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Abstract

Recent excavations at Shanshenmiaozui site in Nihewan Basin of North China
uncovered a rich collection of comb-antlered deer, which includes the first
discovery of the yearling antler, complete upper and lower dentitions (both
deciduous and permanent), associated limb bones including the longest
metapodials ever recovered. Based on toothrow length and the dental characters
as well as the postcranial bones, the new fossil materials can be referred to
Eucladoceros boulei that is estimated to be 350 kg and represents the largest
Pleistocene cervid ever recovered in China. Besides the large size, E. boulei is
also characterized by the pronounced anterior cingulids and entostylid ribs on
lower molars as well as the moderately pachyostosed mandibles. The present
study shows that the body weight of large cervids can be estimated by the length
of toothrow and metacarpal, with exception for Cervus elaphus, which has larger
toothrow length, but shorter metacarpal and smaller body size. E. boulei is a
typical element of the Early Pleistocene fauna in northern China. The early
Villafranchian is a bottleneck period for cervid evolution in northern China,
which is characterized by the following features: decrease of cervid diversity,
disappearance of archaic groups, and the rise of the medium to large-sized
three-tined cervini taxa. The sudden appearance of the very large and/or
multi-tined cervids at the Pliocene—Pleistocene transition may represent a great

migration event of mammals. The Early Pleistocene cervids from Nihewan Basin



are very diverse, and are in need of more taxonomic work.
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1. Introduction

The Nihewan Fauna is dominated by canids and ungulates, among which cervid
is also important in inter-regional correlation and in evolutionary studies as well as in
paleoenvironmental reconstructions. Four cervid taxa, though insufficiently studied,
were first identified in the Nihewan Fauna, namely Cervulus cf. sinensis, Cervus
(Eucladoceros) boulei, Cervus (Elaphurus) bifurcatus, and Cervus (Rusa) elegans
(Teilhard de Chardin and Piveteau, 1930). They were later revised as follows:
Muntiacus (= Cervulus) bohlini, Eucladoceros boulei, Elaphurus bifurcatus, and
Pseudodama elegans (Teilhard de Chardin and Leroy, 1942; Qiu, 2000). Among these,
E. boulei is the most common species and best represented by crania, antlers, dental
and postcranial elements.

E. boulei is the most peculiar species in the comb-antlered deer (genus
Eucladoceros), which is quite different from its European kins and would never be
confused with other co-generic species (Heintz, 1970; Azzaroli and Mazza, 19923;
van der Made, 2015). Eucladoceros species are recorded from Late Pliocene to latest
Early Pleistocene (Azzaroli and Mazza, 1992a), and are regarded as the characteristic
taxa of the Nihewanian mammal age in northern China (Woodburne et al., 2013),
which means this group is very important both in evolutionary and chronological
studies. However, the crucial questions about the morphological, phylogenetic and
chronological positions as well as the migrations of Eucladoceros remain unresolved
in China; especially the postcranial bones of E. boulei are virtually undescribed in the
literature (Azzaroli and Mazza, 1992a). During the past decade, more specimens of E.
boulei were unearthed from the newly recovered Shanshenmiaozui site in Nihewan
Basin, including, maxillae and mandibles with teeth attached in situ, antlers and
postcranial bones, some of which were preserved in articulated position. These fossils
are significant for the further studies on the paleontological issues for E. boulei.

The Shanshenmiaozui fossil site (40°13°08”N, 114°39°54”E) is located at the
southern bank of the Sangganhe River, at the edge of Haojiatai fluvio-lacustrine
platform in Yangyuan County, Hebei Province (Fig. 1). Based on the stratigraphic

correlation, the fossil-bearing sand-silt bed at the new site is slightly higher than the



Paleolithic layer at Xiaochangliang site (Tong et al., 2011; Liu et al., 2016). The
paleomagnetic age of the latter is about 1.36 Ma (Zhu et al., 2001); while the former
is ca. 1.2 Ma (Liu et al., 2016), even though the mammalian fossil assemblage seems
to indicate a biochronological age older than 1.2 Ma.

The mammalian taxa associated with E. boulei at the Shanshenmiaozui site
include: Lepus sp., Ochotona sp., Canis chihliensis, Pantherinae gen. et sp. indet.,
Pachycrocuta  sp., Mammuthus trogontherii, Coelodonta  nihowanensis,
Elasmotherium peii, Proboscidipparion sp., Equus sanmeniensis, Sus sp., Spirocerus
wongi, Bison palaeosinensis, and Gazella sinensis (Tong et al., 2011, 2017; Tong,
2012; Tong and Wang, 2014; Tong and Chen, 2015). The field work between 2015
and 2018 recovered some more taxa, e.g., Alactaga sp. (represented by a metacarpal
bone), Acinonyx sp. (radius), Panthera sp. (partial mandible and manus bones), Lynx
sp. (partial mandible with m1), Paracamelus sp. (partial metatarsal), Nipponicervus cf.

elegans (partial antler and metacarpal) and Gazella subgutturosa (metatarsal).

2. Materials and methods

All of the fossils of E. boulei studied in this paper were recently recovered from
the Shanshenmiaozui Locality (Table S1 in Supplementary data). All the specimens
described in this paper are deposited in the collection of I\VPP in Beijing.

The classification system is after Azzaroli and Mazza (1992a), Sheng (1992), de
Vos et al. (1995), Grubb (2000), Groves and Grubb (2011). The biochronological
system follows Tong et al. (1995), Qiu (2000, 2006), and Zhu et al. (2007).

Antler terminology is after Putman (1988) and Bubenik (1990). The dental
terminology (Fig. 2) is after Gentry (1994), Lister (1996), Dong (2004), Barmann and
Rdssner (2011), Vislobokova (2012), Gustafson (2015), van der Made (2015), and
Suraprasit et al. (2016).

The osteological terms are after Brown and Gustafson (1979), Lister (1996),
Breda (2005), and Senter and Moch (2015). The dental age estimation is after Brown
(1991). The phenotypic characters evaluation is after O’Leary and Gatesy (2008). The
upper and lower teeth were denoted by uppercase and lowercase letters respectively.
The postcranial bones were identified according to the method employed by Brown
and Gustafson (1979), Prummel (1988). The specimens were measured according to
the methods used by von den Driesch (1976), van der Made and Tong (2008) and van

der Made (2015). The linear measurements were taken with sliding caliper in



millimeters. The cross-section images of the antler and mandibles were obtained by
CT scanning.

The body mass estimation is after the methods by Scott (1983, 1990), Damuth
and MacFadden (1990). The size classes of the body mass are after Brugal and Croitor
(2007): small: < 20 kg; medium: 20-100 kg; large: 100-300 kg; very large: > 300 kg.

Institution and locality abbreviations: BMNH, Beijing Museum of Natural
History; HPICR, Hebei Province Institute of Cultural Relics; 10Z, Institute of
Zoology, Beijing; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology;
MNHN, Muséum National d’Histoire Naturelle; NM, Nihewan Museum; NNNRM,
Nihewan National Nature Reserve Management; OV, Prefix to the Catalogue
numbers of extant specimens in IVPP; SSMZ, Shanshenmiaozui; TNHM, Tianjin
Natural History Museum; V, Prefix in the catalog numbers for vertebrate fossils in
IVPP; XSG, Xiashagou; YS, Yushe. E. Pleis, Early Pleistocene; M. Pleis, Middle
Pleistocene; L. Pleis, Late Pleistocene.

Morphological abbreviations: DAP, anteroposterior diameter; DT, transverse
diameter; Mc, metacarpal; Mt, metatarsal; Mc I11+1V, metacarpal 111+1V; Mt 111+1V,

metatarsal 111+1V; P1, Pachyostosis Index.

3. Systematic paleontology

3.1. Classifications

Class Mammalia Linnaeus, 1758
Order Artiodactyla Owen, 1848
Suborder Ruminantia Scopoli, 1777
Infraorder Pecora Linnaeus, 1758
Superfamily Cervoidea Goldfuss, 1820
Family Cervidae Goldfuss, 1820
Subfamily Cervinae Goldfuss, 1820

Genus Eucladoceros Falconer, 1868

1898  Euctenoceros — Trouessart, p. 880.

Type species: Eucladoceros dicranios (Nesti, 1841).



Generic diagnosis: Large-sized deer of plesiometacarpal form; antler with 4 to 6
prongs normally, and with all the tines direct forward and comb-like, in some cases
the tines are further branched. The dentition is generally primitive, and with pillars at
the outlets of the valleys between crescents in the upper molars; in the lower molars,
these pillars decrease in size from ml to m3; p4 is generally simple and with lower
degree of molarization; the lower premolar series is relatively long compared to
molars (Teilhard de Chardin and Piveteau, 1930; Heintz, 1970; Azzaroli and Mazza,
19923; Croitor, 2017).

Eucladoceros boulei (Teilhard de Chardin and Piveteau, 1930)
(Figs. 1-8)

1930 Cervus (Eucladoceros) boulei — Teilhard de Chardin and Piveteau, p. 48,
text-figs. 18-19, pls. 8-10.

1935  Cervus cf. boulei — Young, p. 10, text-fig. 3.

1965  Euctenoceros sp. — Chow and Chow, p. 226, pl. 2, figs. 1, 2.

1978  Euctenoceros boulei — Chia and Wang, p. 19, pl. 8.

1980  Euctenoceros boulei — Tang, p. 39, pl. 2, fig. 6.

1983  Euctenoceros sp. — Tang et al., p. 81.

1985  cf. Euctenoceros sp. — Zheng et al., p. 127, pl. 6, fig. 2.

Emended diagnosis (osteo-dental) (modified from Teilhard de Chardin and
Piveteau, 1930): Antler with a long shaft (i.e., high bifurcation between brow tine
and main beam) which has a circular cross-section; each antler with 4 to 6 prongs, all
the tines direct forward and the whole antler looks comb-like except the partial
coalescence of the crown tines in some cases, and the antler crown is flattened both
for beam and tines. Skull with large and deep preorbital fossae; orbits are prominently
protruding and moderately tubular shaped. Mandible is moderately pachyostosed.
Upper premolars only have weak inner wall split, which is completely disappeared in
P4; upper molars have weak anterior cingulum; lower p3 and p4 have their posterior
valleys closed, but the anterior valleys are usually open; lower molars have
pronounced anterior cingulid and entostylid ribs. Metapodials are long but gracile.
Locality: Shanshenmiaozui, Yangyuan County, Hebei Province, China.

Horizon: Early Pleistocene, older than 1.2 Ma.



3.2. Descriptions

3.2.1. Antlers

The two partial antlers (IVPP V 25966.1 and IVPP V 25966.2) were identified as
juvenile or the first-year (yearling) antlers as they bear such characteristics of the first
antlers in yearlings like generally bare knobs, small, unbranched spikes or forklettes
without burrs (Bubenik, 1990). Although they were not recovered together, they
should be a pair according to their sizes and orientations as well as development stage.
The specimen VPP V 25966.1 still has partial frontal bone attached. The features of
these yearling antlers are unbranched, burr-less, but they are not so small in diameter
and length as in other taxa, especially the pedicle is quite long and robust, and has
obviously larger diameter than the yearling antler. The surface of the spike is full of
longitudinal grooves and with few small tubercles, but not so rugose as in Axis
shansius, and is fully mineralized (Fig. 3A, B). The CT scanning can detect the
internal structure change at the tip of the pedicle (Fig. 3C), where the bone structure is
very porous (the bright white part in photo of Fig. 3C) and saucer-like, which
represents the boundary between the antler and the pedicle according to the study for
extant deer antler (Kierdorf et al., 2013). There is no distinct boundary between the
spike and the pedicle (i.e., absence of burr); but the close up of the pedicle to antler
transition can demonstrate the nodose ornamentation in the position of the future burr
in Cervus (Rusa) unicolor (Heckeberg, 2017, fig. 2.9).

Although the first-year antlers of most living cervids vary considerably in size
and shape depending on a combination of heredity, health, and nutrition (Gustafson,
2015); in red deer, yearling antler length varies from a minimum of 1.4 cm (1985
cohort) to a maximum of 12.9 cm (1970 cohort) (Schmidt et al., 2001); in moose
(Alces alces), the maximum shaft circumferences of the antlers generally increase
from 1.5-13.5 years and decrease thereafter (Child et al., 2010). The study on the
pedicles of extant red deer shows that the length decreases with age, whereas the
diameter increases with age (Degmecic et al., 2013), which can explain the different
dimensions of juvenile and adult E. boulei antlers (Table S2 in Supplementary data).

The SSMZ specimens are among the largest spikes of all cervids ever reported in
China, and represent the first recovery of the yearling antlers for its species and even

for its genus.
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3.2.2. Jaw bones

3.2.2.1. Maxillaries

More than 6 partial maxillaries have been recovered (Figs. 4-6), most of them
with toothrows preserved in alveoli. The maxillaries, either juvenile or adult, have no
specialty. The only character observable is the infraorbital foramen, which is located
above the paracone of DP2 or P2. The facial tubercle is not prominent.

3.2.2.2. Mandibles

The new collection contains 12 mandibles (Figs. 4-6; Table S3 in Supplementary
data); most of them are juvenile, with complete deciduous or permanent dentitions.
All the mandibles show the following features: mandibles with obvious pachyostosis
(Fig. 5D); the coronoid process is quite robust; the mandibular notch is narrow and
deep; the depth of the horizontal ramus is reduced sharply in front of p2, and the
profile of the inferior border of the mandible is convex, and the muzzle part ascends
sharply from the point corresponding with p4; the superior edge at the diastema part is
not so sharpened as in sika deer; there are two mental foramens, the much bigger one
corresponds with the rear edge of the symphysis which is more prominently posterior
than in sika deer, and the tiny one is just under dp2 or p2; the angular process is not
clear yet.

Concerning the pachyostosis of the mandible, there are different calculating
methods. Young (1932) noted: “Index of thickness is meant the ratio between the
height and the breadth of the jaw in the chosen place”, i.e., Mandible Pachyostosis
Index = 100 x lingual depth / thickness, and it was followed and modified by
Vislobokova (2013) as “the ratio of the jaw body depth (D) to its width (W) under M2
and M3 (100 D/W)”. van der Made and Tong (2008) also described the “robusticity”
of the mandibles with the index 100 D/W, but it was measured under m3. On the
contrary, Teilhard de Chardin (1936) proposed that “Mandibular Index = 100 x
thickness under m3/internal depth under m3”, and it was followed by Ji (1988). None
of the adult mandibles from SSMZ are preserved intact, they are either compressed or
are broken. The specimen IVPP V 25966.15 is the most typical of its kind, although
only the middle part was well preserved, the PI at m2 is 74.2 by Teilhard de Chardin’s
method and 134.7 by Young and Vislobokova’s method, and both values are



prominently larger than that of a common deer.

3.2.3. Teeth

In SSMZ site, the majority of the teeth are still retained on the jaw bones, only
very few of them are isolated from the bone. In individual numbers, juveniles are the
dominants. All of the teeth, including deciduous and permanent teeth, got worn more
or less, and most of them are moderately worn, which means that the animals died
from unnatural death. There is no trace of a Paleomeryx fold on the lower molars.

3.2.3.1. Deciduous teeth

3.2.3.1.1. Deciduous upper dentition

Three partial maxillaries (IVPP V 25966.3, IVPP V 25966.9) with complete
deciduous toothrows are available. From DP2 to DP4, both the size and the crown
height increase; the length of the upper deciduous toothrow is 54.9-62.9 (Fig. 4;
Table S4 in Supplementary data). There is no sign of cingulum on the deciduous
upper teeth.

DP2: In occlusal view, the tooth looks quite elongated and the anterior portion is
much narrower. Although the four main cusps are quite developed, the form is
completely molarized. The paracone and the metacone are quite close to each other,
and a prominent buccal rib corresponds with the paracone; parastyle is also quite
developed; the protocone is somewhat isolated; the metaconule (or hypocone) is very
robust and expanded, and is separated by a metaconule fold from the protoconule, the
latter is also quite developed. In lingual view, the occlusal surface is prominently
lower than those of DP3 and DP4.

DP3: In crown view, the tooth is fully molarized, but still has larger length than
width, and the anterior lobe is remarkably narrower than the posterior one; with all the
main cusps and styles well developed; three buccal ribs corresponding with the
parastyle, paracone and mesostyle respectively are very outstanding; one specialty is
the presence of a protocone fold posterior to the protocone in the lingual groove in
some DP3, there exists a metaconule fold or spur in the posterior fossette.

DP4: As the largest tooth in the deciduous upper dentition, DP4 has larger width
than length and with a more molariform shape; with four crescentic cusps and styles

well developed; three buccal ribs corresponding with the parastyle, paracone and



mesostyle respectively are equally developed as in DP3; in DP4, the metaconule fold
or spur in the posterior fossette is getting stronger. In one specimen (IVPP V 25966.7),

DP4 has a developed entostyle (central lingual column by Lister, 1996).

3.2.3.1.2. Deciduous lower dentition

Seven partial mandibles (IVPP V 25966.4, IVPP V 25966.5, IVPP V 25966.20,
IVPP V 25966.12, IVPP V 25966.21, IVPP V 25966.23, and IVPP V 25966.13) with
complete or nearly complete deciduous toothrows are available. From dp2 to dp4, the
size and the crown height as well as the complexity in structure increases remarkably;
the length of the lower deciduous toothrow is 51.6-64.5 (Fig. 4; Table S5 in
Supplementary data). No cingulid on the lower milk teeth was observed.

The dp2 is complicatedly constructed; the crown outline is in elongated
triangular and the narrower portion points to the front (Fig. 1E); the cuspids are
crest-like, the paraconid is shrinked but with a pronounced rib; the parastylid is not
detected; the protoconid and metaconid are very weak, but the former represents the
tallest part of the tooth; the hypoconid and entoconid are strong enough; the
entoflexid and talonid basin are narrow and deep.

The dp3 is much more complicatedly constructed, and larger than dp2 (Fig. 3B3);
the outline is in narrow trapezoid, with the lingual side concaved and the narrow
portion toward anterior; all of the cuspids are equally developed; the valley between
parastylid and paraconid is closed, and the entoflexid and the talonid basin are closed
at deeper part; the buccal wall is flat but slightly convex, and the hypoflexid is quite
shallow.

The dp4 is the most complicatedly constructed tooth which has three lobes (Fig.
4B3, C3), each lobe has a separate infundibulum, namely anterior, posterior and third
fossettid respectively, and the three lobes are nearly equally developed but the
posterior one is more expanded; the anterior lobe consists of anterobuccal conid and
paraconid, the middle lobe consists of protoconid and metaconid, and the posterior
lobe is composed of hypoconid and entoconid. On the buccal side, there are two basal
pillars (anterior ectostylid and ectostylid). On the lingual side, the parastylid,
mesostylid and metastylid are well developed, and the latter forms a pronounced rib;
but the entostylid is not developed.

3.2.3.2. Permanent teeth



3.2.3.2.1. Permanent upper dentition

The premolars usually are single-lobed, and without any cingulum. The molars
are double-lobed and with weak cingulum. Dimensions of the permanent teeth are
shown in Table S6 in Supplementary data. The length of the premolar series is 58.6,
and the length of the molar series is 73.6—-75.2.

P2: only one specimen is available (IVPP V 25966.18) (Fig. 5B); the outline is
in rhomboid and the length is larger than width; the four main cusps are well
developed, the paracone and metacone form the buccal wall and represent the tallest
part of the tooth, and the two cusps themselves are separated by a shallow valley, the
paracone has a pronounced rib angling to the anterior; the protocone is the robustest
cusp, which joints the parastyle and form the anterior wall together; the metaconule is
teardrop shaped and nearly isolated, and connects with the protoconule at the deeper
part; the parastyle rib is developed and is close to the paracone rib; the lingual groove
IS very deep.

P3: Two specimens are available for P3 (IVPP V 25966.18, IVPP V 25966.14)
(Fig. 5B, C); the outline looks like that of P2, but its length is smaller than width, and
the metacone and metaconule are remarkably shrank; the paracone represents the
tallest part of the tooth, and the paracone rib is slightly far away from the parastyle rib
but still located at the anterior portion; the metaconule has a long spur (or medial
crista by Gustafson, 2015) extending posterobucally in the fossette; the lingual groove
is shallow.

P4: Three specimens are available for P4 (IVPP V 25966.18, IVPP V 25966.14,
IVPP V 25966.17) (Fig. 5A-C); it differs from P3 in much larger width and shortened
length, the backward shifting of the paracone rib as well as the lack of lingual groove.

M1-2: Three specimens are available for M1-2 (IVPP V 25966.18, IVPP V
25966.14, IVPP V 25966.17) (Fig. 5A-C). The two teeth are very similar in form, but
the former is prominently smaller. Both teeth with four crescentic main cusps well
developed; the parastyle, paracone and mesostyle ribs are quite pronounced; the
metaconule folds are weak. In buccal view, very weak horizontal basal ridges (Lister
et al., 2005) can be observed between the mesostyle and paracone, and sometimes, the
metastyle pocket as in modern Capreolinae (Gustafson, 2015) also can be detected. In
lingual view, the entostyles are moderately developed; and the cingulum only occurs

at each corner of the lingual side, the anterolingual cingulum is best developed; the

10



cingulum at the lingual groove is merged with the entostyle; the cingulum on M2 is
much more developed than on M1. Some of the mesostyle rib may fork.

M3: Two specimens are available for M3 (IVPP V 25966.14, IVPP V 25966.17)
(Fig. 5A, C). With similar size and constructions as M2, but the buccal ribs and

entostyles are much more pronounced.

3.2.3.2.2. Permanent lower dentition

From p2 to m3, both the size and the complexity increase. The cingulid is not
typically present on the buccal side, just some structure like the “goat fold” in Capra
is present. From m1 to m3, the ectostylid on the buccal side reduces. The length of the
premolar series is 53.6-54.1, and the length of the molar series is 83.8-85.8 (Table S7
in Supplementary data). The hypsodonty index of the m2 measured on specimen
IVPP V 25966.11 is 0.9, which means E. boulei has mesodont teeth according to the
criteria established by Fortelius et al. (2002).

p2: Two specimens are available for p2 (IVPP V 25966.16, IVPP V 25966.24)
(Fig. 6A, C). The crown structure is very similar to that of dp2, only differences are
its larger size, lower L/W ratio and more concaved trigonid basin. The anterior part is
blade-like.

p3: Three examples are available for p3 (IVPP V 25966.15, IVPP V 25966.16,
IVPP V 25966.24) (Fig. 6A-C). The crown structure is very similar to that of dp3,
differs in its larger size and lower L/W ratio. The buccal wall is convex.

p4: Three specimens are available for p4 (IVPP V 25966.15, IVPP V 25966.16,
IVPP V 25966.24) (Fig. 6A-C). The crown structure is completely different from that
of dp4 in its form and lower L/W ratio; but similar to that of p3, except its slightly
larger size, further lower L/W ratio, and the lingual enclosure of the talonid basin. The
buccal wall is convex.

m1-2: Four specimens are available for m1-2 (IVPP V 25966.11, IVPP V
25966.15, IVPP V 25966.16, IVPP V 25966.24) (Fig. 6A-C). First and second molars
are mutually similar in structure, both has two lobes, and the posterior lobe is slightly
wider; the buccal cuspids include protoconid and hypoconid as well as the ectostylid
between them; the lingual cuspids include metaconid and entoconid, the lingual
cuspids are much robuster and much higher; but m1 is usually smaller than m2. On
the lingual side, the parastylid and entostylid ribs are very pronounced.

m3: Three specimens are available for m3 (IVPP V 25966.15, IVPP V 25966.16,

11



IVPP V 25966.24) (Fig. 6A-C). The third lower molar resembles dp4 in morphology,
but differs in its much larger size and relatively reduced third lobe; but the dental
nomenclature of m3 is different from that of dp4. The buccal conids include
protoconid, hypoconid and hypoconulid; the lingual conids include metaconid,
entoconid and entoconulid; the third lobe (hypoconulid lobe) with a central fossettid;

with pronounced parastylid and entostylid ribs.

3.2.4. Postcranial skeleton

3.2.4.1. Scapula

Only one specimen is available for scapula (IVPP V 25966.25) (Fig. 7A). It
preserves the glenoid cavity, the neck and the basal part of the blade and the spine, but
the acromion is broken off. In ventral view, the glenoid cavity is circular in outline
and without a prominent glenoid notch, which is typical for cervids. In lateral and
medial views, a pronounced coracoid process on the anterolateral margin of the
glenoid fossa can be seen, which forms a notch with the glenoid cavity and is more
developed than in other cervids; the neck portion is prominently constricted. In
general look, it takes after the scapula of red deer. The smallest length and the
lateromedial diameter of the neck are 40.0 and 24.3 respectively, the length and

breadth of the glenoid cavity are 51.9 and 50.7 respectively.

3.2.4.2. Humerus

Only one specimen is available for humerus (IVPP V 25966.26) (Fig. 7D) with
intact distal half. The outline of the shaft is in ellipse form, and the anteroposterior is
along the long axis. In cranial view, there is a slight indentation above the articular
surface which is called the radial (or coronoid) fossa; at the lateral one third of the
trochlear surface, there exists a sharp sagittal ridge; no condyloid crest was detected
above the epicondyle at the anterolateral aspect. In posterior view, the olecranon fossa
is hollow and very deep; the medial epicondyle is much stronger than the lateral one,
and the former is quite straight while the latter is inclined. In medial view, the ridge of
the medial epicondyle forms a nearly right angle with the most distal margin of the
humerus.

Dimensions: width of shaft at narrowest point = 40, anteroposterior diameter =

47.9; greatest breadth of the distal end = 75.3; greatest anteroposterior diameter of the
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distal end = 73.5; greatest breadth of the trochlea = 63.0, tallest part of the trochlea is

at the medial side and measures 53.1, the lowest part of trochlea measures 35.7.

3.2.4.3. Radius

Only one specimen is available for radius (IVPP V 25966.27), it is attached with
the ulna, and both of them match well with the aforementioned humerus, thus they all
belong to the same animal (Fig. 7B, C). The bones are seriously fractured. In general
form, the radius is very slender, and the shaft is compressed anteroposteriorly and
arched toward the front.

In proximal view, the medial glenoid cavity is remarkably larger than the lateral
glenoid cavity, between them there exists a prominent articular groove, and a narrow
notch occurs at the posterior end of the groove, which accommodates the lateral
articular facet of the ulna, while another shallow notch exists at the anterior end of the
groove; to the lateral side of the glenoid cavity, there is the lateral tuberosity which
forms a quite large platform. In anterior view, the proximal end is expanded, but no
radial tuberosity is detected; the shaft is straight; at the distal end there are three
grooves: the extensor tendon groove, the maxillary groove (quite narrow) at the
medial side and the groove for tendon of common digital extensor at the lateral side;
the scaphoid articulation surface at the distal end represents the lowest part. In lateral
and medial views, the interosseous space can be observed at the upper one third part
of the bone. In distal view, three large articular surfaces can be recognized: the lateral
cuneiform facet, the medial scaphoid and the lunate facet between them; all these
three facets are irregular in shape and are running at different levels, and they are
separated by sharp ridges; the scaphoid facet is much more extended downward; the
lateral facet of radius joins the facet of the styloid process of distal ulna, both of them
articulate with the cuneiform, but they are not fused together, which is different from
that of bovids.

Dimensions: greatest length = 367.4, proximal width = 71.2, breadth of the
humeral articular surface = 62.9, smallest breadth of diaphysis = 43.2, greatest
breadth of the distal end = 64.8, greatest breadth of the distal articular surface = 59.9.

3.2.4.4. Ulna
Only one specimen is available for ulna (IVPP V 25966.27) (Fig. 7C). It’s

seriously fractured, but with the two ends nearly completely preserved.
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In anterior view, the anconaeus process part sharply thickened relative to the
dorsal border of the olecranon process; the trochlear notch or semi-lunar notch lies
directly distal to the anconeal process and is quite deep; the medial edge of the
semi-lunar notch rolls medially; the medial articular facet is broken off; in the
semi-lunar notch, the roof part is completely used as articular facet, but in the lower
part, only the medial side has the articular facet which continues unbroken downward
to the medial facet, but there exists a ridge between them.

In lateral view, the olecranon process has a quite straight dorsal border, a slightly
concaved ventral border and a prominent notch at the tip. The angle of the anconaeus
process between the semi-lunar notch and the dorsal border is around 90°; except the
interosseous space part, other portion almost fused with the radius at the anteromedial
side. In posterior view, the olecranon tuber part expanded more prominently than the
other part of the olecranon process; the lateral portion of the coronoid process is more
pronounced; the shaft is seriously flattened transversely and blade-like.

Dimensions: greatest length = 441.4, olecranon length = 87.3, smallest depth of
olecranon = 58.0, the depth across processus anconaeus = 63.0, greatest breadth of the

proximal articular surface > 35.0.

3.2.4.5. Metacarpals

Two complete Mc H1+1V are present in the SSMZ collections (IVPP V 25966.28,
IVPP V 25966.39) (Fig. 8A, B; Table S8 in Supplementary data). The two specimens
are fairly well preserved, and they are quite slim and gracile, but quite long,
representing the longest for fossil cervids ever reported in China.

In proximal view, two large articular facets form an asymmetric semicircular, the
larger facet or magnum-trapezoid facet is relatively wide and has a curved edge, the
smaller facet or unciform facet is triangular; between the two facets there exists a
groove or depression which opens to the palmar aspect, but the nutrient foramen in
the groove is tiny. The posterior medial tubercle is not noticeable. In anterior view, a
narrow groove goes throughout almost the entire shaft, which ends at the nutrient
foramen and represents the suture or fusion line between Mc Il and IV; the cranial
side is more rounded, the distal end has no vascular groove (or metacarpal gully) as in
bovids, moreover the distal nutrient foramen is present although tiny. In posterior
view, a small shallow groove can be observed between the two proximal facets; the

shaft has a medial longitudinal depression on the upper three-fifth of the bone, and a
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small nutrient foramen occurs at the upper end of the depression. A very tiny nutrient
foramen exists near the distal end. The articular facet for the vestigial 5th metacarpal

can be seen on one specimen (Fig. 8A4).

3.2.4.6. Tibia

Only two partial tibiae are available in the collection (IVPP V 25966.36, IVPP V
25966.31) (Fig. 7E). Both of them only preserved partial shaft and complete distal
end.

In anterior view, the preserved shaft is massive and nearly straight, and the
caudal aspect of the shaft is quite flat; near the distal articular surface, there is a
prominent tubercle near the anterolateral border; the articular facets for lateral
malleolus is located at a much higher position than the tips of the spine and medial
malleolus, the latter two stand at nearly the same level or the mesial malleolus is the
longer; the notch between the spine and the medial malleolus corresponds with the
lateral ridge of the astragalus trochlea. In posterior view, some muscle scars can be
seen on the front surface of the shaft. The posterior lower border is less downwardly
extended. In lateral view, a notch can be seen, which separates the articular facet for
lateral malleolus into two portions and accommodates the conical proximal projection
of lateral malleolus. On the distal end, the articular grooves are parallel to the sagittal
plane of the shaft, the medial groove is narrower but longer, the lateral groove is
wider and shorter; between the two grooves, there exists a sagittal ridge, and on the
anterior end of the ridge, there is a beak-like structure (the spine) which corresponds
to the tibia trochlea of the astragalus. There are two small articular surfaces on the
lateral edge for the attachment of the lateral malleolus (or distal fibula).

Dimensions: the greatest breadth of the distal end is 62.7-63.2, the greatest
depth of the distal end is 48.1-49.3, the smallest breadth of diaphysis is 41.9.

3.2.4.7. Calcaneum

One calcaneum can be referred to the species (IVPP V 25966.46) (Fig. 7F). It
was recovered before the systematic excavation, and is slightly broken at the
calcaneal tuber part.

In anterior view, it is mediolaterally compressed in the shaft, but expanded at the
tuber calcis (calcaneal head). At the upper part of the anterior process there is a

trochlear facet (fibular condyles), which articulates with the distal surface of the
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lateral malleolus. In posterior view, the calcaneal tuber has a shallow longitudinal
groove at the tip, where the tendon of the gastrocnemius is attached to (the sulcus for
the deep flexor tendon). The sustentaculum is moderately projected medially and with
a nearly straight superior border. The cubonavicular facet is narrow and sloped. In
medial view, the trochlear facet and the facet for the articulation of the astragalus are
connected by a smooth articular surface. The astragalar facet meets the cubonavicular
facet all the way. In lateral view, the calcaneal head has a notch at the anterior top, and
the distal end is tapered; the proximal part of the lateral malleolus facet protruded
pronouncedly and has a semi-circular outline. The anterior edge of the shaft is nearly
straight, but the back edge is slightly curved. In distal view, the articular surface for
astragalus (tibial tarsal) resembles a three-quarter circle, and the longer axis runs
mediolaterally; the cubonavicular facet is a narrow belt which is also sloped
anteroposteriorly; the anterior face of the lateral malleolus facet also can be seen.

Dimensions: the greatest length is 138.5, the greatest breadth is 37.9.

3.2.4.8. Astragalus

Three specimens of astragalus are available (IVPP V 25966.33, IVPP V
25966.34, IVPP V 25966.40, IVPP V 25966.41) (Fig. 7G), all of them are nearly
completely preserved and the measurements are shown in Table S9 in Supplementary
data.

In the anterior view, there are two proximal trochlear ridges (or condyles), which
are parallel to one another and to the sagittal plane; the lateral ridge is slightly higher
and narrower, and the lateral and medial borders of the trochlear condyles are straight.
There is a deep saddle-like median groove between the two proximal trochlear ridges.
At the distal part, the border of the distal articular surface is roundly convex, between
the medial and lateral trochlear condyles, there is a broad shallow groove. In posterior
view, the posterior articular surface for calcaneum is flat and slightly convex, but with
a shallow longitudinal groove; the lateral edge is nearly straight; the medial bottom
extends further downwards and meets the distal trochlear surface, but at the lateral
bottom, there is a flange, which results in the separation of the distal trochlear surface
from the calcaneum facet. The lateral face is trench-like and with anterior and
posterior rims and flat floor; at the bottom, the facet of calcaneum is oval-shaped.

There is no articular facet on the medial aspect.
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3.2.4.9. Cubonavicular (fused central/fourth tarsal or naviculo-cuboid)

Only one perfectly preserved cubonavicular (IVPP V 25966.42) can be assigned
to E. boulei (Fig. 7H).

In proximal view, the articular surface consists of a large trochlear facet with a
pair of depressions and a distinct posterior beak-like projection, the depressions are
astragalar facets; a narrow belt-like facet occupies all the lateral part, which
articulates with the calcaneum. In distal view, the general outline of the distal surface
is that of a rounded quadrilateral with two large anterior articular facets and two
smaller facets. The anteromedial facet is articulated with fused 2nd and 3rd tarsals;
the smallest facet articulates with 1st tarsal; the other two medial facets articulate with
Mt 1H1+1V. In posterior view, between beak-like projection and the calcaneal facet,
there is a deep V-shaped notch. In anterior view, the facet articulated with fused 2nd
and 3rd tarsals is higher in position than other distal facets. The calcaneal facet is
sloping upward anteroposteriorly.

Dimensions: the greatest breadth is 55.9-57.4.

3.2.4.10. Metatarsals

Four nearly complete Mt I11+IV (posterior canon-bone) are available (IVPP V
25966.45, IVPP V 25966.29, IVPP V 25966.44, IVPP V 25966.43) (Fig. 8C-E), two
are long and another two are relatively short; the size differences can be tentatively
attributed to sexual dimorphism. The measurements are shown in Table S8 in
Supplementary data. In general, the proximal and distal articulations are less heavily
built and narrow relative to the shaft.

At the proximal end, the medio-lateral dimension of the proximal end is smaller
than the antero-posterior dimension. The proximal surface consists of four articular
facets, and the anterior edge is roundish, while other margins are nearly straight; the
two lateral facets are more elongated than the two medial ones; the two larger
articular facets are oriented approximately parallel to the sagittal plane of the shaft,
but not contact with each other; both of them have longer anteroposterior dimensions.
The anteromedial facet articulates with the fused 2nd and 3rd tarsals; the anterolateral
facet articulates with cubonavicular. There are two smaller facets located near the
posterior margin; the posterolateral facet has larger medio-lateral dimension and
articulates with cubonavicular; the smaller roundish facet articulates with the 1st

tarsal. There is a large nutrient foramen positioned slightly off-center posteriorly.
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From the nutrient foramen, three sulci are initiated. There is a nutrient foramen on the
anterior and posterior aspect respectively, but the dorsal one is much smaller than the
plantar one.

The shaft is slim, with deep dorsal groove and plantar longitudinal depression,
the dorsal groove covers almost the entire shaft, but the plantar depression only occurs
at the upper two-third of the shaft. In lateral view, the shaft is becoming compressed
gradually downward, and the upper part has larger DAP than DT, but the lower part
has larger DT than DAP.

At the distal end, there are two distal condyles, and the intercondylar margins of
the condyles are parallel. On the anterior surface, the dorsal groove begins from the
proximal nutrient foramen and runs throughout the whole shaft and stops at the distal
nutrient foramen, but doesn’t reach the intercondylar fossa as in bovids. In posterior
view, a small distal nutrient foramen occurs very near to the distal epiphysis. In
cross-sectional view of the midshaft, both of the anterior and posterior surfaces are

concave, the former is narrow, but the latter is quite wide.

4. Comparisons
E. boulei is a large-sized deer endemic to continental Eurasia, therefore only the
Eurasian cervids with similar body size, both extant and extinct, are compared in this

section.

4.1. Comparison with the species of Eucladoceros

4.1.1. Comparison of the E. boulei specimens in China

Up to now, no more postcranial bones were reported for E. boulei in China, and
most of the E. boulei fossil collections are represented by incomplete skulls, partial
jaw bones and fragments of antlers (YYoung, 1935; Teilhard de Chardin and Trassaert,
1937; Chow and Chow, 1965; Chia and Wang, 1978; Tang, 1980; Tang et al., 1983;
Zheng et al., 1985; Dong et al., 2017).

The SSMZ collection is significant in containing more specimens of dentitions
(both deciduous and permanent), longer metapodials and the yearling antler; although
the adult antlers are absent, the sizes and general characters of the dentitions and
metapodials are very close to that of E. boulei described by Teilhard de Chardin and

Piveteau (1930), except the more developed spurs on premolars in their type
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specimens. However, the intraspecific variation for the fossils from the type locality is
quite prominent; especially the antlers are much diversified (Teilhard de Chardin and
Piveteau, 1930, pls. 8, 9), which was also noticed by Azzaroli and Mazza (1992a).

In addition to the type materials, the only available specimen for comparison is
the maxillary with P3-M3 (V 5561) from Gonghe Basin in Qinghai Province, whose
upper M1-3 length is 77.7 (Zheng et al., 1985), which is slightly larger than the
Nihewan specimens.

With regard to the recently reported specimens from Chifeng in Nei Mongol
(Dong et al.,, 2017), the identification is still open to question, because the
measurements of the upper M3 do not coincide with that of a normal upper M3 of E.
boulei; furthermore, the mandible and the lower molars are also quite different from
those of the type specimens in morphology.

4.1.2. Comparison with E. proboulei

The identification of the recently named species E. proboulei Dong and Ye, 1996
is still open to question because of the following differences from the characters of the
genus Eucladoceros: smaller size (same size as an extant sika deer estimated by antler
size), shorter shaft (basal beam) and short beam, smaller angles between tines and
beam, strong tines relative to beam, fewer prong numbers, lack of a bend of the beam
at the brow tine, and pronounced grooves on the surface; furthermore, the species was
only represented by a slightly deformed partial antler. Moreover, the E. proboulei was
from the Lower Pliocene (ca. 5 Ma) (Dong and Ye, 1996), which is too early to be the
direct ancestor of E. boulei. The present authors think E. proboulei resembles the
European species Croizetoceros ramosus described by Heintz (1970) and Valli (2001)
in antler morphology, but obviously larger, the latter was estimated to be 60 kg (Valli,
2001).

4.1.3. Comparison with other species of Eucladoceros from outside China

E. boulei was regarded as an “aberrant” species within its genus, and it differs
from the European species in the following features: 1) high position of the outer tine
(longer shaft); 2) inner tine generally strong; 3) crown tines inserted far back on the
beam, occasionally tending to coalesce. The weight of the antlers is thus shifted
backwards; this is compensated by a tendency of the beam to curve forwards

(Azzaroli and Mazza, 1992a); furthermore, E. boulei has relatively short metapodials
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and small deciduous teeth than E. giulli (Kahlke, 1997; van der Made and
Dimitrijevi¢, 2015), but longer metapodials and cheek toothrows than those of other
European species (Heintz, 1970; de Vos et al., 1995; Croitor and Bonifay, 2001; Valli,
2001).

The general pattern of the antlers, together with the features of the skull and of
the dentitions, shows an obvious relationship of the European species with the
Chinese E. boulei, but at the same time they may have evolved quite differently. E.
boulei represents a divergent clade. The lower portion of the antler with the outer tine
high above the burr and the strong inner tine represent plesiomorphic features, while
the richly branched crown tines are autapomorphic. The phyletic relationships
between the several European species are far from clear but these species are fairly
closely related among themselves. E. falconeri may be the common ancestor of all. E.
boulei is separated from the European stock by distinct autapomorphies. A possible
derivation of giant deer of the genus Megaceroides from some Asian species related to

E. boulei is hypothesized (Azzaroli and Mazza, 1992b).

4.2. Comparison with selected megacerine taxa

4.2.1. Sinomegaceros

The Chinese giant deer (Sinomegaceros) are quite different from the European
ones in having much developed brow tines and smaller body build (except S. yabei),
and they are even smaller than Eucladoceros; furthermore, Sinomegaceros species
have strongly palmated brow tine and other antler prongs, brow tine arises very close
to the burr, skull is generally shortened but has larger zygomatic breadth, with
brachydont teeth, strongly pachyostosed mandibles and massive limb-bones (Young,
1932).

The fossil records of Sinomegaceros in China mainly occur in the Middle
Pleistocene, and the Late Pleistocene records are also quite often, but the species S.
konwanlinensis from the Gongwangling human site is of an Early Pleistocene age
(Chow and Chow, 1965; Zhu et al., 2015). Huang et al. (1989) proposed that the
Chinese giant deer Sinomegaceros was derived from the local Eucladoceros; but
others proposed that they were from the earlier Sinomegaceros species of Tajikistan
(Vislobokova and Hu, 1990; Vislobokova, 2012).
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4.2.2. Arvernoceros

Arvernoceros includes several diversified species with different forms and sizes,
which makes it difficult or even confusing to compare. Currently, Arvernoceros was
included in the genus Rucervus as a subgenus (Croitor, 2018b). The type species, A.
ardei, is different from E. boulei in its longer beam and the three-tined palmation of
the terminal tines (Heintz, 1970). Although Eucladoceros and Arvernoceros quite
often coexisted in the Middle Villafranchian Khapry Faunistic Complex in the Sea of
Azov Region (Baygusheva and Titov, 2013), there is no Arvernoceros ever reported
in China except the species Elaphurus bifurcatus which was transferred to

Arvernoceros by Croitor (2009).

4.2.3. Praemegaceros

The genus Praemegaceros also includes a complex of diversified species
(Vislobokova, 2013), which makes it impossible to have specific comparisons
between Praemegaceros species and E. boulei. No fossil of Praemegaceros was ever
reported in China.

4.2.4. Megaloceros

The giant deer Megaloceros giganteus covered most part of continental Europe
and Siberia during Late Pleistocene. The species of Megaloceros are characterized by
large body mass, concaved frontal, circular cross-section of pedicle, ossified vomer,
reduced ethmoidal orifices, pachyostosed mandible, absence of upper canine,
molarized p4 (Croitor, 2018a); big antler which has very reduced brow tine but longer
main beam as well as palmated terminal tines. In morphology of the postcranial bones,
E. boulei is much closer to M. giganteus than to Alceini taxa (Breda, 2005), and it has
been supposed that the ancestor of the group Megaloceros giganteus could have been
closely related to E. boulei from China (Azzaroli, 1994). As a matter of fact, E. boulei
has almost the same-sized metapodials as the early Middle Pleistocene M. verticornis
(Dawkins, 1868) (Pfeiffer, 2002) and the Late Pleistocene M. giganteus from
Dzhambul (Shpansky, 2014). Meanwhile, there is no report about the occurrence of
this species in East Asia till now, and Megaloceros never overlapped with those of E.

boulei in neither temporal nor spatial distributions.

4.3. Comparison with selected taxa of Alceini
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4.3.1. Libralces/Cervalces/Alces

Alces alces and other Alceini taxa have obviously larger body size, longer
muzzle part but very short nasal bones (except Cervalces according to Breda, 2008)
than E. boulei; furthermore, the antler lacks a brow tine, pedicle and antler beam
extend laterally in nearly a horizontal way; all the cheek teeth are brachyodont, and
have lower length/width ratios; without upper canine; upper cheek teeth with robust
stylar ribs and developed spurs in the fossae; the main cusps of upper molars are
nearly separated. Breda (2008) also noticed that the premolar/molar length ratio is
high, molarization of p3 and p4 is pronounced, and the molars of both species have
low crowns with lingual and labial walls converging to the occlusal surface.

In China, the only extant and fossil species of Alceini is Alces alces, which only
occurs in the northeastern extremity of China, and the fossil record is only limited to
Late Pleistocene. Except some isolated specimens of Late Pleistocene in northeastern
China, the Early and Middle Pleistocene fossil record of Alceini in China is
completely unknown.

Although Alces alces is obviously larger than E. boulei, and is also different in
antler shape and craniodental characters, Flerov (1952, p. 13) regarded Eucladoceros
as a possible forerunner of Alces, but this viewpoint was not supported (Croitor, 2014);
moreover, the present study also shows that E. boulei is a plesiometacarpal type,
whereas Alces is a telemetacarpal type, which means Eucladoceros is distantly related

to Alces.

4.4. Comparison with other large-sized Cervini taxa of Eurasia

4.4.1. The sambar deer (Cervus (R.) unicolor)

Sambar is the largest deer of the Oriental Region currently known, whose body
is 225-320 kg for the male in India (Leslie, 2011), while the Chinese male only
weighs 180 kg (Sheng, 1992). The Chinese sambar deer contains 4 subspecies, and
almost all of them only distributed in southern China (Sheng, 1992).

C. (R.) unicolor can be distinguished from other species of Cervini by their
robust, rugose antlers with a relatively long brow tine, very deep lacrimal pits,
reduced auditory bullae, and dark eumelanic pelage (Groves and Grubb, 1987, p. 42,

fig. 1); furthermore, Sambar is also characterized by its three-tined antlers among the
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comparably sized Eurasian red deer and North American elk (Leslie, 2011) as well as
the endemic white-lipped deer in China; the brow tine sits not far from the burr, and
forms an acute angle with the beam that is forked at the tip.

The cheek teeth are large and with finely-wrinkled enamel, but slightly smaller
than those of E. boulei; the upper premolars have pronounced lingual grooves; the
upper molars bear robust and lingually forked entostyle; metaconid is fused with
paraconid in p4; and the lower molars show developed precingulid and columned
ectostylid (Zhang et al., 2018).

All of the craniodental and antler characters can be easily distinguished from
those of E. boulei, although Eucladoceros have been proposed as possible ancestors

of the living species C. (R.) unicolor (Leslie, 2011).

4.4.2. The white-lipped deer or Thorold’s deer (Cervus albirostris = Przewalskium
albirostris)

The white-lipped deer is endemic to the Qinghai-Tibetan Plateau in China and is
a cold-adapted animal, whose average body weight of male is 205 kg. Skull has
elongated and deep lachrymal pits (preorbital fossae); antler includes 47 prongs, and
the beam is compressed or flattened, with no bez (second) tine, the brow tine arises at
a considerably high position above the burr, the trez tine is nearly in the same plane
with the tines above it, and the succeeding tine is longer than the others, the beam
suddenly bents back at the origin of the trez-tine (Lydekker, 1898; Wu and Wang,
1999); each tine arises from the beam like an axil on the same plane (Ohtaishi, 1992),
all of which are very similar to those of E. boulei.

Groves and Grubb (1987) thought C. albirostris shares the common ancestor
with sambar. Recent studies show that C. albirostris has closer relationship with sika
deer and red deer (Groves and Grubb, 2011). Because no fossil record was available,
the evolutionary history of this species still remains unknown.

In tine numbers and inserting patterns as well as the compressed beam, C.
albirostris is very similar to E. boulei, but the former’s antler has shorter shaft and

longer distance between brow tine and trez-tine as well as shorter metapodials.

4.4.3. Red deer (Cervus elaphus)
Red deer is a large animal whose stag’s body weight is 200-250 kg; the Chinese

red deer contains 8 subspecies distributed in northeastern and western China (Sheng,
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1992).

The red deer is characterized by its large size and complex antler that is rounded
throughout and normally has more than five points. When fully developed, the antler
forms a more or less distinct cup at the crown, the brow tine rises close to the burr,
and normally is longer than the bez, and the latter is very close to the brow tine.
Upper canines present; upper molars are moderately tall, with a flattened additional
column on the inner side (Lydekker, 1898).

The red deer is similar to E. boulei in tine numbers; but differs in lower
positioned brow tine and bez-tine, rounded beam and crown tines; furthermore, all the
craniodental dimensions of red deer are slightly smaller than those of E. boulei,
especially the metapodials.

C. elaphus used to be the index fossil of Late Pleistocene in northern China, but
it was recovered at the upper layers (1-3) of Peking Man site at Zhoukoudian, which
is ca. 230-250 kyrs BP (Pei, 1939) and represents the earliest record of red deer in
China, although its history can be traced back as early as ca. 1 Ma in Europe (van der
Made and Dimitrijevi¢, 2015); furthermore, the early representatives of red deer in
China were also recovered in the Middle Pleistocene Jinniushan Site in Liaoning
Province (Zheng and Han, 1993).

The fossil C. elaphus is different from E. boulei in the same aspects as the living
forms, especially in its relatively hypsodont upper molars. Although it is proposed
that all of the 12 Eucladoceros species have more or less the same size, and are
comparable with C. elaphus (de Vos et al., 1995), the present study shows that E.
boulei, whose body weight is 350 kg, is obviously larger than C. elaphus whose body
weight is 200 kg (Kolb et al., 2015). The body weight of the European species of
Eucladoceros is 250-300 kg (Croitor and Brugal, 2007).

4.4.4. Milu (Elaphurus davidianus) and other fossil and subfossil species

The species got extinct in the wild 100-200 years ago, but it survived in some
nature reserves in China and some zoos around the world. The stag’s body weight is
210-250 kg (Cao, 2005).

The specialized craniodental characters of Elaphurus davidianus can be
summarized as follows: Antler dichotomously forked but without a brow tine, anterior
prong extends upward and divided once or more, posterior prong projects backward at

a large angle with the anterior prong simple or dichotomously branching; with
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tubercles and longitudinal grooves on beam. The lower incisors and canines are
hollowed, and from the canine to il, the hollow is getting deeper; each hollow (or
fossa) is divided into two unequal parts by a longitudinal crista, which is different
from all other cervid taxa. The lower premolars have very reduced trigonid, and p4
has the anterior lobe molarized; lower molars without anterior cingulid, but have
strong metastylids which results in a deep lingual groove, with pronounced lingual
ribs; the lingual surface of the lower cheekteeth is not flat. Furthermore, some other
important characters were also recognized by previous authors, such as the most
special dental character is the internal enamel pillar on M2 and M3 (la cinquiéme et la
sixieme molaire), which is forked and with the anterior arm longer but the posterior
arm shorter (Milne-Edwards, 1866); the lack of inflation of the auditory bullae
(Groves and Grubb, 1987); incisiform teeth uniformly broad; hook-like sphenoid
process; double channel in pedicle (Meijaard and Groves, 2004). It’s worth
emphasizing that the living species of Elaphurus has the most similar toothrow length
with E. boulei (Table S10 in Supplementary data), which means that it’s difficult to
distinguish the teeth between the two taxa only by size.

Elaphurus menziesianus is a name given to the large deers unearthed from the
Shang Dynasty site (ca. 3300 yrs BP) in Anyang, Henan Province. But they are
actually very close to the extant species both in morphology and dimensions (Teilhard
de Chardin and Young, 1936).

Although the fossil records of the genus Elaphurus can be traced back to the very
early Pleistocene, the systematic position and origination of Elaphurus is still far from
clear. Lydekker (1898) noted that the genus Elaphurus had nothing to do with any of
the Old World Deer (Heckeberg, 2017). There is no stag whose systematic position
has troubled zoologists as much as Elaphurus (Wemmer, 1983). Pitra et al. (2004)
suggested that Elaphurus davidianus had a hybrid origin: the hybridization
supposedly occurred between Cervus canadensis and Cervus eldii (= Panolia eldii),
an endemic species in Southeast Asia.

The species El. bifurcatus Teilhard de Chardin and Piveteau (1930) once
coexisted with E. boulei in Nihewan fauna, and both of them are large-sized deer;
therefore, it is reasonable and necessary to compare the two taxa. But it is unfortunate
that no other fossils are available except the antler specimens for EIl. bifurcates
(Young, 1935; Chow and Chow, 1965; Chi, 1975; Chia and Wang, 1978; Wang,

1988), even though the most recent publication on Elaphurus classified the fossil
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Elaphurus of east Asia into 4 species and 8 subspecies (Dong et al., in press), the
knowledge about its skull and dentitions as well as postcranials is still completely
unknown in China. Nonetheless, based only on the antlers, El. bifurcatus can be easily
distinguished from E. boulei.

The Early Pleistocene Japanese species Elaphurus shikamai is also only
represented by antlers, and it is closely related to El. bifurcates from Nihewan (Otsuka,
1972). The probable ancestor of El. bifurcatus is Elaphurus eleonorae from the Early
Pleistocene of Kuruksay, Tadjikistan in Central Asia (Dong et al., in press).

In summary, Elaphurus has close toothrow length with E. boulei, but the former
has much shorter metapodials and quite special antler and tooth forms. The
comparisons between E. boulei and the Early Pleistocene Elaphurus species are still
superficial, due to insufficient fossil materials and the uncertain phylogeny of the

Early Pleistocene Elaphurus taxa.

4.5. Comparison with the Villafranchian three-tined deer

In northern China, the Villafranchian three-tined deers were quite diversified,
and they were once referred to the following genera: Axis, Cervus (Rusa) and Cervus
(Deperetia) (the subgeneric name Deperetia was replaced by Nipponicervus and was
raised to generic level later on). Although Shikama (1941) has given an illustrated
comparison among such three-tined taxa as Axis, C. (Rusa) and C. (Deperetia) in
antler structures, the classification and phylogenetic relationships among them are far
from clear. It’s worth mentioning that there is no post-Pliocene fossil record of
Cervavitus in northern China.

Axis shansius, a common species of Early Pleistocene in northern China, is
obviously different from its extant co-generic species in relatively large body size and
high positioned brow tine. Up to now, most of the knowledge about this species is
limited to antlers, partial cranial specimens and dentitions, which are distinctly
different from E. boulei.

The Rusa cf. elegans described by Teilhard de Chardin and Trassaert (1937) was
renamed as C. (Deperetia) trassaerti by Shikama (1941), which is averagely larger
than an extant sika deer, but similar to A. shansius and Nipponicervus species.

C. (R.) elegans, currently revised as Nipponicervus elegans by Qiu et al. (2004),
frequently coexisted with E. boulei in northern China, but it’s a medium to large-Sized

deer (ca. 150 kg) based on its toothrow length and metapodial length (Table S10 in
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Supplementary data), and it can be easily distinguished by its simple three-tined
antlers.

Nipponicervus longdanensis is a large-sized deer also with three-tined antlers,
and it can be told from other large-sized rusine taxa by its higher positioned brow tine
and generally slimmer antler, i.e., with longer shaft. It should have a similar body
mass as the extant red deer according to it toothrow length.

The present authors think that A. shansius, D. trassaerti and N. longdanensis
share almost the same shape of antler and similar body size, thus their taxonomic
designation should be reconsidered.

As regard to the true rusines, taxa under the subgenus C. (Rusa) usually only
occur in southern China. The Early Pleistocene species C. (R.) yunnanensis Lin et al.,
1978 is originally represented by one incomplete antler as type specimen; but the
large deer specimens from the Gigantopithecus Cave in Guangxi were also referred to
this species, which is larger than C. (R.) elegans but smaller than C. (R.) unicolor, the
latter frequently appeared in the Middle—Late Pleistocene sites in southern China
(Han, 1987).

For Rusa pachygnathus Zdansky, 1925, it seems a good solution to transfer it to
the genus Sinomegaceros because of its pachyostosed mandibles and similar
postcranial size. But the the true identification of the mandible specimen from
Hu-lu-tao in Huailai County (Zdansky, 1927) (not far away from Nihewan Basin)
should be reconsidered, because its mandible is less pachyostosed and the geologic
age is earlier. Further study may turn out that it represents an early form of

Sinomegaceros, or it has some relationship with E. boulei.

5. Discussions

5.1. Body size versus toothrow and metapodial lengths

The metapodials of E. boulei are larger than those of the extant species of Cervus,
and also larger than those of most co-generic species and even some species of
Megacerines; moreover, the metapodials of E. boulei are relatively gracile (van der
Made and Tong, 2008; van der Made, 2015, in press).

Although the living species of Elaphurus has the most similar toothrow length
with E. boulei, the metapodials of the former are obviously shorter than those of the

latter; on the other hand, C. elaphus has larger toothrow length but shorter metapodial
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and smaller body size than E. boulei (Table S10 in Supplementary data), which means

toothrow length and metapodial length are not always changing in same proportion

among the animals (Fig. 9), although both of them are related to body mass (or weight)
to a great extent. It was proposed that in limb-segment proportion, C elaphus and E.

davidianus are very similar to that of Eucladoceros (Heintz, 1970, p. 208).

E. boulei is the largest fossil deer ever found in China, but it was only estimated
by its larger toothrow and metapodial lengths, and its exact body mass is still unclear.
We know that the methods for body mass estimation are various, both tooth and
postcranial bones were used. In our study, the tooth seems not so reliable for body
mass estimation, therefore, we chose the metapodials. Although metacarpals tend to
be long in Cervinae and shorter in Alceinae-Rangiferinae (Frick, 1937), metapodials
are still quite often chosen for body mass estimation (Purdue, 1987; Vukicevic et al.,
2012; Morris and Mead, 2016). In our study, it seems that metapodials’ dimensions
closely related to body mass (Fig. 9; Table S10 in Supplementary data).

The body mass of the related European taxa is 385 kg for E. giulii (Palmqvist et
al., 2003), and 250 kg for E. ctenoides (Croitor and Brugal, 2007). Because the major
dimensions of E. boulei are between those of the two species (Heintz, 1970; Kahlke,
1997; Valli, 2001).the body mass of E. boulei should be between 250 and 385 kg. In
fact, our calculated body mass based on metacarpal length is ca. 350 kg.

Although Azzaroli and Mazza (1992a) noticed a decrease of the premolar row
length/molar row length ratios, from Saint Vallier, via La Puebla de Valverde and
Senéze, 79.22, 73.8 and 72.94 in the upper dentitions, and from 68.11 to 66.14 to
65.15 in the lower dentitions; our study shows the premolar/molar ratio is not a stable
character for classification (Table S10 in Supplementary data).

The largest pre-Villafranchian cervid taxon in northern China is the three-tined
Axis shansius whose body weight is larger than a sika deer (Dong, 1993), and
estimated to be ca. 150 kg in this study. It was regarded as the ancestor of all the
species of the genus Axis (Di Stefano and Petronio, 2002). The sudden appearance of
such large-sized deer as Eucladoceros and Elaphurus may have represented a big
migration event at the beginning of the Quaternary Period, in which other taxa were
also involved, such as Mammuthus, Equus, and Bison etc.; and all of the
aforementioned taxa not only appeared in Nihewan Basin, but also in Yushe Basin
(Tedford et al., 1991). In Europe, the large-sized ruminants doubled their body weight

during the early Pleistocene in order to adapt to the arid and more open environment
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(Croitor and Brugal, 2007). Therefore, the appearance of very large deer can be
employed to mark the beginning of the Quaternary Period in Eurasia. Furthermore,
the quaternary cervid taxa are not only typical of their larger body size, but also for
their multi-tined and/or palmated antlers (Fig. 10).

5.2. Mandibular pachyostosis

The pachyostosed mandible in some cervids has been widely noticed (Lister,
1994; Kahlke, 1997; van der Made and Tong, 2008; Vislobokova, 2013; Croitor,
2016), such as Megaloceros, Praemegaceros, and Megaceroides. The Megaloceros
species are characterized by the well-known pachyostosis of the skull and, in
particular, of the horizontal mandibular ramus. The latter feature is also documented
in some species of Praemegaceros but at a lower degree (Abbazzi, 2004). This feature
is prominently developed in Sinomegaceros pachyosteus (Young, 1932; Kahlke,
1958).

Pachyostosed mandible is one of the diagnostic character for Megacerini deer
(Vislobokova, 2009, 2013), and it also less prominently occurs in Eucladoceros,
which is the reason why the genus once was thought to be the forerunner of the giant
deer Megaceroides (Azzaroli and Mazza, 1992b). Vislobokova (2013) emphasized the
differences between Eucladoceros and the Megacerini deer in cranial characters. The
cause of the pachyostosis of mandible is still under debate. Pachyostosis of mandible
has also been observed in some large deer, and some fossil camel (Martini and
Geraads, 2018).

Although the deer with pachyostosed jaws survived into the Holocene Epoch,
there is no such kind of example in the living forms; therefore, the real cause of the

pachyostosis is still open to question.

5.3. On taxonomy and phylogeny

The Late Miocene Cervinae in China was represented by three-tined deer
(incorrectly identified with Cervocerus novorossiae before but currently assigned to
Cervavitus novorossiae by Dong, 2011, Wang and Zhang, 2014) which gave rise to
most of the Pleistocene and living Cervinae taxa (Azzaroli, 1953). The history of the
Cervinae during the Pliocene is obscure (Azzaroli, 1953). The present authors think
that the early Villafranchian is a bottleneck period for cervid evolution in northern

China, which is characterized by the following features: decrease of cervid diversity,
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disappearance of both the archaic groups and the population of the medium to
large-sized three-tined deer (Fig. 10). The taxonomy of the Villafranchian large-sized
deer in China is fairly simple compared to that of European forms. Only two genera,
Eucladoceros and Elaphurus, have been identified in China. The latter can be easily
distinguished from the former by its obvious smaller body size.

E. boulei has been verified as a plesiometacarpal deer by the occurrence of the
facet of lateral metacarpal on the anterior cannon bone (Fig. 8A4), therefore, its
taxonomic and phylogenetic positions should be among the Eurasian taxa. However,
the exact phylogenetic position of Eucladoceros species within Cervini has often been
controversial. Eucladoceros is not included into the Megacerines (Vislobokova, 2013),
although a close relationship with this group has been proposed by Azzaroli and
Mazza (1992b). Symplesiomorphic characters and a common evolutionary trend
towards large size and heavy antlers could account for this. A close affinity of E.
ctenoides from Seneze (in France) with C. elaphus is possible (Mennecart et al.,
2017).

Flerov (1952, p. 13) regarded Eucladoceros as a forerunner of large-sized
Quaternary cervid genera Megaloceros, Cervalces and Alces. The antler morphology
of E. ctenoides resembles to a certain extent the antlers of modern Przewalskium
albirostris. Croitor (2014) cautioned that the similarity in antler shape between
Eucladoceros and Przewalskium may be superficial and in this case the assignment of
Eucladoceros to the lineage Przewalskium-Rusa-Cervus is inappropriate. However,
the analysis of body labyrinth morphology revealed a close affinity between E.
ctenoides and C. elaphus (Mennecart et al. 2017), which may suggest that the
observed similarity of the comb-like antler shape of Eucladoceros and modern
Przewalskium is not superficial and supports the close relationship between these
genera (Croitor, 2018a, p. 78).

The megacerine phylogeny, when it is based only on European species, is very
incomplete. It was supposed that the group of M. giganteus was of uncertain origin
and the group of M. verticornis (here Praemegaceros verticornis group) was derived
from Eucladoceros (Azzaroli, 1953; Azzaroli and Mazza, 1992b; Abbazzi, 2004,
Vislobokova, 2009).

Therefore, Eucladoceros is close either to the C. albirostris-C. elaphus group or
to the fossil form of Praemegaceros.

The origin of Eucladoceros in northern China has been speculated either from
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Siberia (Vislobokova, 2008a) or is endemic and derived from the Early Pliocene local
taxon Eucladoceros proboulei from Yushe Basin (Dong and Ye, 1996). Eucladoceros
is still regarded as the most important representative of Early Pleistocene in North
China.

5.4. On the chronology of Eucladoceros species

Although it is supposed that Cervavitus gave rise not only to the tribe Megacerini,
but also to a number of extinct (Eucladoceros) and extant genera (Axis, Dama, Cervus,
Elaphurus) of the tribe Cervini (Flerov, 1952; Petronio et al., 2007; Vislobokova,
2012), the origin of Eucladoceros is still not quite clear. The earliest records of
Eucladoceros are known from the Middle Pliocene or Early Villafranchian (MN16:
3.6-2.6 Ma) of Ukraine, Georgia, and Azerbaijan (Vislobokova, 2008a, 2008b); but in
most part of Eurasia, its first appearance usually was employed to mark the beginning
of the Quaternary Period or MN17 in Europe and Asia, which is 2.6 Ma (Vislobokova,
1990).

The arrival time of Eucladoceros in Western Europe from northern Eurasia
corresponds with MN17, about 2.6-2.2 Ma (Agusti et al., 2001; Vislobokova, 2008a;
Croitor, 2009). The genus is the only large mammal taxon chosen to mark the
beginning of MN17 in western Europe.

In the Iberian Peninsula, Eucladoceros usually made its first appearance with
Equus and Mammuthus, which is called the Elephant-Equus event, just slightly before
the boundary of Early and Middle Villafranchian, i.e., earlier than 2.6 Ma
(Madurell-Malapeira et al., 2014).

The Montopoli fauna and the related faunal unit occurring at the
Gauss-Matuyama transition demonstrated the dispersal of the primitive mammoth (M.
meridionalis gromovi), the true horse (Equus cf. livenzovensis), the ‘giant deer’
(Eucladoceros), and a Gazella (G. borbonica) into Italy (Masini and Sala, 2007).

Eucladoceros is an abruptly emerged species of large-sized deer at the beginning
of Quaternary in China, its fossils can be easily recognized and are very helpful in
determining the Early Pleistocene strata. Furthermore, it was also involved in the
large mammal migration event, and can be employed as representative taxon for
inter-regional correlation and paleobiome reconstruction. The immigration, nominally
defined as “the Elephant-Equus dispersal event”, can be placed between 2.6-2.5 Ma

and has an Asian origin. The event is characterized by the incorporation in the record
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of Eucladoceros, monodactyl equids (Equus), another medium-sized cervid
(Metacervocerus), and the first elephants of the genus Mammuthus. This dispersal
would signify the replacement in the continental ecosystems of Europe of the
mastodon genus Anancus by the first elephants (despite the fact that some subsequent
deposits show the coexistence of both proboscideans, for example at Saint Vallier)
and of the tridactyl equids (Hipparion) by monodactyls (Arribas et al., 2009).

The faunal sequence in Sésklo shows Hipparion did not co-occur with the
stenonid horse, at least not in this region (Athanassiou, 2018), while other study
shows “Hipparion and Equus horses could have coexisted in Europe up to the
complete extinction of Hipparion in early Matuyama times” (Pueyo et al., 2016).

The “end-Villafranchian event” is marked by the extinction of the majority of
Villafranchian ruminant species, like E. ctenoides, Metacervocerus rhenanus,
Praemegaceros obscurus, small-sized Villafranchian Cervus and Dama, Eobison
tamanensis. But Leptobos and E. dicranios became extinct somewhat earlier (Brugal
and Croitor, 2007; Heckeberg, 2017).

The appearance of Eucladoceros together with Equus, Youngia, Borsodia,
Microtus, Trogontherium, Marmota and Bison in the Nihewanian North China
Mammal age marks the beginning of the Quaternary Period in East Asia, whose basal
age is about 2.6 Ma (Woodburne et al., 2013).

It was generally agreed that the Nihewan beds represent the Early Pleistocene
deposits in the Basin (Min et al., 2015), but the faunal composition analysis shows
that Nihewan Fauna can be compared with Olivola Fauna in Italy (Qiu, 2000, 2006)
and the recent paleomagnetic dating gives its age ca. 1.7-2.2 Ma (Liu et al., 2012),
which shows that the Eucladoceros fossils from Nihewan Basin do not represent the
earliest record of this taxon. Its occurrence in Yushe Basin is more likely the earliest

Eucladoceros in China.

5.5. On the paleoenvironmental significance of Eucladoceros species

The paleoenvironmental significance of Eucladoceros is still open to question.
The cranial morphology and tooth wear of Eucladoceros species are more similar to
those of browsers than mixed feeders (Valli and Palombo, 2005). On the other hand,
Berlioz et al. (2018) proposed that E. ctenoides is as plastic as the extant red deer
Cervus elaphus in feeding habits: it was believed to be a browser at Chilhac of

wooded habitats; while its diet at Saint-Vallier and Senéze may have contained high
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percentage of herbaceous monocotyledons of open habitats.

Meanwhile, Vislobokova (2012) proposed that the Early Pleistocene
Eucladoceros inhabited the southern part of northern Eurasia with Alces as well as the
megacerine genera Sinomegaceros, Praemegaceros and Megaloceros, all of them are
larger than the extant red deer. The appearance of those giant deer in the
Plio-Pleistocene corresponded with the progressive cooling and seasonality as well as
the relatively open habitats.

E. boulei in Nihewan basin usually co-existed with such species as
Ochotonoides sp., Proboscidipparion sp., Equus sanmeniensis, Mammuthus
trogontherii, Coelodonta nihowanensis, Elasmotherium peii, Gazella sinensis, Bison
palaeosinensis, and diversified canids, which may indicate a steppe-dominated or
quite open habitat.

6. Conclusion

The Early Pleistocene cervids from Nihewan Basin were quite diversified,
among which E. boulei was the most important species. Based on toothrow length and
the dental characters as well as the postcranial bone, the recently recovered
large-sized cervid fossils from SSMZ in Nihewan Basin can be referred to the species
E. boulei. Its body weight can be estimated to be ca. 350 kg and the species represents
the largest Pleistocene cervid ever recovered in China. Besides the large size and
peculiar comb-like antlers, E. boulei is also characterized by the pronounced anterior
cingulids and entostylid ribs on lower molars as well as the moderately pachyostosed
mandibles. The present study shows that the body weight of large cervids can be
estimated by the toothrow length and metacarpal length. E. boulei is a typical element
of the Early Pleistocene fauna in North China. The present study shows the early
Villafranchian is a bottleneck period for cervid evolution in northern China, which is
characterized by the following features: decrease of cervid diversity, disappearance of
archaic groups and the rise of the medium to large-sized three-tined cervines. The
very large-sized and/or multi-tined cervids, however, appeared suddenly at the

Pliocene—Pleistocene transition, which may indicate a big mammal migration event.
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Fig. 1. Map of fossil localities and chronology of E. boulei in northern China.
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Fig. 2. Dental terminology. (A) Left DP2; (B) left DP3; (C) left DP4; (D) right M2-3;
(E) right dp2; (F) right dp3; (G) right dp4; (H) right m2-3; (1) right m1-2. (A-C, E-G)
Occlusal views; (D, I), buccal views; (H) lingual view.

parastyle
metacone paracone metacone mesostyle
paracone metastyle

(D)

ﬁgfaSMe ‘ metastyle
| rib

' metaconule
fold (spur) mesostyle rib parastyle rib

protocon

protocone fold anterior ™ posterior
metaconule fossette  fossette

lingual groove
metaconule fold

parastylid entostylid

(H)

(A) (B) ©)
posterior fossettid .
(F) anterior ectostylid pr°t‘:°°t'“l<_1d
(E) 4 anterobuccal conid ectostyli

anterior hypoconid

; 3.;'“}.\,! fossettid
entoconid
metastylid
metaconid (G) anterior cingulid

paraconid parastylid
entoflexid | paraconid | metaconid
talonid basin trigonid basin

parastylid
paraconid
mesostylid

Fig. 3. Yearling antler (or spike) of E. boulei from SSMZ, in anterior view. (A) Right
antler (IVPP V 25966.2); (B) left antler (IVPP V 25966.1); (C) image of CT scanning,
showing the boundary between the antler and the pedicle (indicated by arrows).
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Fig. 4. Maxilla and mandibles with deciduous teeth of E. boulei from SSMZ. (A1-A3)
IVPP V 25966.3, maxilla with DP2-4. (B1-B3) IVPP V 25966.5, right mandible with
dp2-4. (C1-C3) IVPP V 25966.4; (C1, C2) left mandible with dp2-m1; (C3) details of
dp2-4. (A1, B1, C1) Buccal views; (A2, B2) lingual views; (A3, B3, C2, C3) occlusal

views. Scale bar =5 cm.

49



Fig. 5. Maxillae with permanent teeth of E. boulei from SSMZ. (A1, A2) IVPP V
25966.17, left maxilla with P4-M3. (B1-B3) IVPP V 25966.18, right maxilla with
P2-M2. (C1-C3) IVPP V 25966.14, right maxilla with P3-M3. (A1, B1, C1) Lingual
views; (A2, B2, C2) occlusal views; (B3, C3) buccal view. Scale bar =5 cm.
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Fig. 6. Mandibles with permanent teeth of E. boulei from SSMZ. (Al, A2) IVPP V
25966.24, right mandible with i1-3, ¢ and p2-m3. (B1-B5) IVPP V 25966.15, right
mandible with p3-m3. (C1-C4) IVPP V 25966.16; (C1-C3) left mandible with p2-m3;
(C4) details of p2-m3. (Al, B1, C1) Buccal views; (B2, C2) lingual views; (A2, B3,
C3, C4) occlusal views; (B4) CT scanning images in front of m2; (B5) CT scanning

images in front of m3. Scale bar =5 cm.
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Fig. 7. Postcranial bones other than metapodials of E. boulei from SSMZ. (A1, A2)
IVPP V 25966.25, right scapula. (B) IVPP V 25966.26 + IVPP V 25966.27,
articulated right humerus and radius as well as ulna. (C1-C4) IVPP V 25966.27, right
radius-ulna. (D1-D3) IVPP V 25966.26, distal part of right humerus. (E1-E3) IVPP V
25966.36, distal part of right tibia. (F1-F4) IVPP V 25966.46, left calcaneum. (G1, G2)
IVPP V 25966.40, right astragalus. (H1, H2) IVPP V 25966.42, left naviculo-cuboid
(centrotarsale). (Al, C2, F1) Lateral views; (A2, C4, D3, E3, H2) distal views; (B, C3,
F2) medial views; (C1, D1, E2, F3, G1) anterior views; (D2, E1, F4, G2) posterior
views; (H1) proximal view. Scale bar = 10 cm; (C4, E3, G1, G2, H1, H2) are
englarged by two times.
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Fig. 8. Metapodials of E. boulei from SSMZ (A-E), compared with that of fossil C.
nippon from Tianyuandong (F). (A1-A4) IVPP V 25966.28, left Mc 1l1+4. (B1-B4)
IVPP V 25966.39, left Mc I11+4. (C1, C2) IVPP V 25966.44, left Mt I11+1V. (D1-D3)
IVPP V 25966.45, right Mt I1I+1V. (E1-E3) IVPP V 25966.29, left Mt Il1+IV. (F)
IVPP V 13729.8, right Mt I11+IV. (Al, B1, C1, D1, E1, F) Anterior views; (A2, A4,
B2, C2, D2, E2) posterior views; (A3, B3, E3) proximal views; (B4, D3) distal views.
Scale bar = 10 cm; (A3, A4, A5, B3, B4, E3) are englarged by two times.
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Fig. 9. Relationships between body weight and metapodial dimensions as well as

lower toothrow length.
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Fig. 10. Temporal distribution of Villafranchian and later cervids in northern
China. All the bars represent the temporal arrangements of each taxon; each
animal’s icon size approximately corresponds with its body weight on the
weight scale at the right. The Neogene fossil records are after Tedford et al.
(1991), Dong (1993) and Qiu et al. (2013).

54



ACCEPTED MANUSCRIPT

Gg‘;'ggic ﬁﬁfn’gg‘;’gg’ﬁ%) Villafranchian and later cervid fossil records in northern China
H¢ I T
ERE
©B0.12 Blake 1)) : ¥
i 1
i 0.42 Emperor : 1 5 &
o) 1 @ S 3
- g g
0.78 € w5 @ -
| e 2 ¢ § 3 g
0.99 . ramillo § @ 2 g @ 2 |Is
o| Mior 8 3§ 8 £3 8 B
() =
§ m=1.19 Cob mount § 3 | / -3 3 © E
_% | '3 123 5 ) =
o
F: = 1.68 Gilsa
w179
l Olduvai
1.95
m 2. 13 Reunion
26
2 g
ile z
S | ® | [Kaena =
T ﬂ 'g’
Mammoth S
3z
o
m

55



