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Abstract. The origin and early dispersion of crown groups (e.g. Cervidae and Bovidae) in pecorans are traced
back to the late Oligocene or early Miocene in Eurasia. The fossil pecorans from the lower Miocene of Japan are
highly fragmentary but form evidence of a zoogeographic connection between Japan and the Eurasian continent
during this period. In this study, we describe dental fossils (seven specimens) from five Burdigalian formations
(Nakamura Fm. ~18.5 Ma; Hiramaki Fm. ~18 Ma; Misawa Fm. and Kitatage/Asakawa Fm. ~17 Ma; Kunimi
Fm. ~16 Ma), and as a result of taxonomic revision we recognize four species, including a basal species of Cer-
vidae, Dicrocerus? tokunagai, cf. Palaeomeryx minoensis, and Amphimoschus sp. These species have the basic
occlusal patterns of cheek teeth inherited from primitive pecorans (e.g. Amphitragulus), but each species displays
advanced characteristics, such as full selenodonty, a weak/no external postprotocristid, and a bicuspidate third
lobe of m3 (Amphimoschus). The early group of crown pecorans composed of basal cervids (Lagomerycinae or
Procervulinae), Palaeomeryx s.l., and Amphimoschus, had dispersed widely in Europe (early Orleanian or MN3)
and East Asia (Shanwangian), including Japan. Our findings on the Japanese fossil records demonstrate that the
dispersion of a basal cervid and palaecomerycid between Japan and the Eurasian continent had been completed
before 18 Ma. Further studies with additional material would reveal detailed taxonomic relationships and evo-
lutionary process of the Japanese pecorans in the Burdigalian.

Keywords: Asia, Burdigalian, Mizunami Group, Neogene, Ruminantia, teeth

Introduction

The Japanese archipelago began to be isolated from the
Eurasian continent with the opening of the Sea of Japan,
during the late Oligocene or early Miocene (e.g. Otofuji
etal., 1985; Kano et al., 1991; Tamaki et al., 1992). Stud-
ies of this event have been focused primarily on struc-
tural geology and paleomagnetism so far (e.g. Hoshi,
2018; Nakajima, 2018), but it also attracted the atten-
tion of paleontologists specializing in terrestrial mam-
mals recently (e.g. Kimura et al., 2019; Handa, 2020).
Such fossil records of terrestrial mammals are valuable
as they allow us to discuss the faunal interchange of Far
East Asia during the incomplete isolation of the Japanese
archipelago.

One of the most important mammalian fossil assem-
blages concerning this event has been found in the lower
Miocene part of the lower to middle Miocene Mizunami
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Group distributed across the Kani and Mizunami basins
in central Japan (Kamei and Okazaki, 1974; Okazaki,
1977; Tomida et al., 2013). The fossil assemblages from
these basins include a soricomorph (Oshima et al., 2017),
rodents (Tomida et al., 1995; Tomida, 2011; Mors and
Tomida, 2018), a lagomorph (Tomida, 2012), perissodac-
tyls (Qiu et al., 1991; Miyata and Tomida, 2010; Fukuchi
and Kawai, 2011), artiodactyls (Matsumoto, 1918), and
proboscideans (Matsumoto, 1924, 1926; Tassy, 1994,
1996), which consistently support a close faunal connec-
tion between Japan and the Eurasian continent. On the
other hand, recent findings of small mammals indicated
partial geographic isolation of the eastern margin of East
Asia, including Japan, during the early Miocene (Mors et
al., 2016; Kimura et al., 2019).

In this study, we focus on Japanese lower Miocene pec-
orans (Ruminantia, Artiodactyla), which are still ques-
tionable taxonomically (Tomida et al., 2013; Nishioka
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Table 1. Records of the body fossils of the lower Miocene pecorans from Japan. The sources of numerical ages are documented in the
text.
Horizon Identification b
Locality Z, Age (Ma) Original identification . Y Material Papers
(formation) this study
@O Iwaki Misawa F. 17 Dicrocerus tokunagai Dicrocerus? tokunagai teeth Matsumoto (1927)
. Kitatage/ . . . X . A .
©@ Daigo 7 Dicrocerus tokunagai Dicrocerus? tokunagai teeth Shikama and Omori (1952)
Asakawa F.

Anan Town Publications

Tomik Oshimojo F.  18?
@ Tomikusa  Oshimojo Editorial Committee (1987)

No description — teeth, postcrania

Kamei and Okazaki (1974);

@ Mizunami Akeyo F. 18 2Amphitragulus minoensis” — teeth, postcrania

Okazaki (1977)
. . . . . X cf. Palaeomeryx
® Kani Hiramaki F. 18 Amphitragulus minoensis . . teeth Matsumoto (1918)
minoensis
. . . . ., cf. Palaeomeryx
Kani Hiramaki F. 18? “Palaeomeryx minoensis . . teeth Nagasawa (1932)
minoensis

. Cervoidea fam., Cervidae gen.
Kani Nakamura F. 18.5 . . teeth
gen. et sp. indet. et sp. indet.

Nishioka and Ando (2016);
this study

Kani Nakamura F. 19-18.4  Amphitragulus minoensis — teeth, postcrania Okumura et al. (1977)
Kani Hachiya F.  22-21?  Amphitragulus minoensis — postcrania Shikano and Ando (2000)
® Fukui Kunimi F. 16 Amphitragulus sp. Amphimoschus sp. teeth, postcrania Takeyama (1989)

Cervoidea fam.,
@ Matsue  KouraF. 19

gen. et sp. indet.

— teeth Nishioka et al. (2016)

*Possibly including several species.

and Ando, 2016; Nishioka et al., 2016). Body fossils of
Miocene pecorans have been reported mainly on Honshu
Island (Table 1 and Figure 1). Early Japanese paleontolo-
gists recognized two deer-like pecorans, Amphitragulus
minoensis Matsumoto, 1918 and Dicrocerus tokunagai
Matsumoto, 1927, and their identification spread widely,
but there has been no reassessment to date. Before the 21st
century, many Oligo—Miocene pecorans from Eurasia
were tentatively regarded as species of the genus Amphi-
tragulus or Palaeomeryx (e.g. McKenna and Bell, 1997),
but later studies based on cranial morphology split up the
genera more (Gentry et al., 1999; Rossner and Rummel,
2001; Prothero, 2007; Rossner, 2010; Mennecart, 2012;
Mennecart et al., 2012). All fossils of the Japanese lower
Miocene pecorans should be re-examined with reference
to current paleontological knowledge and taxonomically
updated materials. Here, we report new pecoran fossils
from the lower Miocene of the Mizunami Group in cen-
tral Japan, and provide a taxonomic and stratigraphic
review on the Japanese lower Miocene pecorans.
Institutional abbreviations—BSPG = Bavarian State
Collection for Palacontology and Geology, Munich,
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Germany; ICM = lida City Museum, lida, Japan; FPDM =
Fukui Prefectural Dinosaur Museum, Katsuyama, Japan;
IGPS = Institute of Geology and Paleontology, Faculty
of Science, Tohoku University, Sendai, Japan; [VPP =
Institute of Vertebrate Paleontology and Paleoanthropol-
ogy, Beijing, China; MFM = Mizunami Fossil Museum,
Mizunami, Japan; MNHN = National Museum of Nat-
ural History, Paris, France; NMB = Natural History
Museum, Basel, Switzerland; NMJH, National Museum
of Japanese History, Sakura, Japan; NMNS = National
Museum of Nature and Science, Tokyo, Japan; SNHM =
Shanhai Natural History Museum, Shanhai, China.

Materials and methods

Fossil materials

We examined the dental materials of pecoran fossils
from four lower Miocene localities in Japan (#1 Iwaki,
#2 Daigo, #5 Kani, and #6 Fukui in Table 1 and Figure
1). Localities #1 Iwaki and #2 Daigo are situated in the
northeastern region of Japan, and are known as the fos-
sil localities of Dicrocerus tokunagai. NMJH A-636-1-
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Fossil localities and chronostratigraphy of the lower Miocene pecorans (only body fossils) from Japan. A paleogeographic

map of Japan and East Asia in 20 Ma was referred from Noda and Goto (2004). The locality numbers correspond to the numbers in Table
1. Geomagnetic polarity timescale (GPTS) follows Raffi ef al. (2021). The biostratigraphic correlation of European MN zones and Chinese
land mammal stage/age (LMS/A) follows Hilgen et al. (2012) and Qiu et al. (2013).

1-9 is a right mandible collected from the Yanokura For-
mation of the Joban Coal Field in Ishiwaki, Iwaki City,
Fukushima Prefecture (Matsumoto, 1927; Naora, 1997).
Later studies focusing on diatom biochronology revised
the fossil-bearing horizon to the Misawa Formation,
Yunagaya Group that is dated around 17 Ma (Suto et al.,
2005; Yanagisawa, 2011). ICM YH-3412 is an additional
specimen of D. tokunagai from the bank of Kuzi River,
Korofuji, Daigo-machi, Ibaraki Prefecture. Shikama and
Omori (1952) documented that the fossil comes from the
conglomeratic sandstone of the lower part of the Asakawa
Formation (middle Miocene), which includes a variety of
plant fossils. In the current geological viewpoint, how-
ever, the outcrop yielding dense plant fossils in this area
is the Kitatage Formation directly below the Asakawa
Formation. The uppermost part of the Kitatage Formation
contains the Osawaguchi Tuff Member (17.3-16.7 Ma
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by K—Ar dating: Tagiri ef al., 2008) and preserves fossil
footprints of cloven-hoofed animals (Koike et al., 2007).
These updated data indicate that the fossil-bearing hori-
zons of the localities #1 Iwaki and #2 Daigo correspond
stratigraphically to the lower Miocene (ca. 17 Ma).

In central Japan, the lower Miocene fossil localities
are distributed in the region extending across the south-
ern part of Nagano and Gifu prefectures. The Mizunami
Group in locality #5 Kani, Gifu Prefecture, consists of
the Hachiya, Nakamura, and Hiramaki formations, and
the pecoran fossils have been recorded from all horizons
(Tomida et al., 2013; Table 1). In this study, we newly
describe two specimens (NMNS PV-20160 and NMNS
PV-20161) from the Nakamura Formation in Dota, Kani
City, Gifu Prefecture. The Nakamura Formation is dis-
tributed widely along the riverside in this area, and its
uppermost part is unconformably overlain by the Hira-
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maki Formation. The Nakamura Formation is well known
for its fossiliferous beds including lower Miocene verte-
brate animals and plants (Okumura et al., 1977; Ina, 1981;
Yasuno, 1982; Tomida et al., 1995, 2013; Tomida, 2011;
Mors et al., 2016; Nishioka and Ando, 2016; Oshima et
al., 2017; Mors and Tomida, 2018; Kimura ef al., 2019).
The cervoid fossils examined by Nishioka and Ando
(2016) and in this study were recovered from a tuffaceous
muddy sandstone bed, including patchy, pebbly sandstone
and pumice, which is situated at four meters below the
boundary of the Nakamura and Hiramaki formations (Y.
Ando and T. Goda, personal communications in 2021).
The base of the Hiramaki Formation is characterized by
tuff breccia with boulders (ca. 18.4 Ma by fission-track
dating: Shikano, 2003). A rough estimate of the deposi-
tion rate of the Nakamura and Hiramaki formations is
0.01 Ma/meter, judging from the chrono-stratigraphical
data by Shikano (2003), and therefore previous studies
have considered that there is a narrow difference (0.1 Ma,
more or less) between the basal Hiramaki Formation and
the fossil-bearing horizon of the upper Nakamura For-
mation. The same horizon has yielded small mammalian
fossils, such as Minocastor godai Mors et al., 2016 and
Plesiosorex fejfari Oshima et al., 2017.

We redescribed a right mandible of Amphitragulus
minoensis Matsumoto, 1918 from the Hiramaki Forma-
tion in Banjobora, Kani City, Gifu Prefecture. The sole
specimen (holotype) of A. minoensis has been lost since
then, and currently its plaster cast (IGPS 22059) is avail-
able at the Tohoku University Museum. The terrestrial
mammalian fossils, such as Gomphotherium annectens
(Matsumoto, 1924), from the Hiramaki Formation are
dated to approximately 18 Ma, based on the stratigraphic
and paleomagnetic relationships of the Mizunami Group
(Tomida et al., 2013).

FPDM-V-8462 is a right mandible of Amphitragulus
sp. from the Kunimi Formation (#6) in Koniu, Fukui
City, Fukui Prefecture (Takeyama, 1989). This author
estimated that the fossil-bearing horizon corresponds to
the Miogypsina—Operculina foraminiferan range, dated
during the lower to lowest middle Miocene (Matsumaru
et al., 1979). According to Takeyama (1989), a series of
fossils (there were 10 specimens at the time) was found
above the Ito-o Formation, including the lower Mio-
cene tuffaceous bed (ca. 16 Ma by fission-track dating:
Hirooka et al., 1972). On the other hand, palacomagnetic
data indicated that the lower limit of the Kunimi Forma-
tion extends to the lower Miocene (older than 16.5 Ma)
(Nakajima et al., 1992).

We did not include some of the dental materials of Mio-
cene pecorans in our examination. Many pecoran fossils
from the lower Miocene were recorded from the Akeyo
Formation (ca. 18 Ma) of the Mizunami Group (# 4) and
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contemporaneous Tomikusa Group (#3) in the 1900s (e.g.
Kamei and Okazaki, 1974; Okazaki, 1977; Anan Town
Publications Editorial Committee, 1987), but the stud-
ies of those fossils still continue in detail. Nishioka et al.
(2016) first reported cervoid dental fossils from the lower
Miocene Koura Formation (#7) of southwestern Japan.
This cervoid species is similar to the species from the
Nakamura Formation, but a detailed examination should
be attempted using additional materials. There are many
fossil records of footprints of deer-like animals from the
Miocene (Okamura and Takahashi, 2009), but such foot-
prints could not be used in a taxonomic study.

Methods for systematic descriptions

A basal framework of systematic studies of Eurasian
pecorans (families Giraffidae, Palacomerycidae, Cervi-
dae, Moschidae, and Bovidae) was established by Janis
and Scott (1987), and since then it has been discussed
in paleontological and molecular biological analyses
(Hassanin and Douzery, 2003). The phylogenetic position
of the Moschidae is a problem because this family is cur-
rently composed of only a single genus, Moschus. Recent
studies have strongly supported the sister group relation-
ship of Moschidae and Bovidae (Hassanin and Douzery,
2003; Marcot, 2007; Sanchez et al., 2010; Mennecart et
al., 2021), although Fernandez and Vrba (2005) argued
that the Moschidae are rather close to the Cervidae. Some
of the Oligo—Miocene pecorans without any cranial
appendages, such as Amphitragulus and Dremotherium,
were conveniently placed in the Moschidae or other fam-
ily (Prothero, 2007), but we treated them together as
primitive pecorans in the present study.

In the synonymy list, conventional qualifiers of
Matthews (1973) are added after the publication year: *,
the work validates the species; v, the authors have seen
the original material of the reference; pars, the reference
applies only in part to the species; no sign, the authors
were unable to check the validity of the reference. In the
comparisons, we referred to the pecoran fossils from the
lower and middle Miocene of Europe and China (Appen-
dix 1). The dental terminology followed Barmann and
Rossner (2011). Teeth were measured in the maximum
antero-posterior length of the crown (L) and the maxi-
mum labio-lingual width of the crown (W: premolar; Wa:
molar anterior lobe) (Figure 2).

Systematic paleontology

Order Artiodactyla Owen, 1848
Family Cervidae Goldfuss, 1820
Cervidae gen. et sp. indet.

Figure 3A—C
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Figure 2. Dental terminology (after Barmann and Rdssner, 2011) and measuring points of left cheek teeth of pecorans. A, upper molar;
B, lower premolar; C, lower molar.

Cervoidea fam., gen. et sp. indet. Nishioka and Ando, 2016 v, p. 40, New material —NMNS PV-20160, left M2; NMNS
fig. 3. PV-20161, a left mandible with m1-m3.
Other material —MFM18126, right m3.
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Figure 3. Cervidae gen. et sp. indet. (A—C) and Dicrocerus? tokunagai (D-E) from the lower Miocene of Japan. A, left M2 (NMNS
PV-20160); A1, occlusal view; A2, labial view; A3, lingual view; B, a left mandible with m1-m3 (NMNS PV-20161); B1, occlusal view;
B2, labial view; B3, lingual view; C, right m3 (MFM18126 in Nishioka and Ando, 2016); C1, occlusal view; C2, labial view; C3, lingual
view; D, a right mandible with p4—m2 (NMJH A-636-1-1-9); D1, occlusal view; D2, labial view; D3, lingual view; E, a left mandible with
ml-m3 (ICM YH-3412); El, occlusal view; E2, labial view; E3, lingual view.
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Locality—35°26'07"N and 137°00'57"E, the south
bank of the Kiso River, Dota, Kani City, Gifu Prefecture,
central Japan.

Horizon.—The uppermost part of the Nakamura For-
mation, Mizunami Group; lower Miocene (ca. 18.5 Ma;
Shikano, 2003).

Characteristics  for identification—Low-crowned
molars; upper molars with a short and not bifurcated post-
protocrista, pyramidal labial styles, distinct labial ribs, a
weak entostyle; lower molars with an external postpro-
tocristid, no mesostylid, a strong metastylid, a posten-
tocristid not connected with the posthypocristid, and a
monocuspidate (no entoconulid) third lobe on m3.

Measurements.—Shown in Tables 2-3.

Description of the new material —NMNS PV-20160
is identified to M2 in that the tooth has faint facets both
on the anterior and posterior walls of the crown and con-
forms the M2 position of NMNS PV-20161. The para-
cone-metacone distance of NMNS PV-20160 is the same
in length as the distance between the m2 ectostylid and
the m2/m3 boundary of NMNS PV-20161. M2 is low-
crowned and in the early wear stage. The occlusal outline
is quadrate and composed primarily of four cusps with a
selenodont pattern. The anterior lobe is separated from
the posterior lobe by a deep valley. The preparacrista does
not connect with the preprotocrista. The postmetacrista
connects with the postmetaconulecrista. The posterior
end of the postparacrista approaches the anterolingual
wall of the premetacrista, but they are separated by a deep
gap. The postprotocrista is short and not branched with-
out an internal postprotocrista (= neocrista in Gentry et
al., 1999). Thus, the occlusal surface of the anterolingual
lobe shows a V-shape. The postprotocrista approaches the
premetaconulecrista, but they are not connected to each
other. There is a tiny bifurcation at the anterior end of
the premetaconulecrista. The styles on the labial side are
pyramidal, which are half as tall as the crown height. The
parastyle and the mesostyle are isolated from any cris-
tae in the occlusal surface. The metastyle is fused with
the postmetacrista. The labial rib extending from the
paracone is deeply folded as a pillar, while that from the
metacone is relatively weak. Cingula on the lingual side
surround from the anterior wall to the posterolingual wall.
A small and tetraedric entostyle is developed between the
paracone and the metaconule on the lingual side.

NMNS PV-20161 preserves a posterior part of the
mandibular body with the m1 to m3 alveolus. The man-
dibular body has almost a uniform depth (ca. 22-24 mm
in the lingual side), and its lower outline curves slightly
below the anterior root of m3. The alveolar bone weakly
swells out to the labial side. The inside of the oblique line
(behind the m3) is concave. The angular process curves
at a right angle.
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Table 2. Measurements (in mm) of M2 of Miocene cervids
examined in this study (Appendix 1), with mean, range, and num-
ber of specimens.

M2L M2Wa
1 . . indet.
Cervidae gen. et sp. inde 1372 15.62
(NMNS PV-20160)

L . 14.69 15.48
ISCTOMELYY prestans [1427-15.11]  [14.69-16.18]
(MNHN specimens)

(n=3) (n=3)
Procervulus dichotomus
13.92 15.43
(BSPG 1979XV555)
. 10.76 11.71
Procervulus praelucidus
. [10.48-11.04] [10.98-12.43]
(BSPG specimens)
(n=2) (n=2)
. 11.64 13.06
Procervulus praelucidus
. [11.63-11.64] [12.92-13.19]
(NMB specimens)
(n=2) (n=2)
E Jurcat 12.08 14.08
(NKZZ’”‘ ured ”S) [11.46-12.61] [13.46-14.39]
imen
specimens (n=4) (n=4)
Di ’ 15.23 17.63
7 Vi
lerocerus etesans [15.03-15.54] [17.33-17.78]

(NMB specimens)

(n=3) (n=3)

The lower molars are selenodont and low-crowned,
or their cervical lines expose above the alveolar process.
The axis consisting of the lingual cusps (conids and styl-
ids) is oblique to the axis of the molar row, or the orienta-
tion of the antero-posterior length. The mesostylid does
not develop as a pillar-shaped cusp. The external postpro-
tocristids are present in all molars. Although the occlusal
surface is strongly worn on NMNS PV-20161, there are
deep gaps at three points: between the preprotocristid and
the premetacristid (only in m1-m2), between the posthy-
pocristid and the postentocristid (only in m1-m2), and at
the anterior end of the prehypocristid. In m3, the posthy-
pocristid connects to the postentocristid via the triangle-
shaped entostylid. The third lobe of m3 is separated from
the second lobe in front of the prehypoconulidcristid and
the preentoconulideristid. The third lobe of m3, com-
posed of the hypoconulid, forms a crescent-shaped occlu-
sal surface. The entoconulid is strongly reduced or absent.
The ectostylid of each molar is well-developed. There is a
tiny posterior ectostylid on m3. The folding structures of
the lingual wall are prominent below the metastylid and
between the first (anterior) lobe and the second (poste-
rior) lobe. The anterior cingulid of each molar is inscribed
on the anterolabial wall, but never forms a crest-shaped
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Table 3. Measurements (in mm) of p4-m3 of Miocene cervids examined in this study (Appendix 1), with mean, range, and number of

specimens.
p4L paw mlL mlWa m2L m2Wa m3L m3Wa
(Cﬁmsgepg\%oef 651")' indet. - — 13.72 15.62 13.21 10.18 19.31 9.86
Cervidae gen. et sp. indet.
(MFM18126)" o o o o o - 186 93
N )
([I’\’I;f[‘};f’:_sé;g_kl”_”lc_’g)“’ 10.04 6.34 11.42 8.57 12.81 10.62 — —
. ) )
glccgzcéggﬁtlozk)umgm — — 11.48 7.34 13.29 8.65 19.75 8.64
Liveromerns oraesians 11.94 7.05 11.95 931 13.39 10.12 18.90 9.93
(l\fNHN s’yec’;mens) [10.32-13.20] [6.57-7.88] [11.24-12.74] [8.53-9.88] [11.98-14.92] [9.11-11.08] [17.43-20.76] [8.85-10.76]
P (n=19) (n=19) (n=16) (n=16) (n=25) (n =25) (n =20) (n =20)
Ligeromeryx colberti
(SMEM 4376) 8.17 — 9.68 7.00 11.44 7.82 16.5 8.43
gg;zv;‘é'%f(’g’;;g’“” 10.78 6.97 11.1 7.81 12.24 9.08 19.18 9.39
gg;eg;‘é‘;sgﬂq";é”]‘;’)d”s 9.34 5.12 9.99 6.72 10.25 777 14.82 717
Proceruins oraciveidus 973 5.16 10.76 6.82 11.51 779 15.79 7.65
(NMB 5 ecir!r)l ons) [9.17-10.50] [4.80-5.44] [8.85-11.72] [6.35-7.52] [10.85-11.94] [7.09-8.59] [14.27-17.14] [7.01-8.35]
P (n=5) (n=06) n=9) (n=10) (n=14) (n=14) (n=13) (n=14)
Eupros furcatus 10.59 6.61 11.02 7.42 11.96 8.75 17.36 8.9
(NIK/IB pocimons) [10.44-10.81] [6.14-6.94] [10.61-11.51] [6.61-8.37] [10.69-12.86] [7.94-9.57] [16.36-18.24] [8.26-9.81]
P (n=3) (n=3) (n=3) (n=3) n=5) n=75) n=75) (n=75)
Dicrocors olesans 11.83 7.61 13.02 9.23 14.31 10.93 20.22 10.75
NMB s e:cimeil 9 [10.74-13.25] [6.85-8.22] [12.55-13.79] [8.92-9.70] [13.22-15.39] [10.16-11.42] [19.40-21.17] [10.20-11.52]
P (n=4) (n=4) (n="6) (n=56) (n = 65) (n=6) (n=6) (n=6)
Dierocors eranceri 12.04 8.50 13.81 9.76 18.85 9.45
Pk e‘cfn ensg) 11.44 6.08 [11.37-12.81] [7.78-9.28] [12.03-15.76] [8.40-11.80] [15.92-21.21] [8.21-10.43]
P (n="6) (n="6) (n=15) (n=15) (n=13) (n=11)

*Data from Nishioka and Ando (2016).

fold on the occlusal surface. There is a weak cingulid on
the posterolingual side of m3.

Remarks.—The upper molar, NMNS PV-20160,
belongs to a relatively young individual at the different
wearing stage from that of the lower molars (NMNS
PV-20161), but the main cusps of NMNS PV-20160
are located on the m2 talonid and m3 trigonid basins of
NMNS PV-20161. While the dental characteristics (see
the Characteristics listed above) of these specimens are
substantially inherited from primitive pecorans, such as
Amphitragulus and Dremotherium, the molars of NMNS
PV-20160 and NMNS PV-20161 are somewhat more
advanced in selenodonty compared to the molars of the
primitive pecorans. According to Sanchez et al. (2009),
selenodonty of ruminants (especially tragulids) is deter-
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mined by the longitudinal extension and the vertical devel-
opment of the cristids, and by the flattening of the main
cusps. The primitive pecorans from the Oligocene and the
lower Miocene were still at a developmental stage from
bunoselenodont to full selenodont (e.g. Mennecart, 2012;
Mennecart et al., 2012). Even Amphitragulus, which is
one of the close genera to crown Pecora, has almost com-
plete selenodont molars but partially retains bunodonty
(cuspidate metaconid and entoconid) in the lower molars
(Mennecart, 2012; Métais et al., 2017). In terms of upper
molars, NMNS PV-20160 is characterized by more devel-
oped labial rib and metastyle than the molars of Amphi-
tragulus and Dremotherium. Comparing major genera of
lower and middle Miocene pecorans in simplified upper
molar patterns, NMNS PV-20160 is similar to the pattern
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Figure 4. Comparisons of the left upper molar patterns commonly found in the examined pecoran specimens in Appendix 1. The
phylogenetic tree was drawn by compiling the data of Suraprasit et al. (2014), Sanches et al. (2015), and Mennecart et al. (2017).

of Dremotherium or cervids, and it is different from the
upper molar of the earliest bovids, Fotragus, in that it
has a clear separation between the anterior and posterior
lobes (Figure 4). Amphimoschus is seemingly categorized
into an intermediate between cervids and bovids in the
upper molar patterns, but the genus is characterized by
a relatively long postprotocrista approaching the anterior
end of the premetaconulecrista, like bovids.

The isolated m3 (MFM18126) previously described as
Cervoidea fam., gen. et sp. indet. by Nishioka and Ando
(2016) corresponds to the additional specimen (NMNS
PV-20161) in tooth size and shape (Table 3). MFM 18126
is at an early wear stage, but it shares all of the charac-
teristics of m3 of NMNS PV-20161. As mentioned by
Nishioka and Ando (2016), the lower molars have many
primitive features, and lack the synapomorphic features
seen in Bovidae and Moschidae, such as the connec-
tion between the postentocristid and the posthypocristid.
Moreover, the entoconulid of m3 is not cuspidated like
that of Amphimoschus (Figure 5). A combination of upper
and lower molar characteristics strongly indicates that the
present pecoran species from the Nakamura Formation
belongs to the Cervidae.

The stem Cervidae includes two major groups (Fig-
ure 4). One is the “ancestral” deer (Procervulinae and
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Dicrocerinae), which are relatively close to the crown
clade of the Cervidae (Gentry et al., 1999; Mennecart et
al., 2017). The species included in the Procervulinae or
Dicrocerinae (e.g. Procervulus, Heteroprox, and Dicro-
cerus) are commonly characterized by dichotomous ant-
lers without a burr, and they have upper molars with a
distinct bifurcation of the postprotocrista (Figure 4). The
bifurcated postprotocrista (or appearance of the internal
postprotocrista) is clearly developed in younger genera,
such as Heteroprox and Dicrocerus, whereas it appears
with several morphotypes in the earliest genus Procer-
vulus (Rossner, 1995). Based on observations of nearly
200 specimens of P. praelucidus from Wintershof-West
(MN3, Germany), the bifurcation is present more often
in M2-M3 than in M1 (Rossner, 1995). Moreover, the
angle made by the preprotocrista and the postprotocrista
tends to become a right or obtuse angle regardless of the
presence or absence of bifurcation in all molars (Rdssner,
1995). Based on our direct observation of the BSPG spec-
imens referred in Rssner (1995), the same crest pattern
as NMNS PV-20160 was rarely found in M2 (4%, n =
198). In addition, NMNS PV-20160 has clearer labial ribs
(especially on the metacone) than M2 of P. dichotomus
(BSPG 1979XV555) from Rauscherdd (MN4), Germany,
although these specimens are almost identical in tooth
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Figure 5. Comparisons of m3 of Miocene pecorans. A,
Cervidae gen. et sp. indet. (NMNS PV-20161, mirror image); B,
Ligeromeryx praestans (NMB S.0.2060, mirror image); C, Pro-
cervulus dichotomus (BSPG 1979XV555); D, Eotragus clavatus
(NMB Ss.5789); E, Amphimoschus ponteleviensis (NMB S.0.72);,
F, Amphimoschus sp. (FPDM-V-8462). Abbreviations: ipopc,
internal postprotocristid; enld, entoconulid; ens, entostylid.

measurements (Table 2). The lower molars (NMNS
PV-20161) are also similar to those of P. dichotomus in
both the occlusal patterns and measurements (Figure 5;
Table 3).

The other group of early cervids is the Lagomerycinae,
which are characterized by cranial appendages distally
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multi-furcated. Lagomerycin deer, such as Lagomeryx
and Ligeromeryx, have been classified based mainly on
antler morphology, and thus isolated dental materials may
not be useful in genus or species identification. Lagom-
eryx from Europe and Thailand retains a simple postpro-
tocrista without bifurcation (Rdssner, 2010; Suraprasit
et al., 2014), which shares a molar pattern with NMNS
PV-20160. Qualitative and quantitative comparisons of
dental morphology indicate a close relationship between
the present Japanese species and Ligeromeryx from the
lower Miocene of Europe and China (Figures 4 and 5;
Tables 2 and 3). The species of Ligeromeryx, such as Lig-
eromeryx triacuminatus (Colbert, 1936) and Ligeromeryx
colberti (Young, 1937), are the representative pecorans in
the Shanwang mammalian fauna (Qiu et al., 2013). These
species are possibly related to the European species, Lig-
eromeryx praestans (Stehlin, 1937) Azanza and Ginsburg,
1997, which was established based on fragmentary ant-
lers. The dental morphology of any species of Lagomeryx
has not been examined using sufficient materials, but the
Chinese Ligeromeryx does not have the bifurcated post-
protocrista on all upper molars, based on observations
of unpublished specimens listed in Appendix 1. Dental
measurements of NMNS PV-20161 are similar to those
of European Ligeromeryx praestans (MNHN specimens
in Appendix 1), rather than Chinese Ligeromeryx (SNHM
4376).

The comparisons mentioned above comprehensively
suggest that the cervid species from the Nakamura Forma-
tion is placed in the basal lineage of the Cervidae closely
related to the species of Procervulus or Ligeromeryx.

Genus Dicrocerus Lartet, 1837
Dicrocerus? tokunagai Matsumoto, 1927

Figure 3D-E

Dicrocerus tokunagai Matsumoto, 1927 v¥*, p. 290.

Dicrocerus hirabayashii (Tokunaga, 1926). Takai, 1938 v pars, p. 751.

Dicrocerus tokunagai Matsumoto, 1927. Shikama and Omori, 1952 v,
p. 5609, figs. 1-6.

Dicrocerus tokunagai Matsumoto, 1927. Naora, 1997 v, p. 8, fig. 3.

Material —NMIJH A-636-1-1-9, a right mandible
with p4-m2 (holotype of Dicrocerus tokunagai); ICM
YH-3412, a left mandible with m1-m3.

Locality—NMIJH A-636-1-1-9, Kusano-mura, Iwaki
City, Fukushima Prefecture, northeastern Japan; ICM
YH-3412, the bank of Kuzi River, Kamiogawa-mura,
Daigo-machi, Ibaraki Prefecture, northeastern Japan.

Horizon—NMIJH A-636-1-1-9, Misawa Formation,
lower Miocene (ca. 17 Ma; Suto et al., 2005; Yanagisawa,
2011); ICM YH-3412, possibly Kitatage Formation,
lower Miocene (ca. 17 Ma; Tagiri et al., 2008).

Characteristics  for identification—Low-crowned
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cheek teeth; relatively short p4; p4 anterior valley open;
relative to Cervidae gen. et sp. indet. from the Nakamura
Formation, slightly smaller lower molars with weaker
external postprotocristid; the other characteristics are
same as those of Cervidae gen. et sp. indet.

Measurements.—Shown in Table 3.

Description—NMJH A-636-1-1-9 is a fragmentary
right mandible with p4—m2 at a late wear stage. The alve-
olar bone weakly swells out to the labial side. The cheek
teeth are low-crowned, or their cervical lines expose
above the alveolar process. The crown of p4 is antero-
posteriorly shortened. A branch between the anterior stylid
and the anterior conid is poorly recognizable because of
the lack of the anterolingual margin of the tooth. The
anterior and posterior valleys are open, or the mesolin-
gual conid does not extend antero-posteriorly, without the
anteriolingual and posterolingual cristids. The labial wall
between the mesolabial conid and the posterolabial conid
is weakly folded. The posterior valley is shallow but
clearly separates the posterolingual conid from the meso-
lingual conid. The posterior stylid (probably synonym for
“posterior arm” in Matsumoto, 1927) and the back val-
ley are reduced. The anterolabial cingulid is vestigial, and
the anterolingual cingulid extends from the base of the
mesolingual conid. The characteristics of lower molars
(NMJH A-636-1-1-9 and ICM YH-3412) are basically
same with those of Cervidae gen. et sp. indet. (NMNS
PV-20161 and MFM18126) (see also original description
by Matsumoto, 1927 and Shikama and Omori, 1952).
Matsumoto (1927) described a clear “Palaeomeryx-fold”
(= external postprotocristid) of NMJH A-636-1-1-9,
whereas Naora (1944) pointed out a weakness of this
characteristic. In our viewpoint, both NMJH A-636-1-1-9
and ICM YH-3412 have the external postprotocristid on
each lower molar, but they are strongly worn or indistinct
by cracking.

Remarks—H. Matsumoto (in Tokunaga, 1927) origi-
nally proposed a new species name, Dicrocerus toku-
nagai. According to his description, D. tokunagai is
similar to “D”. furcatus (combined with the genus Euprox
by Stehlin, 1928) from Europe, but D. tokunagai is more
primitive than Euprox furcatus, having a clear external
postprotocristid, a short posterior stylid on p4, a shallow
back valley, and the presence of a basal cingulum in the
anterior valley. These characteristics of D. tokunagai were
recognized in later studies (Naora, 1944, 1997; Shikama
and Omori, 1952), although a taxonomic position of this
species has not been reassessed so far. Takai (1938) argued
synonymy of D. tokunagai with Cervavus oweni hira-
bayashii Tokunaga, 1926 from the upper Miocene of cen-
tral Japan, but morphological difference, including size,
between these species is undoubtedly clear (Matsumoto,
1927; Naora, 1997). As mentioned in the comparative dis-
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cussion on Cervidae gen. et sp. indet. from the Nakamura
Formation, lower molars of stem cervids are character-
ized by the lingual cusps obliquely lined, always open-
ing between the postentocristid and the posthypocristid,
a presence of the external postprotocristid, and relatively
low ectostylids. NMJH A-636-1-1-9 and ICM YH-3412
are more advanced in terms of selenodonty than Amphi-
tragulus, and share the above characteristics with stem
cervids. As Matsumoto (1927) perceived, a weakly-
developed posterior part at p4 (NMJH A-636-1-1-9) usu-
ally appears in basal cervids, like Procervulus, and it is
a crucial difference from the premolars of any species of
Dicrocerus. We do not completely agree with him in this
point because the reduction of the posterior stylid on p4
is not remarkable in Dicrocerus but commonly appears
in Euprox furcatus from Austria (Aiglstorfer et al., 2014)
and from Germany (NMB specimens in Appendix 1). The
anterolingual cingulum of p4 maybe also one of identifi-
cation keys for Euprox and Heteroprox.

NMJH A-636-1-1-9 and ICM YH-3412 share most
dental characteristics with Cervidae gen. et sp. indet. from
the Nakamura Formation, but they are slightly smaller in
mandibular and tooth size (Figure 3; Table 3). Moreover,
the external postprotocristid of NMJH A-636-1-1-9 is
faintly weaker than NMNS PV-20161 in spite of the simi-
lar wear stage of each. These characteristics exhibited in
a species from the Misawa and Kitatage formations (ca.
17 Ma) are morphologically more advanced relative to
Cervidae gen. et sp. indet. from the Nakamura Forma-
tion (ca. 18.5 Ma). We have not found diagnostic features
defining D. tokunagai as an independent species both in
NMIJH A-636-1-1-9 and ICM YH-3412, but tentatively
leave this name as D.? tokunagai until more evidential
materials will be examined.

Family Palacomerycidae Lydekker, 1883
Genus Palaeomeryx von Meyer, 1834
cf. Palaeomeryx minoensis (Matsumoto, 1918)

Figure 6A

Amphitragulus minoensis Matsumoto, 1918 *, p. 77, fig. 1, pl. 13 (figs.
1-3).

“Palaeomeryx minoensis” Nagasawa, 1932, p. 220 (schematic draw-
ing), p. 223.

Amphitragulus minoensis Matsumoto, 1918. Takai, 1938, p. 748.

Amphitragulus minoensis Matsumoto, 1918. Kamei and Okazaki,
1974, p. 275, pl. 93 (fig. 3).

2Amphitragulus minoensis Matsumoto, 1918. Kamei and Okazaki,
1974 pars, p. 276.

Amphitragulus minoensis Matsumoto, 1918. Okumura et al., 1977, p.
40, pl. 15 (fig. 2).

Amphitragulus minoensis Matsumoto, 1918. Okumura et al., 1977
pars, p. 41.

“Palaeomeryx minoensis” Nagasawa, 1932. Naora, 1997, p. 7.
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Material —IGPS 22059, a plaster cast of a right man-
dible with p3—m?2.

Locality.—Banjo-bora, Mitake-cho, Kani-gun, Gifu
Prefecture.

Horizon—The lower part of the Hiramaki Formation
(Matsumoto, 1918), Mizunami Group; lower Miocene
(ca. 18 Ma; Tomida et al., 2013).

Characteristics for identification.—Large size rumi-
nant; low-crowned cheek teeth; pl present; p3 with an
antero-posteriorly longer crown than p4, compressed
labio-lingually; lower molars with a faint external post-
protocristid, no mesostylid, a strong metastylid, a posten-
tocristid not connected with the posthypocristid, and a
preprotocristid not connected with the premetacristid.

Measurements.—Shown in Table 4.

Description—IGPS 22059 preserves a middle part of
the mandibular body with p3—m2 and the alveolus of pl
and p2. The lower outline of the mandibular body gen-
tly curves from the diastema to the position of ml. The
alveolar bone less swells out to the labial side. The root
socket for pl shows a rounded triangular outline elon-
gated antero-posteriorly, and behind that there are two
elliptical sockets for p2. The cheek teeth are strongly
worn and low-crowned, or their cervical lines expose
above the alveolar process. The outlines of p3 and p4 are
rounded triangular in occlusal view. The crown of p3 is
more compressed labio-lingually than that of p4. In the
occlusal morphology of the premolars, the anterior stylid
is clearly branched from the anterior conid (but IGPS
22059 is vaguely replicated in this part). The mesolabial
conid is more developed than the mesolingual conid. The
transverse cristid extends posteriorly from the mesolabial
conid to the mesolingual conid. The anterior and posterior
valleys are open because of the lack of antero-posterior
extension from the mesolingual conid. The posterolin-
gual conid is separated from the posterior stylid by a
shallow back valley on p3, while the surface between the
mesolingual conid and the posterior stylid is integrated
by wearing. The basal cingulum is present only on the
anterolingual side.

The lower molars are selenodont. The axis consist-
ing of the lingual cusps (conids and stylids) is slightly
oblique to the orientation of the antero-posterior length.
Owing to a strong wear stage the molars do not clearly
show development of accessory structures, such as styl-
ids, ribs, cingulids, and the external postprotocristid. In
m2, the connections between the preprotocristid and the
premetacristid and between the posthypocristid and the
postentocristid are not fully fused. The external postpro-
tocristid faintly remains, judging from the existence of a
tiny notch on the posterolabial wall of the anterior lobe.
The anterior ectostylid is slender. The anterior cingulid is
weakly present on m2. The other characters are described
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in detail in Matsumoto (1918).

Remarks.—Matsumoto (1918) classified a single frag-
mentary mandible from the Hiramaki Formation as a new
species, Amphitragulus minoensis, and later Nagasawa
(1932) reported a different new species, “Palaeomeryx
minoensis” (we nomenclaturally distinguish this name
from our combined name), based on an isolated M2 from
the same horizon. Because these holotype specimens were
owned by the Tono Highschool and an individual respec-
tively, they are missing at present. Matsumoto (1918)
supposed that the Eurasian Amphitragulus evolved into
the North American Palaeomeryx (currently replaced by
the other genera, such as Bouromeryx and Dromomeryx)
possibly via the Japanese Amphitragulus. However, his
hypothesis is premised on knowledge when taxonomy
of fossil pecorans had been confused. Nagasawa (1932)
recognized that the Japanese palacomerycids are more
similar to Palaeomeryx than Amphitragulus, whereas he
did not mention a relationship between “P. minoensis”
and A. minoensis. Takai (1938) synonymized these spe-
cies without any systematic revision, while Naora (1997)
(this book was edited from his unpublished notes written
probably in the 1940s) believed the opinion of Nagasawa
(1932) because the materials of A. minoensis (lower teeth)
and “P. minoensis” (upper molar) were not comparable to
each other. However, the name A. minoensis spread more
generally in later studies (Kamei and Okazaki, 1974;
Okumura et al., 1977).

Matsumoto (1918) placed the present specimen from
the Hiramaki Formation in the genus Amphitragulus,
based mainly on the presence of p1 and the external post-
protocristid, with noting some uncertain taxonomic prob-
lems. The presence of p1 with a single root characterizes
stem pecorans or basal cervoids (traditionally including
Palacomerycidae and Cervidae). In terms of the external
postprotocristid Matsumoto (1918) misidentified a fold
on the anterior end of the posterior fossa on m2 as the
“Palaeomeryx-fold”, but we confirmed it on the actual
position in IGPS 22059. In contrast with these primitive
characters, the lower molars of IGPS 22059 are com-
pletely selenodont and considerably larger than those of
stem pecorans, including Amphitragulus.

Tooth measurements undoubtedly indicate size simi-
larities between IGPS 22059 and Eurasian palacomerycid
species (Table 4). We are not able to identify characters
of the upper molar of “Palaeomeryx minoesis” owing to
a strongly worn occlusal surface (Nagasawa, 1932), but
as Nagasawa suggested, it is similar in tooth measure-
ments to the upper molars of species of Palaeomeryx
from the lower Miocene of Europe. As a result, our obser-
vations supported the viewpoint of Takai (1938), but we
tentatively used the name cf. Palacomeryx minoensis
(Matsumoto, 1918), combining A. minoensis with the
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Figure 6. Cf. Palaeomeryx minoensis (A) and Amphimoschus sp. (B) from the lower Miocene of Japan. A, a right mandible with p3—m2
(IGPS 22059); A1, occlusal view (resin cast molded from IGPS 22059); A2, labial view (original cast); A3, lingual view (original cast); B,
a right mandible with m1-m3 (FPDM-V-8462); B1, occlusal view; B2, labial view; B3, lingual view with the ramus.

genus Palaeomeryx.

Recent studies based on cranial morphology (Rdssner,
2010; Sanchez et al., 2015) have recognized seven gen-
era of Eurasian palacomerycids (= Palacomerycinae): i.e.
Palaeomeryx, Triceromeryx, Ampelomeryx, Sinomeryx
(synonymous with Palaeomeryx in McKenna and Bell,
1997), Tauromeryx, Germanomeryx, and Xenokeryx.
Eurasian palacomerycids defined by dental materials in
the 19th century have been included in a single genus,
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“Palaeomeryx” (or Palaeomeryx s.1.), and the differences
among the classic species, such as “P.” kaupi (von Meyer,
1834) and “P.” magnus (Lartet, 1851), are still question-
able in the genus identification (Rossner, 2010). As pre-
viously suggested (e.g. Ginsburg, 1999), comparisons of
tooth measurements supported a size increase from the
early Miocene palacomerycids (“P.” kaupi from Europe,
S. tricornis from China, and cf. P. minoensis from Japan)
to the middle Miocene species (“P.” bojani and “P.”
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Table 4. Measurements (in mm) of p3—m2 of Miocene palacomerycids examined in this study (Appendix 1), with mean, range, and

number of specimens.

p3L p3W p4aL paAw mlL mlWa m2L m2Wa
cf. Palaeomeryx minoensis
16.35 7.84 16.53 9.80 15.78 11.68 19.82 14.47
(IGPS 22059)
. . . 19.86 14.24 21.83 17.02
Sinomeryx tricornis
. — — 16.88 10.72 [17.36-22.35] [12.34-16.13] [19.85-23.81] [15.50-18.53]
(IVPP specimens)
(n=2) (n=2) (n=2) (n=2)
. 18.97 13.94
“Palaeomeryx” kaupi
. — — 17.29 10.02 — — [18.64-19.30] [13.70-14.17]
(BSPG specimens)
(n=2) n=2)
. 17.17 9.31 17.82 11.18 17.98 12.65 20.52 15.03
“Palaeomeryx” cf. kaupi
; [16.68-17.66] [8.92-9.70] [16.99-18.75] [11.06-11.50] [16.97-18.53] [12.18-13.11] [20.21-20.76] [14.49-15.48]
(NMB specimens)
(n=2) (n=2) (n=4) (n=4) (n=15) (n=5) (n=3) (n=3)
o 21.96 16.79
“Palaeomeryx” bojani
. — — — — 22.49 15.49 [19.90-23.66] [15.46-18.72]
(BSPG and NMB specimens)
(n=3) (n=3)
19.85 12.87 21.08 14.92 21.72 16.69
“Palaeomeryx” magnus
. — — [19.64-20.05] [12.42-13.31] [21.05-21.10] [14.58-15.26] [21.10-22.11] [15.26-18.44]
(MNHN specimens)
(n=2) (n=2) (n=2) (n=2) (n=3) (n=3)

magnus from Europe) (Table 4). We consider that species
identification of palacomerycids without cranial material
is difficult, but the proportion of premolars (especially the
labio-lingual compression of p3) of cf. P. minoensis could
be an evidential characteristic for defining this species.

Family indeterminate
Genus Amphimoschus Bourgeois, 1873
Amphimoschus sp.

Figure 6B

Amphitragulus sp. Takeyama, 1989 v, p. 12, fig. 1.

Material —FPDM-V-8462 (previously catalogued as
FPM-81181), a right mandible with m1-m3.

Locality.—Koniu, Fukui City, Fukui Prefecture, Japan.

Horizon—Middle part of the Kunimi Formation
(Takeyama, 1989); uppermost lower Miocene (ca. 16 Ma;
Hirooka et al., 1972).

Characteristics for identification—Hypsodonty and
selenodonty of lower molars are more advanced than
those of stem pecorans; lower molars labio-lingually com-
pressed; lower molars with an anterior lobe isolated from
the posterior lobe, no external postprotocristid, an (inter-
nal) postprotocristid close to the prehypocristid (but not
connected each other), a well-developed postentocristid
but not connected with the posthypocristid, a preprot-
ocristid not connected with the premetacristid, a bicuspi-
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date (with a strong entoconulid) third lobe on m3, and a
tall ectostylid.

Measurements.—Shown in Table 5.

Description—FPDM-V-8462 preserves a posterior
part of the mandible with ml to m3. The mandibular
body is thin and weakly swells out to the labial side at the
alveolus. The incisura vasorum is weak. The mandibu-
lar angle is partially broken but its outline likely shows
a semicircle. The ramus is tall and bulges at the bottom.
The coronoid process is slightly constricted by the man-
dibular notch.

The lower molars are completely selenodont and high-
crowned compared to other Oligocene and lower Miocene
pecorans. The cervical lines are situated at the alveolus
(m1) or buried under the alveolar process (m2 and m3)
because these are in the middle of eruption. The lingual
cusps (conids and stylids) are almost aligned in parallel
with the orientation of the antero—posterior length. The
mesostylid and the entostylid are weak. The metastylid
develops as a pillar extending from the crown base to
the occlusal surface. The lingual surface is relatively flat,
with weakly projected ribs. The external postprotocris-
tids are absent in all molars. The cristids approach each
other, but are not fused at the anterolingual corner, the
posterolingual corner, and the end of the prehypocris-
tid. The connection between the posthypocristid and the
postentocristid on m1 is not integrated in spite of a mod-
erately wearing tooth. The third lobe of m3 is bicuspidate,
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Table 5. Measurements (in mm) of m1-m3 of the species of Amphimoschus examined in this study (Appendix 1), with mean, range,

and number of specimens.

mlL mlWa m2L m2Wa m3L m3Wa
Amphimoschus sp.
>14.28 9.01 14.72 10.73 21.29 10.86
(FPDM-V-8462)
Amphimoschus xishuiensis
* 11.3 10.4 14.9 11.3 21.8 10.6
(IVPP V25521.1)
. L 12.03 8.00 13.63 9.60 19.37 9.52
Amphimoschus ponteleviensis
. [11.19-12.93] [7.79-8.10] [13.17-13.97] [9.16-10.30] [17.79-20.29] [9.09-10.17]
(NMB specimens)
(n=4) (n=4) (n=06) (n=06) (n=06) (n=06)

*Data from Li ez al. (2021).

composed of well-developed hypoconulid and entoconu-
lid. The end of the preentoconulidcristid intrudes into
the posterior fossa between the posthypocristid and the
postentocristid. The ectostylid of each molar is tall and
slender. No cingulids are visible on the molars.

Remarks.—Takeyama (1989) collected a total of 10 fos-
sil specimens, including postcranial remains, of Amphi-
tragulus sp., but only the mandible, FPDM-V-8462, is
currently stored. Takeyama documented that FPDM-
V-8462 was similar to Amphitragulus and Palaeomeryx
in terms of the presence of a “Palaeomeryx-fold” (=
external postprotocristid), but we did not find this char-
acteristic on any molars of FPDM-V-8462. Moreover,
Takeyama did not mention the cuspidate entoconulid that
is a decisive characteristic of the genus Amphimoschus
and moschids (Bourgeois, 1873; Sanchez et al., 2010;
Mennecart et al., 2021). FPDM-V-8462 is distinguished
from Amphitragulus and the other stem pecorans in hav-
ing high-crowned molars and no external postprotocris-
tid. The molar crown of FPDM-V-8462 is relatively
higher and flatter on the lingual surface than that of stem
cervids, including the Lagomerycinae, Procervulinae,
and Dicrocerinae. FPDM-V-8468 is more advanced than
the molars of stem pecorans and Cervidae in dental mor-
phology (e.g. high crown and the bicuspidate third lobe
of m3), whereas does not develop a fusion between the
postentocristid and the posthypocristid, which is one of
synapomorphic features of bovids and moschids.

The morphological character of FPDM-V-8468 corre-
sponds to that of Amphimoschus redefined by Mennecart et
al. (2021) after compiling the cranial and dental morphol-
ogy of European species, Amphimoschus ponteleviensis
from MN3-6 localities (e.g. Artenay and Pontlevoy) (see
also Figure 5). The molar crown height of FPDM-V-8462
is also similar to that of Amphimoschus. FPDM-V-8462
is slightly larger in molar measurements than Amphi-
moschus ponteleviensis from Artenay (MN3) (Table 5),
but it is included in a range of this species obtained by
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Mennecart et al. (2021). There are some fossil records of
Amphimoschus from the lower Miocene of China (Li et
al., 1983; Wang, B. et al., 2003; Wang, X. et al., 2003; Li
et al., 2021). Amphimoschus xishuiensis from Tiejiang-
gou Formation (ca. 19.7-17 Ma) of the Tabenbuluk area,
Gansu Province was established by skull and dental mate-
rials (Li et al., 2021). FPDM-V-8462 is approximately as
large as the holotype (IVPP V 25521.1) of Amphimoschus
xishuiensis in the measurements of m2 and m3 (Table 5).
The antero—posterior length of m1 of FPDM-V-8462 is
longer than that of IVPP V 25521.1. Regarding lower
molar characteristics, Amphimoschus xishuiensis differs
from Amphimoschus ponteleviensis by the presence of
well-developed metastylid on m1-m3 and an additional
lingual stylid on m1-m2 (Li et al., 2021). These charac-
teristics are not found in FPDM-V-8462, but the Japanese
material is insufficient to determine the species at present.

Discussion

The taxonomic positions of the Japanese Miocene pec-
orans examined in this study were narrowed down. Our
revision confirmed four species of pecorans, including an
indeterminate species of the basal cervids, Dicrocerus?
tokunagai, cf. Palaeomeryx minoensis, and Amphi-
moschus sp. These pecorans are still indeterminate taxo-
nomically at the species or genus level, but no specimens
were allocated to primitive pecorans, such as Amphitra-
gulus and Dremotherium. In the Neogene, these genera
are limited to the Agenian (MN1-2: 23—19.5 Ma: Hilgen
et al., 2012) in Europe, and there are no certain fossil
records in Asia (Figure 7). Amphitragulus and Dremoth-
erium are basically components of upper Oligocene fossil
assemblages from Mongolia and Pakistan (Vislobokova
and Daxner-Hdock, 2002; Métais et al., 2017), although
Vislobokova (1997) listed a species of Amphitragu-
lus from the lower Miocene fossils in Kazakhstan. The
absence of Amphitragulus in the lower Miocene (strictly
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Stratigraphic .
Eur
Stage Japan Asia urope
Serravalian Palaeotragus MN7/8
Lagomeryx
Tunggurian | Dicrocerus MNG6 | Euprox
Euprox
Langhian LMS/A P
Micromeryx Paradicrocerus
Eotragus MN5 | Heteroprox
Amphimoschus Dicrocerus
———————— 17Ma - MN4
. N _
Dicrocerus? Shanwangian| Palaeomeryx s.1.
Burdigalian |________ 18Ma LMS/A Sinomeryx Lagomeryx
Ligeromeryx MN3 | Ligeromeryx
cf. Palacomeryx Stephanocemas Procervulus
stem Cervidae Amphimoschus Amphimoschus
———————— 20Ma -
Xiejian MN2 | Dremotherium
Aquitanian LMS/A MNA Amphitragulus

Figure 7. The first appearance of the major genera of pecorans in the early and middle Miocene in Eurasia. The sources of Asia are
based on the fossil records from China, Mongolia, and Thailand (Ginsburg and Ukkakimapan, 1983; Qiu et al., 2013; Suraprasit et al., 2014,
Mennecart et al., 2019). The sources of Europe follows Mein (1989), Gentry et al. (1999), Rossner (2010), and Béhme et al. (2012).

Burdigalian) fauna of Japan is consistent with the result
showing no fossil records of Amphitragulus from con-
temporaneous Xiejian and Shanwangian faunas of China
(Qiu et al., 2013). Moreover, the appearances of Liger-
omeryx (basal cervids) and Sinomeryx (Palacomeryx s.1.)
are an index of the Shanwang fossil biota (ca. 18-16 Ma:
Deng et al., 2019). Many previous papers suggested that
the taxonomic composition of the Japanese Burdigalian
mammals is correlated with that of the Shanwangian
mammalian fauna (e.g. Tomida and Setoguchi, 1994;
Miyata and Tomida, 2010; Fukuchi and Kawai, 2011),
and our reappraisal based on the pecoran fossils also
arrived at the same result.

The early group of crown pecorans in Eurasia is rep-
resented by basal cervids (lagomerycines and procervu-
lines), large-sized palacomerycids (Palaeomeryx s.1.), and
Amphimoschus (e.g. Gentry et al., 1999; Qiu et al., 2013;
Mennecart et al., 2021). These taxa occurred in Europe
during the early Orleanian (MN3: 19.4-17.2 Ma) and
in China during the Shanwangian (19.5-16 Ma). Some
Chinese local faunas indicate that the earliest occurrences
of Amphimoschus and lagomerycine cervids in Asia pos-
sibly date back to the basal stage of the Shanwangian, or
around 19.5-19 Ma (Qiu ef al., 2013; Wang et al., 2019;
Li et al., 2021). The findings of a basal cervid species

and cf. Palaeomeryx minoensis from the Nakamura and
Hiramaki formations, respectively, suggested that the
early dispersal event of the crown pecorans had occurred
even in the marginal region of Far East Asia.

The fossils of relatively derived genera of cervids,
such as Dicrocerus and Euprox, have been discovered
primarily from the middle Miocene of Europe (MNS5 or
younger) and Asia (Tunggurian) (e.g. Mein, 1989; Ye,
1989; Gentry et al., 1999; Wang and Zhang, 2011; Hou,
2015; see also Figure 7). The fossil records of Dicro-
cerus? tokunagai from the lower Miocene (ca. 17 Ma)
in northeastern Japan would indicate the earliest disper-
sion of this genus if this generic identification is true, but
we demonstrated that the attributed specimens display a
different dental morphology from Dicrocerus. The occur-
rence of Amphimoschus from the Kunimi Formation (ca.
16 Ma) provided new insight on stratigraphic distribu-
tion of this genus in Asia. Amphimoschus pontelevien-
sis is recorded from many localities in Europe, ranging
from MN3 to the beginning of MN6 (Mennecart et al.,
2021), while Amphimoschus xishuiensis from China is a
member of the Xishuigou fauna that is the early stage (ca.
19.5-19 Ma) of the Shanwangian (Wang, X. et al., 2003;
Qiuetal.,2013; Liet al.,2021). The fossil-bearing age in
the Kunimi Formation is younger than that of the Chinese
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Amphimoschus, but the genus survived throughout the
Burdigalian in East Asia as in Europe.

Compiled geological and paleontological evidence has
made possible the reconstruction of an incomplete sepa-
ration of the Japanese archipelago on the eastern margin
of the Eurasian continent in the Burdigalian (Figure 1;
Kano et al., 1991; Noda and Goto, 2004). As mentioned
above, most fossil mammals, including pecorans, sug-
gest a strong faunal connection throughout the Eurasian
continent during this period; further, they more or less
show speciation between the Japanese and other species.
Kimura et al. (2019) considered that one of the eomyid
rodents, Japaneomys yasunoi, from the lower Miocene
part of the Mizunami Group had possibly diverged in the
late Oligocene through allopatric speciation from Asiane-
omys in the inner-continental regions of Asia. The other
taxa, including both large and small mammals, from
the Mizunami Group are also morphologically special-
ized enough to define endemic genera or species (Fuku-
chi and Kawai, 2011; Tomida, 2011, 2012; Mors et al.,
2016; Oshima et al., 2017; Mors and Tomida, 2018).
Anchitherium (Equidae) from the Mizunami Group was
tentatively assigned to an affinity species of 4. gobiense
from the Tunggur Formation (younger than 15 Ma), Inner
Mongolia, but the Japanese form has a relatively primi-
tive dental morphology (Miyata and Tomida, 2010). In
pecorans, there is no major difference in dental morphol-
ogy between the Japanese and other species, but we pre-
liminarily noted some unique characteristics observed in
the premolars of cf. Palaeomeryx minoensis. Because the
fossil materials of the Japanese lower Miocene mammals
are fragmentary in all taxa, further research and discussion
will be needed to confirm whether or not the Japanese spe-
cies evolved endemically due to geographical isolation.

Conclusion

In the lower Miocene of Japan, we have recognized
four pecoran species: one indeterminate cervid, Dicro-
cerus? tokunagai (Cervidae), cf. Palaeomeryx minoen-
sis (Palacomerycidae), and Amphimoschus sp. (family
indeterminate). The components of the pecoran fauna of
the lower Miocene of Japan are comparable with contem-
poraneous faunas from China (Shanwangian fauna) and
Europe (mainly MN3—4 fauna), which are characterized
by the occurrences of basal species of cervids, Palaeom-
eryx s.l. and Amphimoschus. The dispersion of basal cer-
vids and Palaeomeryx s.I. in Japan dates back to 18.5 Ma
and 18 Ma, respectively, when the Japanese archipelago
was a part of the eastern margin of the Eurasian continent.
Amphimoschus sp. from the Kunimi Formation possibly
records the youngest occurrence of the genus in Asia at
present. This study supports the notion that the genus
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Amphitragulus is not recorded in the lower Miocene of
Japan.

Acknowledgments

We would like to thank T. Goda, who collected the fos-
sil specimens from Dota and donated them to NMNS. He
and Y. Ando (MFM) provided us with geological infor-
mation in the field. For collecting reference materials,
we are grateful to the following people: J. Nemoto (The
Tohoku University Museum, Japan), H. Harunari (Profes-
sor Emeritus, NMJH), Y. Kimura (NMNS), A. Koizumi
(ICM), K. Miyata (FPDM), B. Zhou (SNHM), Y. Zhang
(IVPP), L. Costeur (NMB), C. Argot (MNHN), and G. E.
Rossner (BSPG). We wish to thank B. Mennecart (NMB),
two anonymous reviewers, and the editors who helped us
to improve our manuscript. This study was financially
supported by JSPS KAKENHI Grant Number 18H01327
and the Fujiwara Natural History Foundation (2018) for
YN.

References

Aiglstorfer, M., Rossner, G. E. and Bohme, M., 2014: Dorcatherium
naui and pecoran ruminants from the late Middle Miocene Grat-
korn locality (Austria). Palaeobiodiversity and Palaeoenviron-
ments, vol. 94, p. 83—123.

Anan Town Publications Editorial Committee, 1987: Fossils of Anan
Town, 447 p. Anan Town Board of Education, Anan.

Azanza, B. and Ginsburg, L., 1997: A revision of the large lagomerycid
artiodactyls of Europe. Palaeontology, vol. 40, p. 461-485.

Béarmann, E. V. and Réssner, G. E., 2011: Dental nomenclature in
Ruminantia: towards a standard terminological framework. Mam-
malian Biology, vol. 76, p. 762—768.

Bohme, M., Aiglstorfer, M., Uhl, D. and Kullmer, O., 2012: The antiq-
uity of the Rhine River: Stratigraphic coverage of the Dinotherien-
sande (Eppelsheim Formation) of the Mainz Basin (Germany).
PLOS ONE, doi: 10.1371/journal.pone.0036817.

Bourgeois, L.-A., 1873: Note sur ’Amphimoschus ponteleviensis.
Journal de Zoologie, vol. 2, p. 235-236.

Colbert, E. H., 1936: Tertiary deer discovered by the American
Museum Asiatic Expeditions. American Museum Novitates, no.
854, p. 1-21.

Deng, T., Hou, S. and Wang, S., 2019: Neogene integrative stratigraphy
and timescale of China. Science China Earth Sciences, vol. 62, p.
310-323.

Fernandez, M. H. and Vrba, E. S., 2005: A complete estimate of the
phylogenetic relationships in Ruminantia: a dated species-level
supertree of the extant ruminants. Biological Reviews, vol. 80, p.
269-302.

Fukuchi, A. and Kawai, K., 2011: Revision of fossil rhinoceroses from
the Miocene Mizunami Group, Japan. Paleontological Research,
vol. 15, p. 247-257.

Gentry, A. W., Rossner, G. E. and Heizmann, E. P. J., 1999: Suborder
Ruminantia. /n, Rossner, G. E. and Heissig, K. eds., The Mio-
cene Land Mammals of Europe, p. 225-258. Verlag Dr. F. Pfeil,
Miinchen.

Ginsburg, L., 1999: Remarks on the systematic of the Palacomeryci-
dae (Cervoidea, Artiodactyla, Mammalia) from Europe. Comptes



Lower Miocene pecorans from Japan 199

Rendus de I’Académie des Sciences, Série 2, vol. 329, p. 757-762.
Ginsburg, L. and Ukkakimapan, Y., 1983: Un Cervidé nouveau du
Miocene d’Asie et 1’age des lignites des bassins intramontag-
neux du nord de la Thailande. Comptes Rendus des Sciences de
I’Academie des Sciences, Série 2, vol. 297, p. 297-300.

Goldfuss, A. G., 1820: Handbuch der Zoologie, 761 p. J. L. Schrag,
Niirnberg.

Handa, N., 2020: Reappraisal of a rhinocerotid (Mammalia, Perisso-
dactyla) from the lower Miocene Yotsuyaku Formation, Northeast
Japan, with an overview of the early Miocene Japanese rhinocero-
tids. Paleontological Research, vol. 24, p. 183—191.

Hassanin, A. and Douzery, E. J. P., 2003: Molecular and morphologi-
cal phylogenies of Ruminantia and the alternative position of the
Moschidae. Systematic Biology, vol. 52, p. 206-228.

Hilgen, F. J., Lourens, L. J. and van Dam, J. A., 2012: The Neogene
period. In, Gradstein, F. M., Ogg, J. G., Schmitz, M. and Ogg,
G. eds., The Geological Time Scale 2012, p. 923-978. Elsevier,
Amsterdam.

Hirooka, K., Okude, T. and Nishimura, S., 1972: Paleomagnetic study
on the volcanic rocks from Niu Mountainland in Fukui Prefecture,
Japan. Memoirs of the Faculty of Education, Fukui University,
Series 2, no. 22, p. 1-15. (in Japanese)

Hoshi, H., 2018: Miocene clockwise rotation of Southwestern Japan.
Journal of the Geological Society of Japan, vol. 124, p. 675-691.
(in Japanese with English abstract)

Hou, S., 2015: A new species of Euprox (Cervidae, Artiodactyla) from
the upper Miocene of the Linxia Basin, Gansu Province, China,
with interpretation of its paleoenvironment. Zootaxa, vol. 3911,
p. 43-62.

Ina, H., 1981: Miocene fossils of the Mizunami Group, central Japan
1. Plants of the Kani and Mizunami basins. Monograph of the
Mizunami Fossil Museum, no. 2, p. 31-72. (in Japanese)

Janis, C. M. and Scott, K. M., 1987: The interrelationships of higher
ruminant families with special emphasis on the members of the
Cervoidea. American Museum Novitates, no. 2893, p. 1-85.

Kamei, T. and Okazaki, Y., 1974: Mizunami Group: Mammalia. Bul-
letin of the Mizunami Fossil Museum, no. 1, p. 263-291. (in
Japanese)

Kano, K., Kato, H., Yanagisawa, Y. and Yoshida, F., 1991: Stratigraphy
and geologic history of the Cenozoic of Japan. Report, Geologi-
cal Survey of Japan, no. 274, p. 1-114. (in Japanese with English
abstract)

Kimura, Y., Tomida, Y., Kalthoff, D. C., Casanovas-Vilar, 1. and Mors,
T., 2019: A new endemic genus of eomyid rodents from the early
Miocene of Japan. Acta Palaeontologica Polonica, vol. 64, p.
303-312.

Koike, W., Ando, H., Koda, Y. and Okamura, Y., 2007: Mammalian
and avian fossil footprints discovered from the lower Miocene
Kitatage Formation in Daigo-machi, Ibaraki Prefecture. Bulletin
of the National Science Museum, no. 10, p. 21-55. (in Japanese
with English abstract)

Lartet, E., 1851: Notice Sur La Colline de Sansan: Suivie d’Une Réca-
pitulation des Diverses Especes d’Animaux Vertébrés Fossiles,
Trouvés Soit A Sansan, Soit Dans d’Autres Gisements Du Terrain
Tertiaire Miocéne Dans Le Bassin Sous-Pyrénéen, 45 p. J.-A.
Portes, Auch.

Li, C., Lin, Y., Gu, Y., Hou, L., Wu, W. and Qiu, Z., 1983: The Ara-
gonian vertebrate fauna of Xiacaowan, Jiangsu—1. A brief intro-
duction to the fossil localities and preliminary report on the new
material. Vertebrata PalAsiatica, vol. 21, p. 313-327.

Li, Y., Mennecart, B., Aiglstorfer, M., Ni, X., Li, Q. and Deng, T., 2021:
The early evolution of cranial appendages in Bovoidea revealed
by new species of Amphimoschus (Mammalia: Ruminantia) from

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 05 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

China. Zoological Journal of the Linnean Society, doi: 10.1093/
zoolinnean/zl1ab053.

Lydekker, R., 1883: Indian Tertiary and post-Tertiary Vertebrata: Siwa-
lik selenodont Suina. Records of the Geological Survey of India,
Palaeontologia Indica, vol. 5, p. 143—177.

Marcot, J. D., 2007: Family Moschidae. /n, Prothero, D. R. and Foss, S.
E. eds., The Evolution of Artiodactyls, p. 4-18. The Johns Hopkins
University Press, Baltimore.

Matsumaru, K., Azuma, Y. and Takeyama, K., 1979: Discovery of Mio-
gypsina and Operculina from the Miocene sediments of the Niu
Mountains, Fukui Prefecture and its significance. Journal of the
Geological Society of Japan, vol. 85, p. 771-774.

Matsumoto, H., 1918: On a new archetypal fossil cervid from the Prov.
of Mino. Science Reports of the Tohoku Imperial University, 2nd
series, Geology, vol. 3, p. 75-81.

Matsumoto, H., 1924: Preliminary notes on two new species of fossil
mastodon from Japan. Journal of the Geological Society of Japan,
vol. 31, p. 395-774. (in Japanese)

Matsumoto, H., 1926: On two new mastodonts and an archetypal ste-
godon of Japan. Science Reports of the Tohoku Imperial Univer-
sity, 2nd series, Geology, vol. 10, p. 1-11.

Matsumoto, H., 1927: Dicrocerus tokunagai Mat. In, Tokunaga, S.
ed., Geology of the Joban Coal-Field, p. 290-292. Memoirs of
the Faculty of Science and Engineering, Waseda University, no.
5. (in Japanese)

Matthews, S. C., 1973: Notes on open nomenclature and on synonymy
lists. Palaeontology, vol. 16, p. 713-719.

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

Mein, P., 1989: Updating of MN zones. /n, Lindsay, E. H., Fahlbusch,
V. and Mein, P. eds., European Neogene Mammal Chronology, p.
73-90. Plenum Press, New York.

Mennecart, B., 2012: The Ruminantia (Mammalia, Cetartiodactyla)
from the Oligocene to the early Miocene of Western Europe: sys-
tematics, palacoecology and palacobiogeography. GeoFocus, vol.
32, p. 1-263.

Mennecart, B., Aiglstorfer, M., Gohlich, U. B. and Daxner-Hock, G.,
2019: On the oldest Mongolian moschids (Mammalia, Ruminan-
tia) and the early moschid evolution. Palaeontologia Electronica,
doi: 10.26879/959.

Mennecart, B., DeMiguel, D., Bibi, F., Rossner, G. E., Métais, G.,
Neenan, J. M. et al., 2017: Bony labyrinth morphology clarifies
the origin and evolution of deer. Scientific Reports, doi: 10.1038/
s41598-017-12848-9.

Mennecart, B., Métais, G., Costeur, L., Ginsburg, L. and Rossner, G.
E., 2021: Reassessment of the enigmatic ruminant Miocene genus
Amphimoschus Bourgeois, 1873 (Mammalia, Artiodactyla, Pec-
ora). PLOS ONE, doi: 10.1371/journal.pone.0244661.

Mennecart, B., Scherler, L., Hiard, F., Becker, D. and Berger, J.-P.,
2012: Large mammals from Rickenbach (Switzerland, reference
locality MP29, Late Oligocene): biostratigraphic and palaeoenvi-
ronmental implications. Swiss Journal of Palaeontology, vol. 131,
p. 161-181.

Meétais, G., Mennecart, B. and Roohi, G., 2017: A new assemblage of
stem pecoran ruminants from the Oligocene Chitarwata Forma-
tion, Bugti Hills, Baluchistan, Pakistan: Paleoenvironmental and
paleobiogeographic implications. Journal of Asian Earth Sci-
ences, vol. 136, p. 40-49.

Miyata, K. and Tomida, Y., 2010: Anchitherium (Mammalia, Perisso-
dactyla, Equidae) from the early Miocene Hiramaki Formation,
Gifu Prefecture, Japan, and its implication for the early diversi-
fication of Asian Anchitherium. Journal of Paleontology, vol. 84,



200 Yuichiro Nishioka and Yukimitsu Tomida

p. 763-773.

Mors, T. and Tomida, Y., 2018: Euroxenomys nanus sp. nov., a minute
beaver (Rodentia, Castoridae) from the early Miocene of Japan.
Paleontological Research, vol. 22, p. 145-149.

Mors, T., Tomida, Y. and Kalthoff, D. C., 2016: A new large beaver
(Mammalia, Castoridae) from the early Miocene of Japan. Journal
of Vertebrate Paleontology, doi: 10.1080/02724634.2016.1080720.

Nagasawa, J., 1932: A fossil cervid tooth obtained from Hiramakimura,
Mino. The Journal of the Geological Society of Japan, vol. 39, p.
219-224. (in Japanese)

Nakajima, T., 2018: Tectonics of sedimentary basins in and around
Japan since the opening of the Sea of Japan. Journal of the Geo-
logical Society of Japan, vol. 124, p. 693-722. (in Japanese with
abstract)

Nakajima, T., Nakagawa, T., Watanabe, Y. and Imazawa, T., 1992:
Magnetostratigraphy of the Miocene Kunimi Formation in Fukui
Prefecture, central Japan. Journal of the Geological Society of
Japan, vol. 98, p. 975-978. (in Japanese)

Naora, N., 1944: The History of Japanese Mammals, 265 p. Yotoku-
sha, Tenri. (in Japanese, original title translated)

Naora, N. (appended by Harunari, H.), 1997: Fossil Deer from Japan
and Its Vicinity, 294 p. The Publishing Group of Nobuo Naora’s
Papers, Sakura. (in Japanese with English abstract)

Nishioka, Y. and Ando, Y., 2016: A cervoid tooth from the lower Mio-
cene Nakamura Formation of the Mizunami Group, Kani City,
Gifu Prefecture, central Japan. Bulletin of the Mizunami Fossil
Museum, no. 42, p. 39-44.

Nishioka, Y., Hirayama, R., Kawano, S. and Ogino, S., 2016: Lower
Miocene cervoid ruminants (Artiodactyla) from the Koura Forma-
tion, Matsue, southwestern Japan. Paleontological Research, vol.
20, p. 289-295.

Noda, Y. and Goto, M., 2004: Paleogeographic maps of the Japanese
Islands and their application to exhibition of the Fukui Prefectural
Dinosaur Museum. Memoir of the Fukui Prefectural Dinosaur
Museum, no. 3, p. 47-63. (in Japanese with English abstract)

Okamura, Y. and Takahashi, T., 2009: The present situation and meth-
ods of Cenozoic fossil footprint research in Japan. Journal of Fos-
sil Research, vol. 41, p. 82-88. (in Japanese with English abstract)

Okazaki, Y., 1977: Mammalian fossils from the Mizunami Group, Cen-
tral Japan (Part 2). Bulletin of the Mizunami Fossil Museum, no. 4,
p- 9-24. (in Japanese with English abstract)

Okumura, K., Okazaki, Y., Yoshida, S. and Hasegawa, Y., 1977: IV.
Mammalian fossils from Kani Town. /n, Kani Town Educational
Board ed., Geology and Palaeontology of Kani Town, Cen-
tral Japan, p. 21-45. Kani Town Educational Board, Kani. (in
Japanese)

Oshima, M., Tomida, Y. and Orihara, T., 2017: A new species of Plesio-
sorex (Mammalia, Eulipotyphla) from the early Miocene of Japan:
first record of the genus from East Asia. Fossil Imprint, vol. 73,
p. 292-299.

Otofuji, Y., Matsuda, T. and Nohda, S., 1985: Opening mode of the
Japan Sea inferred from the paleomagnetism of the Japan Arc.
Nature, vol. 317, p. 603—604.

Owen, R., 1848: Description of teeth and portions of jaw of two extinct
anthracotherioid quadrupeds (Hyopotamus vectianus and Hyop.
bovinus) discovered by the Marchioness of Hastings in the Eocene
deposits of the N.W. coast of the Isle of Wight: with an attempt to
develop Cuvier’s idea of the classification of Pachyderms by the
number of their toes. Quarterly Journal of the Geological Society
of London, vol. 4, p. 103—-141, pls. 7-8.

Prothero, D. R., 2007: Family Moschidae. /n, Prothero, D. R. and Foss,
S. E. eds., The Evolution of Artiodactyls, p. 221-226. The Johns
Hopkins University Press, Baltimore.

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 05 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

Qiu, Z., Qiu, Z., Deng, T., Li, C., Zhang, Z., Wang, B. ef al., 2013:
Neogene land mammal stages/ages of China: Toward the goal to
establish an Asian land mammal stage/age scheme. /n, Wang, X.,
Flynn, L. J. and Fortelius, M. eds., Fossil Mammals of Asia, Neo-
gene Biostratigraphy and Chronology, p. 29-90. Columbia Uni-
versity Press, New York.

Qiu, Z., Yan, D. and Sun, B., 1991: A new genus of Tapiridae from
Shanwang, Shandong. Vertebrata PalAsiatica, vol. 29, p. 119—135.

Raffi, 1., Wade, B. S. and Pilike, H., 2021: The Neogene Period. /n,
Gradstein, F. M., Ogg, J. G., Schmitz, M. and Ogg, G. eds., The
Geological Time Scale 2020, p. 1141-1215. Elsevier, Amsterdam.

Rossner, G. E., 1995: Odontologische und schddelanatomische unter-
suchungen an Procervulus (Cervidae, Mammalia). Miinchner
Geowissenschaftliche Abhandlungen, Reihe A, vol. 29, p. 1-128.

Rossner, G. E., 2010: Systematics and palacoecology of Ruminantia
(Artiodactyla, Mammalia) from the Miocene of Sandelzhausen
(southern Germany, Northern Alpine Foreland Basin). Paldon-
tologische Zeitschrift, vol. 84, p. 123-162.

Rossner, G. E. and Rummel, M., 2001: Pomelomeryx gracilis (Pomel,
1853) (Mammalia, Artiodactyla, Moschidae) from the Lower Mio-
cene karstic fissure filling complex Rothenstein 10/14 (Germany,
Bavaria). Lynx (Praha), New Series, vol. 32, p. 323-353.

Sanchez, I. M., Cantalapiedra, J. L., Rios, M., Quiralte, V. and Morales,
J., 2015: Systematics and evolution of the Miocene three-horned
palaecomerycid ruminants (Mammalia, Cetartiodactyla). PLOS
ONE, doi: 10.1371/journal.pone.0143034.

Sanchez, I. M., Domingo, M. S. and Morales, J., 2010: The genus His-
panomeryx (Mammalia, Ruminantia, Moschidae) and its bearing
on musk deer phylogeny and systematics. Palaeontology, vol. 53,
p- 1023-1047.

Sanchez, 1. M., Quiralte, V., Morales, J. and Pickford, M., 2009: A new
genus of tragulid ruminant from the early Miocene of Kenya. Acta
Palaeontologica Polonica, vol. 55, p. 177-187.

Shikama, T. and Omori, M., 1952: Note on an occurrence of Dicro-
cerus in the Daigo Group of the Ibaraki Prefecture, Japan. Pro-
ceedings of the Japan Academy, vol. 28, p. 567-572.

Shikano, K., 2003: Fission track ages of the Lower Miocene Mizunami
Group in the Minokamo Basin, Gifu Prefecture, central Japan.
Memoirs of Minokamo City Museum, no. 2, p. 1-8. (in Japanese)

Shikano, K. and Ando, Y., 2000: Geology and occurrence, mannmal
from Hachiya Formation in Kawabe-cyo, Gifu Prefecture, central
Japan. Bulletin of the Gifu Prefectural Museum, no. 21, p. 11-16.
(in Japanese)

Stehlin, H. G., 1928: Bemerkungen {iiber die Hirsche von Steinheim
am Aalbuch. Eclogae Geologicae Helvetiae, vol. 21, p. 245-256.

Stehlin, H. G., 1937: Bemerkungen iiber die miocaenen Hirschgen-
era Stephanocemas und Lagomeryx. Verhandlungen der Natur-
forschenden Gesellschaft in Basel, vol. 48, p. 193-214.

Suraprasit, K., Chaimanee, Y., Bocherens, H., Chavasseau, O. and
Jaeger, J.-J., 2014: Systematics and phylogeny of middle Mio-
cene Cervidae (Mammalia) from Mae Moh Basin (Thailand) and
a paleoenvironmental estimate using enamel isotopy of sympatric
herbivore species. Journal of Vertebrate Paleontology, vol. 34, p.
179-194.

Suto, 1., Yanagisawa, Y. and Ogasawara, K., 2005: Tertiary geology and
chronostratigraphy of the Joban area and its environs, northeast-
ern Japan. Bulletin of the Geological Survey of Japan, vol. 56, p.
375-4009. (in Japanese with English abstract)

Tagiri, M., Aoi, A., Kasai, K. and Amano, K., 2008: Stratigraphic
comparisons of the chemical characteristics and K—Ar ages of
Miocene volcanic rocks from the Daigo and the Motegi districts.
Journal of the Geological Society of Japan, vol. 114, p. 300-313.
(in Japanese with English abstract)



Lower Miocene pecorans from Japan 201

Takai, F., 1938: Cenozoic mammalian fauna of Japanese empire. Jour-
nal of the Geological Society of Japan, vol. 45, p. 745-763. (in
Japanese)

Takeyama, K., 1989: On the fossil deer from the Miocene Kunimi For-
mation of Fukui Prefecture, Japan. Bulletin of the Fukui Prefec-
tural Museum, no. 3, p. 9-21. (in Japanese with English abstract)

Tamaki, K., Suyehiro, H., Allan, J., Ingle, J. C. Jr. and Pisciotto, K.
A., 1992: Tectonic synthesis and implications of Japan Sea ODP
drilling. Proceedings of the Ocean Drilling Program, Scientific
Results, vols. 127 and 128, p. 1333-1348.

Tassy, P., 1994: Gaps, parsimony, and early Miocene elephantoides
(Mammalia), with a re-evaluation of Gomphotherium annectens
(Matsumoto, 1925). Zoological Journal of the Linnean Society,
vol. 112, p. 101-117.

Tassy, P., 1996: The earliest gomphotheres. /n, Shoshani, J. and Tassy,
P. eds., The Proboscidea: Evolution and Palaeoecology of Ele-
phants and Their Relatives, p. 89-91. Oxford University Press,
Oxford.

Tokunaga, S., 1926: Fossil deer discovered from Tertiary bed in
Shinano. Journal of the Geological Society of Japan, vol. 33, p.
397-402. (in Japanese)

Tokunaga, S., 1927: Geology of the Joban Coal-Field. Memoirs of the
Faculty of Science and Engineering, Waseda University, no. 5, p.
13—16. (in Japanese)

Tomida, Y., 2011: A new species of the genus Megapeomys (Mamma-
lia, Rodentia, Eomyidae) from the Early Miocene of Japan. Palae-
ontologia Electronica, vol. 14, 14.3.25A

Tomida, Y., 2012: New species of Alloptox (Lagomorpha, Ochotoni-
dae), first record of the genus in Japan, and subgeneric distribu-
tion. Paleontological Research, vol. 16, p. 19-25.

Tomida, Y., Kawai, K., Setoguchi, T. and Ozawa, T., 1995: A new
record of Youngofiber (Castoridae: Mammalia) from the Early
Miocene of Kani City, Central Japan. Bulletin of the National
Museum of Nature and Science, Series C, vol. 21, p. 103—109.

Tomida, Y., Nakaya, H., Saegusa, H., Miyata, K. and Fukuchi., A.,
2013: Miocene land mammals and stratigraphy of Japan. In,
Wang, X., Flynn, L. J. and Fortelius, M. eds., Fossil Mammals
of Asia, Neogene Biostratigraphy and Chronology, p. 314-333.
Columbia University Press, New York.

Tomida, Y. and Setoguchi, T., 1994: Tertiary rodents from Japan.
In, Tomida, Y., Li, C. and Setoguchi, T. eds., Rodent and Lago-
morph Families of Asian Origins and Diversification, p. 185-195.
National Science Museum Monographs, no. 8, National Science
Museum, Tokyo.

Vislobokova, 1. A., 1997: Eocene—Early Miocene ruminants in Asia.

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 05 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use

In, Aguilar, J. P., Legendre, S. and Michaux, J. eds., Biochro-
nologie Mammalienne du Cénozoique en Europe et Domaines
Reliés, p. 215-223. Mémoires et Travaux de I’EPHE, Institut de
Montpellier, Montpellier.

Vislobokova, I. and Daxner-Hock, G., 2002: Oligocene—Early Miocene
ruminants from the valley of lakes (Central Mongolia). Annalen
des Naturhistorischen Museums in Wien, Series A, vol. 103, p.
213-235.

von Meyer, H., 1834: Die fossilen Zihne und Knochen und ihre
Ablagerung in der Gegend von Georgensgmiind in Bayern, 126 p.
Sauerldnder, Frankfurt am Main.

Wang, B., Qiu, Z., Wang, X., Xie, G., Xie, J., Downs, W. et al., 2003:
Cenozoic stratigraphy in Danghe area, Gansu Province, and uplift
of Tibetan Plateau. Vertebrata PalAsiatica, vol. 41, p. 66-75. (in
Chinese with English summary)

Wang, L. and Zhang, Z., 2011: A new species of Euprox (Cervidae,
Mammalia) from the middle Miocene of Damiao, Nei Mongol,
China. Vertebrata PalAsiatica, vol. 49, p. 365-376.

Wang, S., Li, C., Zhang, X., Jiangzuo, Q., Ye, J., Li, L. et al., 2019:
A record of the early Protanancus and Stephanocemas from the
North of the Junggar Basin, and its implication for the Chinese
Shanwangian. Vertebrata PalAsiatica, vol. 57, p. 133-154.

Wang, X., Wang, B., Qiu, Z., Xie, G., Xie, J., Downs, W. et al., 2003:
Danghe area (western Gansu, China) biostratigraphy and impli-
cations for depositional history and tectonics of northern Tibetan
Plateau. Earth and Planetary Science Letters, vol. 208, p. 253—
269.

Yanagisawa, Y., 2011: Diatom biostratigraphy of the lower Miocene
Yunagaya Group, Joban area, Japan. Diatom, vol. 27, p. 33-45. (in
Japanese with English abstract)

Yasuno, T., 1982: Fossil pharyngeal teeth of sub-family Cyprininae
fishes collected from the Miocene Mizunami Group in Kani Basin,
Gifu Prefecture, Japan. Bulletin of the Mizunami Fossil Museum,
vol. 9, p. 15-23. (in Japanese)

Ye, J., 1989: Middle Miocene Artiodactyla from the northern Junggar
Basin. Vertebrata PalAsiatica, vol. 27, p. 37-52.

Young, C. C., 1937: On a Miocene mammalian fauna from Shantung.
Bulletin of the Geological Society of China, vol. 17, p. 209-243.

Author contributions
Y. N. initiated the study and was primarily responsible

for the taxonomic aspects. Y. N. and Y. T. collected the
materials and contributed to the writing of the paper.



202

Yuichiro Nishioka and Yukimitsu Tomida

Appendix 1.

List of the specimens examined in this study.

Institute No. Species LR Material Country Locality Horizon Age Remarks

Cervidae

NMNS PV-20160  Cervidae gen. et sp. indet. L M2 Japan Dota, Kani City, Gifu Prefecture upper Nakamura Fm E. Miocene
NMNS PV-20161 Cervidae gen. et sp. indet. L mandible (m1-m3) Japan Dota, Kani City, Gifu Prefecture upper Nakamura Fm E. Miocene
MFM 18126 Cervidae gen. et sp. indet. R m3 Japan Dota, Kani City, Gifu Prefecture upper Nakamura Fm E. Miocene
NMIJH A-636-1-1-9 Dicrocerus? tokunagai R mandible (p4-m2) Japan Kusano-mura, Iwaki City, Ibaraki Prefecture Misawa Fm E. Miocene holotype of Dicrocerus tokunagai
ICM YH-3412 Dicrocerus? tokunagai L  mandible (ml-m3) Japan Kamiogawa-mura, Daigo-machi, Ibaraki Prefecture Kitatage/Asakawa Fm E. Miocene
MNHN BEI315 Ligeromeryx praestans R M2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN BEI534 Ligeromeryx praestans R M2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3023 Ligeromeryx praestans R M2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS2397 Ligeromeryx pi L dible (p4-m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS2399 Ligeromeryx praestans L mandible (m2) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS363 Ligeromeryx praestans L mandible (m2-m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3639 Ligeromeryx L dible (m2-m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3666 Ligeromeryx praestans L mandible (p4-m1) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS858 Ligeromeryx p; L dible (m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN Lavé40 Ligeromeryx praestans L mandible (m2-m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS223 Ligeromeryx praestans R mandible (m1-m2) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS2398 Ligeromeryx praestans R mandible (p4-m2) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3163 Ligeromeryx praestans R mandible (p3-m1) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3609 Ligeromeryx praestans R mandible (m1-m2) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS364 Ligeromeryx praestans R mandible (m2-m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN Lavé39 Ligeromeryx praestans R mandible (m2-m3) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN Lavéd3 Lig neryx praestan R dible (p3-m1) France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS2492 Ligeromeryx praestans L p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS269 Ligeromeryx praestans L p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3173 Ligeromeryx praestans L p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3592 Ligeromeryx praestans L p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3596 Ligeromeryx praestans L p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS270 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3000 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS349 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3591 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3593 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS6118 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS789 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS790 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS799 Ligeromeryx praestans R p4 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS1005 Ligeromeryx praestans L ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3011 Ligeromeryx praestans L ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3649 Ligeromeryx praestans L ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3650 Ligeromeryx praestans L ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS758 Ligeromeryx praestans L ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3661 Ligeromeryx praestans R ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3891 Ligeromeryx praestans R ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS5318 Ligeromeryx praestans R ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS5319 Ligeromeryx praestans R ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS907 Ligeromeryx praestans R ml France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS244 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3006 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3596 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3600 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3887 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3893 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS5320 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS766 Ligeromeryx praestans L m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS1965 Ligeromeryx praestans R m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS253 Ligeromeryx praestans R m2 France  Falun Touraine et Blaisois MN3 E. Miocene
MNHN FS3049 Ligeromeryx praestans R m2 France  Falun Touraine et Blaisois MN3 E. Miocene
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Lower Miocene pecorans from Japan
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