late Oligocene/early
Miocene; MA 199. Alilepus sp. indet.,, AMNH F:AM 116221,
left upper incisor taken from skull; T a Tsun, China, late Mio-
cene;, MA 248.

Preparation Techniques

Pieces a few millimeters long were cut off the incisors using
a minidrill diamond-coated disk. Specimens were embedded in
polyester resin and cut transversely and longitudinally. Embed-
ded specimens were ground smooth and etched for 2—4 seconds
with 2N HCI to make morphological details visible. After ul-
trasonic cleansing and rinsing with distilled water, the speci-
mens were dried, mounted on SEM stubs, and sputtercoated
with gold (6 min). The specimens were studied by SEM at
magnifications from 500 to 2,000X. Following general conven-
tion, schmelzmuster descriptions refer to the zone which is
close to the sagittal plane of the incisor (Flynn and Wahlert,
1978:fig. 2). Laterally, the enamel usually becomes thinner and
its microstructure may be simplified (e.g., in two layered enam-
el the Pl with HSB may become obsolete so that only the PE
with radial enamel remains). In lagomorph upper incisors that
are characterized by a median groove, either the enamel of the
sagittal plane of the mesial or lateral lobe is described (Fig. 1).
A dlight difference in enamel thickness between both lobes has
been observed, but there is no structural difference in the
schmelzmuster. If not otherwise indicated, ‘‘ upper incisor’” re-
fers to dI2 in Lagomorpha. Systematics follows McKenna and
Bell (1997); enamel terminology follows Koenigswald and
Sander (1997) and Martin (1999a, b).

Orientation of |PM

The orientation of the IPM crystallites plays an important
role in the distinction of enamel types. Plesiomorphic is a thick
IPM where the IPM crystallites are oriented parallel to the
prism long axes. This is the case in early prismatic enamel, the
(primitive) radial enamel, where prisms and |PM crystallites are
oriented perpendicularly to the EDJ. If a certain inclination of
the prisms occurs, the IPM crystallites (which remain perpen-
dicular to the EDJ) are at an acute angle to the long axes of
the prisms. Both types of IPM orientation are found in radial
enamel. An IPM is called “surrounding’ if it is thick (at least
half a prism diameter) and it surrounds each individual prism.
This applies also for HSB, where the orientation of IPM crys-
tallites may be parallel or acute to the prism long axes (de-
pending on the inclination of HSB).

If the IPM isthin (less than half a prism diameter), it usually
does not surround each individual prism, but it anastomoses
between the prisms or groups of prisms (anastomosing |PM).
Orientation of IPM crystallites may be parallel, but in most
cases it is acute angular or even rectangular to the prism long
axes. IPM may form plates between the prism rows, which do
not anastomose (interrow sheets, only in rectangular IPM). This
enamel type is called modified radial enamel and is highly de-
rived according to biomechanical constraints (Pfretzschner
1988, 1994). In this case, IPM crystallites are no longer per-
pendicular to the EDJ, but oriented about 45° in antapical di-
rection; the angle between IPM crystallites and prism long axes
is about 90°. Parallel/acute anastomosing and rectangular 1PM
(interrow sheets) also occurs in HSB; it is an important char-
acter for the distinction of HSB types.
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The terms ““multiserial”” and ‘‘ pauciserial’ are avoided in the
description of lagomorph enamel, because Korvenkontio (1934:
97, 130) originally referred these exclusively to enamel of Ro-
dentia. Lagomorph incisor schmelzmuster was called ‘‘lago-
dont”’ by Korvenkontio (1934:48), a term which never came in
common use. HSB in lagomorph incisors are generally thicker
than in those of rodents (except for very large taxa such as
Hydrochaeris and some fossil giant forms). In early Glirifor-
mes, HSB are structurally similar to the pauciserial condition
(e.g., IPM surrounds each individual prism and runs parallel to
prism long axes), and in lagomorphs they resemble the multi-
serial condition (IPM at an acute or right angle to prism long
axes). From the early Gliriform condition, the pauciserial HSB
of rodents evolved by reduction of HSB thickness, whereas
greater HSB thickness was retained in lagomorphs. For the de-
scription of early gliriform and lagomorph HSB, the term **mul-
tilayered” is used.

RESULTS
Outgroup Representatives

Zalambdalestidae—The lower incisor enamel of Barunles-
tes butleri is single-layered and consists of radial enamel with
no prism decussation (Fig. 2A, B). In the inner part of the
enamel, prisms are inclined 45° apically; after having reached
the middle of the enamel layer, prisms turn simultaneously in
a horizontal direction (inclination = 0°). IPM surrounds the
prisms and IPM crystallites are oriented perpendicularly to the
EDJ. Therefore, they run at an angle of about 40° to the prism
long axes in the inner part of the enamel and parallel to the
prisms in the outer part. Prism cross sections are rounded ovals.
Enamel thickness is 145 pm. A PLEX of 5-10 pm is present.

Pseudictopidae—The upper and lower incisor enamel of
Pseudictops lophiodon is single-layered and consists of radial
enamel (Fig. 2C, D). Prisms run parallel to each other and no
prism decussation occurs. Prisms perform a slight antapical
bending in the upper incisor. In the inner part of the enamel,
near the EDJ, they are inclined 40° apically. Towards the OES,
prism inclination slightly decreases (about 30° near the OES).
In the lower incisor, prisms run straight (without bending) from
the EDJ to the OES and are inclined 30° apically. IPM sur-
rounds the prisms and IPM crystallites are oriented at an acute
angle to the prism long axes. Enamel thickness is 100—150 pm
in the upper incisor depending on the area of the tooth crown;
in the lower incisor it is 50 wm. A PLEX of 10-15 pum is
present.

Early Simplicidentata

Eurymylidae—The lower incisor enamel of Eurymylus la-
ticeps has a single layer of radial enamel (Fig. 3A, B). Prisms
run straight from the EDJ to the OES without bending and are
inclined 30° apically. Thick IPM surrounds the prisms and |1PM
crystallites are oriented at an acute angle to the prism long axes.
Prism cross sections are oval. Enamel thickness is 25-30 pm
and a PLEX is present.

The upper and lower incisor enamel of Matutinia nitidulus
is double-layered with an inner portion with HSB and a thin
outer portion of radial enamel (Fig. 3C, D). In the upper inci-
sors, HSB are 4-5 prism layers wide and are inclined 15-25°
apically. Enamel thickness is 115-125 pm and the PE com-
prises 25-30% of the total enamel thickness. In the lower in-
cisor enamel, HSB are 3 to 4 prism layers wide and are inclined

—

the enamel is single layered. Towards the OES, HSB become indistinct (decrease of decussation). From the cross sections it is evident that no PE
with radial enamel is present and that HSB run from the EDJ to the OES.



418

JOURNAL OF VERTEBRATE PALEONTOLOGY, VOL. 24, NO. 2, 2004

TABLE 1. Summary of schmelzmuster of studied taxa. ?? indicates not measured.

Number of

Taxon Age Incisor layers Enamel types
Barunlestes butleri Late Cretaceous lower 1 redial
Pseudictops lophiodon Paleocene upper 1 radial
Pseudictops lophiodon Paleocene lower 1 radial
Eurymylus laticeps late Paleocene lower 1 radial
Matutinia nitidulus MA 172 early Eocene upper 2 HSB, radial
Matutinia nitidulus MA 172 early Eocene lower 2 HSB, radia
Matutinia nitidulus MA 173 early Eocene upper 2 HSB, radial
Matutinia nitidulus MA 173 early Eocene lower 2 HSB, radia
Anatolimys rozhdestvenskii early Eocene lower 2 HSB, radia
cf. Anatolimys rozhdestvenskii early Eocene upper 2 HSB, radial
Mimotonidae sp. indet. MA 204 early Eocene upper 1 HSB
Mimotonidae sp. indet. MA 206 early Eocene upper 1 HSB
Mimotonidae sp. indet. MA 206 early Eocene lower 1 HSB
Snolagomys sp. indet. Oligocene lower 2 modified radial, HSB
Austrolagomys simpsoni Miocene lower 2 modified radial, HSB
Bellatona forsythmajori Miocene lower 2 modified radial, HSB
Ochotonoides complicidens Pliocene upper 2 modified radial, HSB
Ochotonoides complicidens Pliocene lower 3 modified radial, HSB, tangential
Leporidae gen. et sp. indet. early Eocene upper 2 HSB, radial
Leporidae gen. et sp. indet. early Eocene upper 1 HSB
Shamolagus medius late Eocene lower 1 HSB
Litolagus molidens late Eocene lower 1 HSB
Chadrolagus emryi late Eocene lower 1 HSB
Palaeolagus temnodon late Eocene lower 1 HSB
Palaeolagus temnodon late Eocene upper 1 HSB
Palaeolagus haydeni early Oligocene upper 1 HSB
Palaeolagus haydeni early Oligocene lower 1 HSB
Palaeolagus haydeni early Oligocene (13) 1 radial
Palaeolagus burkei early Oligocene (13) 1 radial
Palaeolagus intermedius early Oligocene lower 1 HSB
Megalagus turgidus early Oligocene lower 1 HSB
Megalagus turgidus early Oligocene upper 1 HSB
Gobiolagus andrewsi early Oligocene lower 1 HSB
Desmatolagus vetustus early Oligocene lower 1 HSB
Desmatolagus gobiensis Oligocene lower 1 HSB
Desmatolagus robustus Oligocene lower 1 HSB
Archaeolagus macrocephalus late Olig./early Mioc. lower 1 HSB
Archaeolagus cf. macrocephalus late Olig./early Mioc. upper 1 HSB
Archaeolagus cf. macrocephalus late Olig./early Mioc. (13) 1 HSB
Alilepus sp. indet. late Miocene upper 1 HSB

25-30° apically. Enamel thickness is 100-110 pm and the PE
comprises about 25-30% of the total enamel thickness. In upper
and lower incisors, IPM surrounds the prisms and IPM crys-
tallites are oriented at an acute angle to the prism long axes.
Prism cross sections are oval in the Pl and laterally flattened in
the PE; in most specimens a thin PLEX is present.

Early Duplicidentata

Mimotonidae—The lower incisor (di2; according to Averi-
anov, 1994 and pers. comm. July, 2003, Anatolimys has two
pairs of lower incisors) of Anatolimys rozhdestvenskii has a
double-layered schmelzmuster with a Pl of HSB and a PE of
radial enamel (Fig. 4A, B). There is no clear boundary between
HSB and radial enamel, and single bands may extend into the
outer layer of radial enamel. The Pl is about two-thirds of total
enamel thickness. HSB are 3-5 prism layers thick and are in-
clined 30° apically; between HSB transition zones occur. In the
PE, prisms are not inclined, but are oriented perpendicular to
the EDJ (inclination = 0°). IPM is thin. In the Pl and PE, IPM
crystallites run paralel to the prism long axes and IPM anas-
tomoses between the prisms. Prism cross sections are rounded
ovals. Enamel thicknessis 135 wm and a thin PLEX is present.
The ?upper incisor enamel of cf. Anatolimys rozhdestvenskii is
also double-layered with HSB in the PI and radial enamel in
the PE. As in the lower incisor, the boundary between inner
and outer portions is not sharp and the Pl is about two thirds
of total enamel thickness. HSB are 4—6 prism layers thick and

between the HSB transition zones are visible. HSB inclination
varies from almost 0° to 30°. IPM is thin. In the PI, IPM crys-
tallites run parallel to the prism long axes and |PM anastomoses
between the prisms. In the PE, IPM crystallites run at an acute
angle to the prism long axes; prisms are inclined with 45° api-
cally. Enamel thickness is 150 um and a thin PLEX is present.
The upper and lower incisor enamel of two undetermined
mimotonid specimens from Mongolia (MA 204 and MA 206)
have single-layered schmelzmuster with HSB that become in-
distinct towards the OES (Fig. 4C, D). This phenomenon is
caused by the fact that the angle of decussation of adjacent HSB
decreases in the outer part of the enamel layer. HSB thickness
varies between 4—6 prism layers and HSB inclination is low to
moderate (0—35°). Between HSB, transition zones are present.
IPM isthin and IPM crystallites run parallel or at an acute angle
to the prism long axes and anastomose regularly. Prism cross
sections are oval in the Pl and laterally flattened in the PE.
Enamel thickness is 120—135 wm and a PLEX is missing.

Lagomorpha

Leporidae—Except for one of the earliest representatives,
the incisor schmelzmuster of Leporidae is very uniform and
consists of a single layer with HSB. In contrast to all other
leporids studied, the upper incisor schmelzmuster of an unde-
termined leporid (Aktashmys or Srenulagus) from the early Eo-
cene of Andarak is double-layered with HSB in the Pl and
radial enamel in the PE (Fig. 5A, B). The PE comprises up to
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TABLE 1. (Extended.)
Prism HSB HSB Enamel
inclination Prism inclination thickness IPM in radial thickness
(deg) bending (deg) (prisms) IPM in HSB enamel (pm) % PE

40-0 antapical — — — acute surrounding 145 —
40-30 antapical — — — acute surrounding 100-150 —
30 straight — — — acute surrounding 50 —
30 straight — — — acute surrounding 25-30 —
30 (PE) — 15-20 4-5 paralel surrounding acute 125 30
30 (PE) — 30 34 acute surrounding acute 110 30
25 (PE) — 25 4-5 parallel surrounding acute 115 25
30 (PE) — 25 34 acute surrounding acute 105 25

0 (PE) — 30 35 parallel parallel 135 30
45 (PE) — 0-30 4-6 parallel acute 150 30
— — 35 4-6 paralel to acute — 125 —
— — 25 35 parallel to acute — 135 —
— — 0-5 34 paralel to acute — 120 —
45 (PI) straight 50 34 rectangular rectangular 70 40
55 (PI) straight 45 5 rectangular rectangular 70 40-50
45 (PI) straight 45 2-3 rectangular rectangular 120 40
45 (PI) straight 45 4-6 rectangular rectangular 65 70
45 straight 45 35 rectangular rectangular 140 —
60 (PE) straight 40 34 acute acute 50 30
— — 35 34 paralel surrounding — 55 —
— — 40 34 acute — 35 20
— — 50 35 rectangular — 70 —
— — 55 34 rectangular — 50 —
— — 55 3 rectangular — 50 —
— — 55 4-5 rectangular — 45 —
— — e 36 rectangular — 45-50 —
— — 40 34 rectangular — 70 —
30 straight — — — rectangular 40 —
Not measured straight — — — rectangular 45-55 —
— — 0 5-6 rectangular — 70 —
— — 35 35 rectangular — 75 —
— — 35 5-6 rectangular — 55-60 —
— — 45-50 4-5 acute — 75 —
— — 45 3 acute — 30 —
— — 45 3 rectangular — 50 —
— — 45 34 rectangular — 45 —
— — 30 35 rectangular — 90 —
— — 30 2-3 rectangular — 35 —
— — 45 3 rectangular — 35 —
— — 50 5 rectangular — 40 —

30% of the total enamel thickness. Prism cross sections are oval
and a PLEX is missing. The enamel of a second undetermined
leporid upper incisor from Andarak (Aktashmys or Srenulagus)
exhibits a single-layered schmelzmuster with HSB (Fig. 5C, D).
Towards the OES, HSB become indistinct because the angle of
decussation is decreasing. However, a few HSB in this speci-
men reach the OES and a separate PE with radial enamel cannot
be distinguished. IPM surrounds and runs parallel to the prisms.

The lower incisor enamel of Shamolagus medius is very thin
(35 wm) and formed by a single layer with HSB (Fig. 6A). As
in the undetermined leporid (ZIN-An-6) from Andarak, HSB
become indistinct towards the OES, but a separate PE with
radial enamel is not discernible. IPM anastomoses between the
prisms and IPM crystallites are oriented at an acute angle to
the prism long axes. Prism cross sections are oval, and a very
thin PLEX is present. The schmelzmuster of all other leporids
(e.g., Fig. 6B, D) studied is single-layered with HSB. Slight
differences occur in the thickness and inclination of HSB, in
IPM orientation, and in enamel thickness (Table 1). IPM may
form interrow sheets (rectangular) or run at an acute angle to
the prism long axes. HSB thickness varies between 3 and 6
prisms and enamel thickness between 35 and 90 pm. Prism
cross sections are oval to lancet shaped and a thin PLEX (about
5 wm) may be present.

The enamel of the third upper incisor (I13) of Archaeolagus
cf. macrocephalus resembles that of di2/DI2 and consists of a
single layer with HSB with rectangular IPM. The enamel of the
I3 of Palaeolagus haydeni and Palaeolagus burkei does not

contain HSB, but has a single layer of radial enamel. Such a
reduction of HSB is typical for vestigia teeth. IPM runs at a
right angle to the prism long axes, a condition that is a remnant
of the HSB.

Ochotonidae—The lower incisor schmelzmuster of the och-
otonids Snolagomys sp. indet. (Fig. 7A, B), Austrolagomys
simpsoni (Fig. 7C, D), and Bellatona forsythmajori is double-
layered with modified radial enamel in the Pl and HSB in the
PE. In modified radial enamel, IPM crystallites are perpendic-
ular to the prism long axes and IPM forms interrow sheets
between prism rows which do not anastomose (Pfretzschner
1988, 1994). The HSB in Snolagomys sp. indet. are weakly
developed because the prism layers decussate at an acute angle.
Due to the low angle of decussation, HSB are not very distinct
in the longitudinal section, and in the cross section they appear
only as dlight undulation of prism cross sections. In the PE,
IPM is at aright angle to the prism long axes and anastomoses.
In the Pl and PE, IPM is much thinner than the prism cross
sections. A thin PLEX is present. Near the medial overlap of
the enamel cover of the incisor, the PE is formed by tangential
enamel with interrow sheets; HSB are not developed in this
area. The tangential enamel here is 55-60% of the total enamel
thickness.

The lower incisor enamel of Austrolagomys simpsoni closely
resembles that of Snolagomys sp. indet., but HSB are more
distinct (higher angle of decussation). IPM is comparatively
thin and forms interrow sheets in the Pl; in the PE, IPM crys-
tallite orientation is also rectangular to the prism long axes, but
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FIGURE 6. Scanning electron micrographs of lower incisor enamel sections of Leporidae. A, B, and C, longitudinal sections; D, cross section.
In al sections, EDJ is to the left and in the longitudinal sections, the tip of the incisor is to the top. Scale bar equals 10 pm. A, Shamolagus
medius, early Eocene, MA 253. The enamel of Shamolagus is very thin. As typical for Leporidae, it is single layered with HSB. IPM runs at an
acute angle to the prism long axes and anastomoses regularly. Towards the OES, HSB become indistinct. B, Gobiolagus andrewsi, early Oligocene,
MA 190. The enamel of Gobiolagus is comparatively thick and consists of a single layer with thick HSB. IPM runs at an acute angle to the
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IPM anastomoses regularly. Prism cross sections are oval and
laterally flattened in the Pl and PE. A PLEX is missing.

The schmelzmuster of Bellatona forsythmajori resembles that
of Snolagomys sp. indet. but the enamel is much thicker. The
border between Pl and PE is not clear and HSB are not very
distinct (low decussation angle); in the incisor cross section
they are indicated only by a slight undulation of prism rows. A
thin PLEX is present.

The lower incisor schmelzmuster of Ochotonoides compli-
cidens is three-layered with an inner layer of modified radial
enamel, a middle layer with HSB, and an outer layer with tan-
gential enamel. This schmelzmuster closely resembles that of
the extant Ochotona princeps. The inner radial enamel com-
prises about 35% of the total enamel thickness, the middle part
with HSB 50%, and the outer part with tangential enamel 15%,
respectively. The border between modified radial enamel and
HSB is not sharp, because decussation of prisms begins very
weakly and increases towards OES. |IPM crystallites are per-
pendicular to the prism long axes in the inner and middle part
of the enamel, forming interrow sheets. In the outer tangential
enamel, IPM anastomoses between the prisms. Prism cross sec-
tions are oval and laterally flattened. A PLEX is present. The
lower incisor enamel of Ochotonoides complicidens is double-
layered with modified radial enamel in the inner layer and HSB
in the outer layer. A thick PLEX (10 pwm) is present.

DISCUSSION
The Plesiomor phic Therian Incisor Schmelzmuster

The single layer of radial enamel in the incisors of Barun-
lestes butleri and Pseudictops lophiodon (Fig. 2) represents the
plesiomorphic therian condition. In plesiomorphic radial enam-
el, the IPM surrounds the prisms and IPM crystallites are ori-
ented parallel to the prism long axes. Prisms are oriented par-
alel to each other and run straight or slightly bent from the
EDJto the OES. A single layer of radial enamel has been found
in the molars of the holotherian Dryolestes leiriensis from the
Late Jurassic (Martin, 1999c), in a lower incisor of the multi-
tuberculate Taeniolabis tacensis (Carlson and Krause, 1985),
and in incisors and molars of many early Paleogene mammals
such as Heterohyus europaeus (Apatotheria), Conacodon sp.
(Condylarthra), and most Paleogene to Recent lipotyphlans and
marsupials (Koenigswald et al., 1987; Koenigswald, 1988,
1994). Plesiomorphic radial enamel has also been observed in
the incisors of the extant macroscelidid Petrodromus tetradac-
tylus (Martin, 1999a). Character polarity is also indicated by
biomechanical aspects. A single layer of plesiomorphic radial
enamel is much less resistant to failure than a schmelzmuster
with HSB because it does not provide any crack-stopping mech-
anism (Koenigswald et al., 1987; Koenigswald and Pfretz-
schner, 1991; Pfretzschner, 1988, 1994). HSB evolved in the
molars of many small mammals to cope with increased chewing
stress (Koenigswald et al., 1987). In contrast to plesiomorphic
radial enamel, modified radial enamel with a plate-like IPM that
forms thick interrow sheets is derived, as evidenced from bio-
mechanics (Pfretzschner, 1988, 1994). In this enamel type, the
crystallites of the thick IPM-plates are oriented perpendicularly
to the prisms and both prisms and IPM-plates form a decussat-
ing pattern analogous to HSB.

Incisor Schmelzmuster of Early Simplicidentata

Eurymylus laticeps (Fig. 3A, B) retained the plesiomorphic
condition with a single layer of plesiomorphic radial enamel. A
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similar schmelzmuster is present in the lower incisors of cf.
Eomylus from the late Paleocene of Mongolia and the upper
incisor of the recently described Sinomylus zhaii McKenna and
Meng 2001 from the late Paleocene of Anhui Province, China
(Martin, 1999a). The occurrence of a single layer of radial
enamel in Barunlestes butleri and Pseudictops lophiodon is ev-
idence that this character state represents the plesiomorphic
condition for Glires. A single layer of plesiomorphic radial
enamel is also present in the upper incisors of Tribosphenomys
minutus (Rodentiaformes), a sister taxon of Rodentia (Meng
and Wyss, 1994; Meng et al., 1994; Wyss and Meng, 1996). A
reversal from enamel with HSB to plesiomorphic radial enamel
never has been observed except in teeth where the enamel is
becoming vestigial (e.g., teeth of extant odontocetes, Sahni and
Koenigswald, 1997). Plesiomorphic radial enamel is not to be
confused with the highly derived modified radial enamel that is
found in ochotonid incisors, for example. In the incisors of
gliriform mammals, which are subject to high stresses during
gnawing, a reversal from HSB to plesiomorphic radial enamel
can be excluded; therefore the interpretation of the single layer
of radial enamel as a possible autapomorphic character of Tri-
bosphenomys minutus (Meng and Wyss, 1994; McKenna and
Meng, 2001:568) is very unlikely. More probably, Tribosphen-
omys has retained the plesiomorphic therian condition.

The schmelzmuster of the eurymylid Matutinia nitidulus
(Fig. 3C, D) is more derived. The studied specimens of Matu-
tinia (now considered a valid taxon following Ting et al., 2002;
contra McKenna and Bell, 1997) have double-layered enamel
in upper and lower incisors with HSB in the Pl and radial enam-
el in the PE. The presence of HSB is a derived character (Koe-
nigswald and Pfretzschner, 1987, 1991; Pfretzschner, 1988,
1994). According to the phylogenetic position of Matutinia as
member of the sistergroup of Tribosphenomys plus Rodentia
(Meng et a., 2003:fig. 74) it must be assumed that HSB
evolved convergently in Eurymylidae and Rodentia

A schmelzmuster with HSB is also present in the incisors of
Gomphos sp. indet., Rhombomylus sp. indet. (Martin, 1999a)
and Zagmys insolitus (Flynn et al., 1987). The schmelzmuster
of Gomphos sp. indet. is double-layered with an outer portion
of radial enamel; Zagmys insolitus originally was interpreted as
having only a single layer with HSB, but reinterpretation of the
SEM images of Flynn et al. (1987) made the presence of an
outer layer with radial enamel probable (Martin, 1999a). The
schmelzmuster of Rhombomylus sp. indet. was first described
as single-layered (Martin, 1992) in a specimen from the early
Eocene of Hubel Province in China (IVPP V 5257), but later
Martin (19994) observed a double-layerd schmelzmuster in a
specimen (cf. Rhombomylus) from Mongolia (PSS-MAE-914).
The outer layer of radial enamel of Rhombomylus sp. indet. and
Zagmys insolitus is not very obvious because it is rather thin
and the boundary between Pl and PE is somewhat irregular.
The number of enamel layers in PSS-MAE-914 could suggest
that it represents a different species or even genus. These ob-
servations demonstrate, that double-layered and derived single-
layered schmelzmuster with HSB occur in both stem-lineages
of Lagomorpha and Rodentia.

Incisor Schmelzmuster of Early Duplicidentata

In basal Duplicidentata, double-layered and single-layered
schmelzmuster with HSB were detected. Anatolimys rozhdest-
venskii (Fig. 4A, B) has double layered schmelzmuster with
HSB in the Pl and radial enamel in the PE in upper and lower
incisors. Upper and lower incisors of two ‘‘mimotonids” (MA

—

prism long axes and anastomoses frequently. C and D, Desmatolagus gobiensis, Oligocene, MA 187. The enamel is single layered with HSB
(typical leporid schmelzmuster). IPM runs rectangular to the prism long axes and anastomoses frequently.



422 JOURNAL OF VERTEBRATE PALEONTOLOGY, VOL. 24, NO. 2, 2004

FIGURE 7. Scanning electron micrographs of lower incisor enamel sections of Ochotonidae. A and C, longitudinal sections; B and D, cross
sections. In all sections, EDJ is to the left and in the longitudinal sections, the tip of the incisor is to the top. Scale bar equals 10 um. A and B,
Sinolagomys sp. indet., Oligocene, MA 186. The enamel is double-layered with modified radial enamel in the Pl and weakly developed HSB in
the PE. As is typical for modified radial enamel, IPM forms plates between the prism rows. C and D, Austrolagomys simpsoni, Miocene, MA
252. The schmelzmuster of Austrolagomys is similar to that of Sinolagomys, but HSB are more clearly developed (higher angle of decussation).
Plate-like interrow sheets are clearly visible.
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204 and MA 206; not yet identified at the specific and generic
level) collected by the MAE in Mongolia have single-layered
schmelzmuster. In the outer part of the enamel layer, HSB be-
come less distinct due to decreasing angle of prism decussation.
This supports the interpretation that HSB originated in the inner
part of the formerly single layer of radial enamel and expanded
towards the OES (Koenigswald, 1985). An upper incisor of
another undetermined mimotonid specimen from Mongolia
(MA 130) has double-layered enamel with HSB in the Pl and
radial enamel in the PE (Martin 1999a:262, fig. 3A, B). Studied
basal Duplicidentata represent different transitional stages from
a double-layered towards a single-layered schmelzmuster, as is
to be expected from stem-lineage representatives of leporids.
Therefore, the earlier hypothesis that single-layered incisor
enamel with HSB in Glires is derived from a double-layered
condition with HSB in the Pl and radia enamel in the PE is
reconfirmed here (Martin, 1999a). The lower incisor enamel of
Decipomys mongoliensis (unclear attribution of order) differs
from all other studied Gliriformes (sensu Meng and Wyss,
2001) (Martin, 1993, 1999a; Dashzeveg et al., 1998). It lacks
HSB and has an inner layer of (derived) tangential enamel with
interrow sheets and an outer layer of radial enamel. At the mo-
ment it is not clear, how widely this schmelzmuster was dis-
tributed among Gliriformes of which many taxa are known only
by very fragmentary remains; it would make a good structural
predecessor of the ochotonid schmelzmuster with an inner layer
of modified radial enamel and only weakly developed HSB in
the lower incisor and an upper incisor enamel without HSB.

Incisor Schmelzmuster of Lagomorpha

L eporidae—Undetermined leporids (Fig. 5A, B) from the
early Eocene (Ypresian) of Anadarak, Kyrgyzstan are the geo-
logically oldest representatives of Lagomorpha of which the
incisor enamel has been studied. The upper incisor of ZIN-An-
1 has two-layered schmelzmuster with HSB in the Pl and radial
enamel in the PE. This is direct evidence that two-layered
schmelzmuster is the plesiomorphic condition in Leporidae.
This schmelzmuster can easily be derived from the condition
present in some stem-group Duplicidentata (e.g., Anatolimys
rozhdestvenskii, Fig. 4A, B). A second, undetermined leporid
upper incisor from Andarak (ZIN-An-6) has single-layered
schmelzmuster with HSB; towards the OES, HSB become in-
distinct due to a decrease of the decussation angle. This can be
interpreted as a transitional stage from the condition found in
ZIN-An-1 and later leporids.

All other undoubted members of the Leporidae which have
been studied (e.g., Fig. 6) have a very uniform, single-layered
schmelzmuster with HSB in upper and lower incisors. The two-
layered enamel with radial enamel in the PE of the leporids
from the early Eocene of Andarak represents an ideal prede-
cessor for the leporid schmelzmuster, which easily can be de-
rived by reduction of the PE with radial enamel or an extension
of HSB to the OES. The enamel of the small 13 is very thin
and consists of radial enamel, as is typical for extremely thin,
amost vestigial enamel.

Ochotonidae—The ochotonid incisor schmelzmuster differs
clearly from that of leporids and is two- to three-layered in the
sagittal plane of the enamel cover; laterally and medially it can
be reduced to a single layer where the enamel is thin (Koenigs-
wald, 1995, 1996; Martin, 1999a). The studied ochotonids have
two-layered enamel in upper incisors with an inner layer of
(derived) modified radial enamel with interrow-sheets and an
outer layer of tangential enamel. Koenigswald (1995) observed
a one- to three-layered schmelzmuster (tangential enamel and/
or modified radial enamel in variable arrangements) in cross
sections of the upper incisor of Prolagus sardus depending on
the topographic position within the enamel cover; as in Ocho-
tona princeps, HSB do not occur in upper incisor enamel. This
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does not imply a reversal of enamel evolution from derived
(HSB) to plesiomorphic enamel, because the upper incisor
schmelzmuster of ochotonids is formed by highly derived
enamel types. If the ochotonid schmelzmuster evolved from a
structural predecessor similar to that of Decipomys mongolien-
Sis, it possibly never went through a stage with fully developed
HSB. The lower incisors of ochotonids have two- to three-lay-
ered enamel with an inner layer of modified radial enamel, a
middle layer of weakly developed HSB, and a thin outer layer
of tangential enamel. The outer layer of tangential enamel was
detected in various species of Ochotona, in the early Miocene
Piezodus sp. indet. and Titanomys sp. indet. (Koenigswald,
1995), and in Ochotonoides complicidens. In two species of
Prolagus (P. oeningensis and P. sardus), Koenigswald (1995)
observed a double-layered schmelzmuster where the outer layer
of tangential enamel is missing; this type of schmelzmuster was
also found in the lower incisors of Snolagomys sp. indet. (Fig.
7A, B) and Bellatona forsythmajori. The much greater thick-
ness of the enamel in Bellatona forsythmajori (Miocene) com-
pared to Snolagomys sp. indet. (Oligocene) cannot be ex-
plained alone by its slightly larger size, but probably represents
a more derived condition. Although the schmelzmuster varies
within ochotonids, it is clearly distinct from the very uniform
leporid schmelzmuster with a single layer of HSB (Table 1).
The presence of multilayered schmelzmuster with derived
enamel types (modified radial and tangential enamel) indicates
that the ochotonid schmelzmuster is highly derived despite the
lack of extensive HSB. The incisor enamel of ochotonids
evolved along a different pathway than those of leporids and
rodents for improving the biomechanical properties of their mi-
crostructure. Extensive study of ochotonid incisor enamel in-
dicates that they never went through a stage with strongly de-
veloped HSB.

Systematic Position of Desmatolagus

The lower incisor enamel of three species of Desmatolagus
(D. gohiensis, D. robustus, and D. vetustus) is consistently sin-
gle-layered with HSB (Fig. 6C, D), the autapomorphic condi-
tion for Leporidae. In the original description, Matthew and
Granger (1923:10) placed Desmatolagus provisionally within
Leporidae, although they stated that **. .. the genus undoubt-
edly is related to the Ochotonidae and may be considered an-
cestral to some of the genera. .. .’ McKenna (1982) put Des-
matolagus on the stem-lineage of Ochotonidae and Leporidae
based on dental characters, while McKenna and Bell (1997:108)
listed the genus Desmatolagus within Ochotonidae and stated
in afootnote that ** Some species assigned to Desmatolagus may
be leporids.” The occurrence of a single-layered schmelzmuster
with HSB in the lower incisors of D. gobiensis, D. robustus,
and D. vetustus shows that these species do not belong to the
Ochotonidae and are indeed members of the Leporidae.

Relationship of Ochotonid and Leporid Incisor
Schmelzmuster

Koenigswald (1995) interpreted the single-layered incisor
schmelzmuster of Leporidae as more derived than the multilay-
ered schmelzmuster of Ochotonidae. The results from the pre-
sent study suggest that both schmelzmusters are derived, but by
different pathways. The single-layered schmelzmuster of Le-
poridae can be derived directly from ‘‘mimotonid”” schmelz-
muster of double-layered enamel with thin PE (e.g., Anatolimys
rozhdestvenskii) or even a single-layered enamel with HSB (un-
determined mimotonid from Mongolia). One of the earliest le-
porids studied still has double-layered enamel with a thin PE;
in al other (younger) leporids investigated, the enamel is sin-
gle-layered with HSB.

The inner layer of the ochotonid schmelzmuster consists of
modified radial or tangential (upper incisor of Prolagus sardus)
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Incisor schmelzmuster mapped on a cladogram of Gliriformes presented by Meng et a. (2003:fig. 74). Numbers indicate the nodes

discussed by Meng et al. (2003); branches below node 84 are cut off. The cladogram covers only a small selection of the taxa studied here and
several basal Glires are not represented due to their fragmentary preservation. Data for Mimolagus are taken from Bohlin (1951) and for Heomys
from Li and Ting (1985) after figures based on light-microscopic images. Other enamel information derives from Korvenkontio (1934), Wahlert
(1983), Wahlert and Koenigswald (1985), Koenigswald (1988, 1990, 1996, 1997), Martin (1992, 1993, 1999a), Meng and Wyss (1994), and
Kalthoff (2000). White bars, single layer of plesiomorphic radial enamel; black bars, two-layered enamel with HSB in the Pl and radial enamel
in the PE (Pl may be subdivided, e.g., in Paradjidaumo); horizontally hatched bars, single layer with HSB; and cross-hatched bars, two- to three-
layered enamel with modified radial or tangential enamel in the inner layer; middle and outer layer formed in varying arrangement by weakly

developed HSB, radial or tangential enamel.

enamel. In contrast to the plesiomorphic radial enamel which
is found for example in marsupials, many lipotyphlans, and
Tribosphenomys, modified radial (and tangential) enamel is a
highly derived enamel type characterized by IPM plates (inter-
row sheets) between the prisms rows (Pfretzschner, 1994).
Crystallite orientation of the IPM plates is rectangular to the
prism long axes, an adaptation to strengthen the enamel (the
“plywood effect’”; Pfretzschner, 1988, 1994; Koenigswald and
Pfretzschner, 1991). Therefore, it is very unlikely that this
enamel type is a predecessor for HSB which usually start with
an IPM that is running parallel to or at a very low angle to the
prism long axes. This indicates that leporid and ochotonid
schmelzmusters are equally derived.

Cladistic Analysis and Schmelzmuster Distribution
in Gliriformes

According to the cladogram presented by Meng et al. (2003:
fig. 74; Fig. 8), a least three clades of Gliriformes indepen-
dently evolved a double layered schmelzmuster with HSB in
the PE and radial enamel in the PE from the primitive condition
with a single layer of plesiomorphic radial enamel: in Dupli-

cidentata (node 58), in the clade formed by Rhombomylus and
Matutinia (node 59), and in Rodentia (node 78) (Fig. 8). In
Lagomorpha, the outer layer with radial enamel was subse-
quently reduced in the Leporidae, whereas a multilayered
schmelzmuster formed mainly by derived modified radial enam-
el and tangential enamel evolved in the Ochotonidae. The po-
sition of Ochotonidae (here represented by Ochotona and Pro-
lagus) as the sister taxon of Lepus (Meng et al., 2003:fig. 74)
poses a problem, because this would imply evolution of the
multilayered ochotonid schmelzmuster that largely lacks HSB
from the single layered schmelzmuster with HSB of Lepus and
its allies (Leporidae). On the other hand, the schmelzmuster
without HSB of the early gliriform Decipomys mongoliensis
represents a possible structural predecessor for the ochotonid
schmelzmuster. Due to its fragmentary nature (only partial man-
dibles are known), Decipomys does not occur in the cladogram.
The strong differences between the ochotonid and leporid
schmelzmuster suggest a more basal divergence of Ochontidae
from early Paleogene stem-lineage lagomorphs than suggested
in the cladogram of Meng et a. (2003:fig. 74).

Within Eurymylidae, Eurymylus has retained the plesio-
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morphic condition with a single layer of radial enamel, whereas
Rhombomylus and Matutinia evolved a double layered schmelz-
muster with HSB in the Pl and (retained) radial enamel in the
PE. In Rodentiaformes (node 79), Snomylus and Tribosphen-
omys retained the plesiomorphic pre-Glires schmelzmuster with
a single layer of radial enamel. Rodentia (node 78) evolved a
double-layered schmelzmuster with HSB in the Pl and retained
radial enamel in the PE. All unquestioned early Paleogene Ro-
dentia examined so far exhibit a double-layered schmelzmuster
with HSB and radial enamel. Flynn et a. (1987) thought some
early rodents lacked PE, but this was disproved by Martin
(1999a). The PE was later reduced in very few rodent clades
(e.g., Heterocephalus jaegeri; Martin, 1992), and, in some
groups with uniserial incisor enamel (e.g., Eomyidae), the Pl
may be subdivided.

CONCLUSIONS

A single layer of radial enamel in the incisors represents the
plesiomorphic condition for Gliriformes, corroborated by in-
vestigation of early representatives as well as by outgroup com-
parison. From this stage, a two-layered schmelzmuster evolved
with HSB in the Pl and radial enamel in the PE. Development
of HSB took place by the decussation of prism layers within
the inner zone of the radial enamel. This double-layered stage
is represented by the eurymylid Matutinia nitidulus, the mim-
otonid Anatolimys rozhdestvenskii, and an undetermined early
leporid; it was retained in rodents. In the leporid lineage, HSB
extended towards the OES and finally completely displaced the
outer layer of radial enamel, resulting in a single layer of HSB.
As noted by Koenigswald (1995, 1996), the schmelzmuster of
ochotonids differs from that of leporids by the number of enam-
el layers and the enamel types involved. Contra Koenigswald
(1995, 1996), the ochotonid schmelzmuster is here considered
apomorphic. The multilayered ochotonid schmelzmuster with
(apart from weakly developed HSB) additional derived enamel
types most probably did not evolve from the double-layered
stage with strongly developed HSB. Possibly it originated from
the schmelzmuster of poorly known early Gliriformes such as
Decipomys mongoliensis that have derived enamel types other
than HSB. Although rather speculative at the moment, this in-
dicates a much longer separation of ochontonids and leporids
than assumed so far. Schmelzmuster distribution in the clado-
gram of Gliriformes (Meng et al., 2003:fig. 74; Fig. 8) dem-
onstrates that incisor enamel microstructure has limited value
as a synapomorphy for Glires. However, it is a powerful tool
for addressing phylogenetic and systematic questions within
Simplicidentata and Duplicidentata.

ACKNOWLEDGMENTS

This study was carried out in part at the American Museum
of Natural History, New York during a stay as visiting scientist
in spring 1999. | thank M. C. McKenna for the kind invitation
to the AMNH, for the permission to use the museum facilities,
and for the generous permit to take enamel samples from spec-
imens in the collections of the AMNH. Additional important
specimens were provided by Z. Kielan-Jaworowska (Warsaw),
Suyin Ting (Baton Rouge), and Alexander Averianov (St. Pe-
tersburg). For fruitful discussions | thank M. C. McKenna, W.
P Luckett (San Juan), and J. H. Wahlert (AMNH). The paper
greatly benefited from review comments by L. J. Flynn (Har-
vard), J. H. Wahlert, and an anonymous reviewer. Specid
thanks go to Susan Bell for various sorts of help and literature
searches, Judy Galkin for computer assistance, Angela Klaus
for SEM assistance, and Joseph Boesenberg for technical sup-
port (all AMNH). Wolfgang Miller provided the SEM prints
and Monika Bulang-Lorcher (both Berlin) drew Figure 1. The
project was funded by a Heisenberg Grant from the Deutsche
Forschungsgemeinschaft (DFG).

425

LITERATURE CITED

Averianov, A. O. 1994. Early Eocene mimotonids of Kyrgyzstan and
the problem of Mixodontia. Acta Palaeontol ogica Polonica 39:393—
411.

Averianov, A. O., and M. Godinot. 1998. A report on the Eocene An-
darak mammal fauna of Kyrgyzstan; pp. 210-219 in K. C. Beard
and M. R. Dawson (eds.), Dawn of the Age of Mammals. Bulletin
of Carnegie Museum of Natural History 34.

Bohlin, B. 1951. Some mammalian remains from Shi-ehr-ma-cheng,
Hui-hui-pu area, western Kansu. Reports from the Scientific Ex-
pedition to the north-western Provinces of China under Leadership
of Dr Sven Hedin. VI Vertebrate Palaeontology 5:1-47, Stockholm.

Carlson, S. J.,, and D. W. Krause. 1985. Enamel ultrastructure of mul-
tituberculate mammals: an investigation of variability. Contribu-
tions from the Museum of Paleontology, University of Michigan
27:1-50.

Carroll, R. L. 1988. Vertebrate Paleontology and Evolution. Freeman,
New York, 698 pp.

Czelusniak, J., M. Goodman, B. F Koop, D. A. Tagle, J. Shoshani, G.
Braunitzer, T. K. Kleinschmidt, W. W. de Jong, and G. Matsuda.
1990. Perspectives from amino acid and nucleotide sequences on
cladistic relationships among higher taxa of Eutheria; pp. 545-572
in H. H. Genoways (ed.), Current Mammalogy 2. Plenum Press,
New York.

Dashzeveg, D., J-L. Hartenberger, T. Martin, and S. Legendre. 1998.
A peculiar minute Glires (Mammalia) from the early Eocene of
Mongolia; pp. 194-209 in K. C. Beard and M. R. Dawson (eds.),
Dawn of the Age of Mammals. Bulletin of Carnegie Museum of
Natural History 34.

Flynn, L. J, and J. H. Wahlert. 1978. SEM study of rodent incisors:
preparation and viewing. Curator 21:303-310.

Flynn, L. J., D. E. Russell, and D. Dashzeveg. 1987. New Glires (Mam-
malia) from the early Eocene of the Peoples Republic of Mongolia
2. Incisor morphology and enamel microstructure. Proceedings of
the Koninklijke Nederlandse Akademie van Wetenschappen B90:
143-154.

Graur, D., L. Duret, and M. Gouy. 1996. Phylogenetic position of the
order Lagomorpha (rabbits, hares, and alies). Nature 379:333-335.

Huchon, D., E M. Catzeflis, and E. J. P Douzery. 1999. Molecular
evolution of the nuclear von Willebrand factor gene in mammals
and the phylogeny of rodents. Molecular Biology and Evolution
16:577-589.

Kalthoff, D. C. 2000. Die Schmelzmikrostruktur in den Inzisiven der
hamsterartigen Nagetiere und anderer Myomorpha (Rodentia,
Mammalia). Palacontographica A 259:1-193.

Koenigswald, W. v. 1985. Evolutionary trends in the enamel of rodent
incisors, pp. 403-422 in W. P Luckett and J.-L. Hartenberger
(eds.), Evolutionary Relationships Among Rodents. Plenum Press,
New York.

Koenigswald, W. v. 1988. Enamel modification in enlarged front teeth
among mammals and the various possible reinforcements of the
enamel; pp. 148-165 in D. E. Russell and D. Sigogneau-Russell
(eds.), Teeth Revisited. Mémoires du museum national d’ histoire
naturelle, Paris, série C 53.

Koenigswald, W. v. 1990. Ein ungewohnliches Schmelzmuster in den
Schneidezahnen von Marmota (Rodentia, Mammalia). Neues Jahr-
buch fur Geologie und Palaontologie, Abhandlungen 180:53-73.

Koenigswald, W. v. 1994. Differenzierungen im Zahnschmelz der Mar-
supialia im Vergleich zu den Verhdtnissen bei den Placentalia
(Mammalia); pp. 45-81 in R. Kohring and T. Martin (eds.) Fest-
schrift Bernard Krebs. Berliner geowissenschaftliche Abhandlun-
gen E 13.

Koenigswald, W. v. 1995. Lagomorpha versus Rodentia: the number of
layers in incisor enamel. Neues Jahrbuch fur Geologie und Palaon-
tologie, Monatshefte 1995:605-613.

Koenigswald, W. v. 1996. Die Zahl der Schmelzschichten in den Inzi-
siven bel den Lagomorpha und ihre systematische Bedeutung. Bon-
ner zoologische Beitrage 46:33-57.

Koenigswald, W. v. 1997. Brief survey of enamel diversity at the
schmelzmuster level in Cenozoic placental mammals; pp. 137-161
in W. v. Koenigswald and P M. Sander (eds.), Tooth Enamel Mi-
crostructure. Balkema, Rotterdam.

Koenigswald, W. v., and H. U. Pfretzschner. 1987. Hunter-Schreger-
Bander im Zahnschmelz von Saugetieren (Mammalia). Zoomor-
phology 106:329-338.

Koenigswald, W. v., and H. U. Pfretzschner. 1991. Biomechanics in the



426

enamel of mammalian teeth; pp. 113-125 in N. Schmidt-Kittler and
K. Vogel (eds.), Constructional Morphology and Biomechanics.
Springer, Berlin, Heidelberg.

Koenigswald, W. v., J. M. Rensberger, and H. U. Pfretzschner. 1987.
Changes in the tooth enamel of early Paleocene mammals allowing
increased diet diversity. Nature 328:150-152.

Koenigswald, W. v., and P M. Sander. 1997. Glossary of terms used
for enamel microstructures; pp. 267—280 in W. v. Koenigswald and
P M. Sander (eds.), Tooth Enamel Microstructure. Balkema, Rot-
terdam.

Korvenkontio, V. A. 1934. Mikroskopische Untersuchungen an Nager-
incisiven, unter Hinweis auf die Schmelzstruktur der Backenzahne.
Annales Zoologici Societatis Zoologicae-Botanicae Fennica Vana-
mo 2:1-274.

Li, C.-K., and S.-Y. Ting. 1985. Possible phylogenetic relationship of
Asiatic eurymylids and rodents, with comments of mimotonids; pp.
35-58 in W. P. Luckett and J.-L. Hartenberter (eds.): Evolutionary
Relationships among Rodents. Plenum Press, New York.

Li, C.-K., R. W. Wilson, M. R. Dawson, and L. Krishtalka. 1987. The
origin of rodents and lagomorphs; pp. 97-108 in H. H. Genoways
(ed.): Current Mammalogy, Vol. 1. Plenum Press, New York.

Luckett, W. P 1985. Supraordinal and intraordinal affinities of rodents:
developmental evidence from the dentition and placentation; pp.
227-276 in W. P. Luckett and J.-L. Hartenberter (eds.), Evolution-
ary Relationships among Rodents. Plenum, New York.

Luckett, W. P, and J.-L. Hartenberger. 1993. Monophyly or polyphyly
of the order Rodentia: possible conflict between morphological and
molecular interpretations. Journal of Mammalian Evolution 1:127—
147.

Madsen, O., M. Scally, C. J. Douady, D. J. Kao, R. W. deBry, R.
Adkins, H. M. Amrine, M. J. Stanhope, W. W. de Jong, and M.
Springer. 2001. Parallel adaptive radiations in two major clades of
placental mammals. Nature 409:610—614.

Martin, T. 1992. Schmelzmikrostruktur in den Inzisiven alt- und neu-
weltlicher hystricognather Nagetiere. Palaeovertebrata, Mémoire
extraordinaire:1-168.

Martin, T. 1993. Early rodent incisor enamel evolution: phylogenetic
implications. Journal of Mammalian Evolution 1:227-253.

Martin, T. 1997. Incisor enamel microstructure and systematics in ro-
dents; pp. 163-175 in W. v. Koenigswald and P M. Sander (eds.),
Tooth Enamel Microstructure. Balkema, Rotterdam.

Martin, T. 1999a. Phylogenetic implications of Glires (Eurymylidae,
Mimotonidae, Rodentia, Lagomorpha) incisor enamel microstruc-
ture. Mitteilungen aus dem Museum fiur Naturkunde in Berlin,
Zoologische Reihe 75:257-273.

Martin, T. 1999b. Evolution of incisor enamel microstructure in Theri-
domyidae (Rodentia). Journal of Vertebrate Paleontology 19:550—
565.

Martin, T. 1999c. Dryolestidae (Dryolestoidea, Mammalia) aus dem O-
beren Jura von Portugal. Abhandlungen der senckenbergischen na-
turforschenden Gesellschaft 550:1-119.

Matthew, W. D., and W. Granger. 1923. Nine new rodents from the
Oligocene of Mongolia. American Museum Novitates 102:1-10.

McKenna, M. C. 1982. Lagomorph interrelationships. Geobios, Mé&-
moire Spécial 6:213-223.

McKenna, M. C., and S. Bell. 1997. Classification of Mammals Above
the Species Level. Columbia University Press, New York, 631 pp.

McKenna, M. C., and J. Meng. 2001. A primitive relative of rodents
from the Chinese Paleocene. Journal of Vertebrate Paleontology 21:
565-572.

Meng, J., Y.-M. Hu, and C.-K. Li. 2003. The osteology of Rhombomylus
(Mammalia, Glires): implications for phylogeny and evolution of
Glires. Bulletin of the American Museum of Natural History 275:
1-247.

Meng, J., and A. R. Wyss. 1994. The enamel microstructure of Tribos-
phenomys (Mammalia, Glires): functional and phylogenetic impli-
cations. Journal of Mammalian Evolution 2:185-203.

JOURNAL OF VERTEBRATE PALEONTOLOGY, VOL. 24, NO. 2, 2004

Meng, J,, and A. R. Wyss. 2001. The morphology of Tribosphenomys
(Rodentiaformes, Mammalia): phylogenetic implications for basal
Glires. Journal of Mammalian Evolution 8:1-71.

Meng, J., A. R. Wyss, M. R. Dawson, and R.-J. Zhai. 1994. Primitive
fossil rodent from Inner Mongolia and its implications for mam-
malian phylogeny. Nature 370:134—136.

Murphy, W. J., E. Eizirik, E. E. Johnson, Y. P Zhang, O. A. Ryder, and
S. J. O'Brien. 2001a. Molecular phylogenetics and the origins of
placental mammals. Nature 409:614—618.

Murphy, W. J., E. Eizirik, S. J. O'Brien, O. Madsen, M. Scally, C. J.
Douady, E. Teeling, O. A. Ryder, M. J. Stanhope, W. W. de Jong,
and M. S. Springer. 2001b. Resolution of the early placental mam-
mal radiation using Bayesian phylogenetics. Science 294:2348—
2351.

Novacek, M. J. 1985. Cranial evidence for rodent affinities; pp. 59-81
in W. P Luckett and J.-L. Hartenberger (eds.), Evolutionary Rela-
tionships among Rodents. Plenum, New York.

Novacek, M. J. 1996. Where do rabbits and kin fit in? Nature 379:299—
300.

Novacek, M. J,, and A. R. Wyss. 1986. Higher-level relationships of
the Recent Eutheria orders. morphological evidence. Cladistics 2:
257-287.

Pfretzschner, H. U. 1988. Structural reinforcement and crack propaga-
tion in enamel; pp. 133-144 in D. E. Russell, J.-P. Santoro, and D.
Sigogneau-Russell (eds.), Teeth Revisited. Mémoires du muséum
national d’histoire naturelle, Paris, série C 53.

Pfretzschner, H. U. 1994. Biomechanik der Schmelzmikrostruktur in
den Backenzahnen von Grof3saugern. Palaeontographica A 234:1—
88.

Sahni, A., and W. v. Koenigswald. 1997. The enamel structure of some
fossil and Recent whales from the Indian subcontinent; pp. 177—
191 in W. v. Koenigswald and P M. Sander (eds.), Tooth Enamel
Microstructure. Balkema, Rotterdam.

Shevyreva, N. S. 1994. First find of a eurymylid (Eurymylidae, Mixo-
dontia, Mammalia) in Kirgizia. Doklady Akademii nauk 338:571—
573. [Russian]

Shevyreva, N. S. 1995. The oldest lagomorphs (Lagomorpha, Mam-
malia) of the Eastern Hemisphere. Doklady Akademii nauk 345:
377-379. [Russian]

Shoshani, J., and M. C. McKenna. 1998. Higher taxonomic relation-
ships among extant mammals based on morphology, with selected
comparisons of results from morphological data. Molecular Phy-
logenetics and Evolution 9:572-584.

Sulimski, A. 1968. Palacocene genus Pseudictops Matthew, Granger &
Simpson 1929 (Mammalia) and its revision. Palaeontologia Polon-
ica 19:101-129.

Sych, L. 1971. Mixodontia, a new order of mammals from the Paleo-
cene of Mongolia. Palaeontologia Polonica 25:147-158.

Ting, S.-Y., J. Meng, M. C. McKenna, and C.-K. Li. 2002. The oste-
ology of Matutinia (Simplicidentata, Mammalia) and its relation-
ship to Rhombomylus. American Museum Novitates 3371:1-33.

Tomes, J. 1850. On the structure of the dental tissues of the order Ro-
dentia. Philosophical Transactions of the Royal Society London
1850:529-567.

Tong, Y., and Y. Lei. 1987. Fossil lagomorphs (Mammalia) from the
Hetaoyuan Eocene of Xichuan, Henan. Vertebrata PalAsiatica 25:
208-221. [Chinese with English summary]

Wahlert, J. H. 1983. Relationships of the Florentiamyidae (Rodentia,
Geomyoidea) based on crania and dental morphology. American
Museum Novitates 2769:1-23.

Wahlert, J. H., and W. v. Koenigswald. 1985. Specialized enamel in
incisors of eomyid rodents. American Museum Novitates 2832:1—
12.

Wyss, A. R., and J. Meng. 1996. Application of phylogenetic taxonomy
to poorly resolved crown clades: a stem-modified node-based def-
inition of Rodentia. Systematic Biology 45:559-568.

Received 18 November 2002; accepted 7 September 2003.



