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Abstract

The Early Oligocene is a critical time for global climate changes in the Cenozoic.
This epoch witnessed severe mammalian faunal turnovers known as “Grande
Coupure” in Europe and “Mongolian Remodelling” in Asia. However, insights
about morphological changes in Oligocene mammal lineages have not been ex-
plored in detail. One of the least diversified groups of recent mammals, lago-
morpha, is globally common in the fossil records, especially in Asia. During the
Oligocene, many Eocene archaic lagomorph taxa died out and were replaced
by more advanced forms. New findings from Nei Mongol and re-examination
of the specimens from older collections enabled a revision of a common Asian
lagomorph genus, Ordolagus, which possibly has a close affinity with the Mid-
dle-Late Eocene genus Gobiolagus. In Nei Mongol, we recognized the presence
of Ordolagus during the basal Early Oligocene. Comparisons with coeval and
slightly older lagomorph taxa from Asia and North America show that Ordola-
gus attained some salient tooth morphological characters (i.e., development of
anteroconid on p3, full hypselodonty of cheek teeth, and lingual connection of
trigonid and talonid on p4-m2), which are also the key features of modern lep-
orids. The appearance of those morphologic features in Ordolagus is coeval to
major global or regional climatic changes. Further investigations on Asian early
lagomorphs compared with the study of other small mammals and local cli-
matic factors will be essential to refine the role of lagomorphs as palaeoclimatic
proxies.
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Abstract

The Early Oligocene is a critical time for global climate changes in the Ceno-
zoic. This epoch witnessed severe mammalian faunal turnovers known as the
“Grande Coupure”in Europe and the “Mongolian Remodelling”in Asia. However,
insights about morphological changes in Oligocene mammal lineages have not
been explored in detail. One of the least diversified groups of recent mammals,
lagomorpha, is globally common in the fossil records, especially in Asia. During
the Oligocene, many Eocene archaic lagomorph taxa died out and were replaced
by more advanced forms. New findings from Nei Mongol and re-examination
of the specimens from older collections enabled a revision of a common Asian
lagomorph genus, Ordolagus, which possibly has a close affinity with the Mid-
dle-Late Focene genus Gobiolagus. In Nei Mongol, we recognized the presence
of Ordolagus during the basal Early Oligocene. Comparisons with coeval and
slightly older lagomorph taxa from Asia and North America show that Ordola-
gus attained some salient tooth morphological characters (i.e., development of
anteroconid on p3, full hypselodonty of cheek teeth, and lingual connection of
trigonid and talonid on p4-m2), which are also the key features of modern lep-
orids. The appearance of those morphologic features in Ordolagus is coeval to
major global or regional climatic changes. Further investigations on Asian early
lagomorphs compared with the study of other small mammals and local cli-
matic factors will be essential to refine the role of lagomorphs as palaeoclimatic
proxies.

Key words: Nei Mongol, northern China, Paleogene, Leporidae, taxonomy,
evolutionary trends, convergence patterns, aridity/climate deterioration
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1 Introduction

The Early Oligocene represents a critical and transitional time for global climate
changes, recording the shift from Warm World to Ice World (Zachos et al.,
2001). Evidence of climate deterioration is not recorded globally during the
Oligocene (see Pound and Salzmann, 2017 for a global perspective), however
this epoch witnessed severe mammalian faunal turnovers, such as the “Grande
Coupure” in Europe (Stehlin, 1910; Hooker et al., 2004), and the “Mongolian
Remodelling”in Asia (Meng and McKenna, 1998). In North America, no evident
response was highlighted (Prothero and Heaton, 1996), and in some parts of
South America a “quasi-static” climatic situation apparently characterized the
Eocene and Oligocene (Kohn et al., 2004, 2015).

In Asia, biodiversity changes, possibly responses to climatic changes, were re-
ported and studied in some mammal groups such as Rodentia, Lagomorpha,
and Perissodactyla (Meng and McKenna, 1998; Ge et al., 2013) across the
Eocene/Oligocene boundary. Such efforts are significant: in fact, testing the
morphological changes in different groups is useful to verify the actual interac-
tion between climate change and mammalian evolution.

Lagomorphs (rabbits, hares and pikas) are one of the least diversified group
of recent mammals. Nevertheless, lagomorphs are very diverse and abundant
in the Paleogene record, especially in Asia and in North America. During the
Eocene, in both Asia and North America, early lagomorphs underwent a quite
impressive phase of diversification, followed in the Oligocene by a decrease in the
diversification rate (Dawson, 2008; Li and Zhang, 2019 with references). Stem
lagomorphs and ochotonids are dominant in the Paleogene of Asia.

Nevertheless, a few genera of Asian Paleogene lagomorphs have been referred
to the family Leporidae (Li and Zhang, 2019), though their familial attribution
remains controversial. In fact, other authors consider those taxa as stem member
of Lagomorpha not related to Leporidae (L6pez Martinez, 2008). One of those
taxa is the genus Ordolagus (Burke, 1941; De Muizon, 1977) from the Oligocene
of Nei Mongol (Inner Mongolia), until now a monospecific genus known only
from a few broken jaws (Huang, 1986 with references).
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Extensive surveys performed by ZZQ and his IVPP team in Ulantatal and Saint
Jacques Nei Mongol, northern China (Fig. 1A [Figure 1: see original paper]-
C) produced very abundant lagomorph fossils, and in particular several remains
whose morphological traits appear compatible with the characters of the genus
Ordolagus. The toponym “Saint Jacques” is also known in literature as San
Tao Ho or San Shéng Gong (=#&2). We envisage the use of the oldest toponym,
“Saint Jacques” , to avoid future misunderstandings.

The fossils from Saint Jacques were collected following a strict stratigraphical
protocol, thus for the first time the remains of this early lagomorph could be
related to precise stratigraphic horizons (Fig. 1D). These conditions make the
Ordolagus sample from the Ulantatal and Saint Jacques composite sections ideal
to: 1) start the due revision of the Paleogene Asian taxa referred to the family
Leporidae, 2) explore biochronologically their morpho-dimensional changes and
possible turnovers, and 3) provide the basis for future studies about the possi-
ble relationship between evolutionary and climatic changes using independent
proxies.

Fig. 1 Geographical location of the fossil sites and temporal distribution of
the taxa addressed in this paper relative to the Ulantatal Fm (Nei Mongol,
northern China) A. location of Ulantatal and Saint Jacques; B. detail of location
of Ulantatal and Saint Jacques (Google maps); C. landscape with fossil horizon
Q1 in Saint Jacques; D. estimated chronological distribution of Ordolagus from
Ulantatal and Saint Jacques (see Appendix I for details about the horizons and
sections and their age estimation); the shaded area represents the chronological
distribution of the genus Ordolagus basing on materials not yet studied in detail
(ZZQ, IVPP); palacomagnetic data from Wasiljeff et al. (2020); climatic data
(blue arrows) from Sun and Windley (2015), Hauptvogel et al. (2017), Richoz
et al. (2017), Ao et al. (2020) with references

2 Geological and Stratigraphical Setting

The studied materials come from Ulantatal and Saint Jacques, both located in
the western part of Nei Mongol, China. Ulantatal is situated around 40 km NW
from Bayanhot.

Originally, Ulantatal was excavated by workers of the Ningxia Geological Sur-
vey in 1977, and surveyed by an IVPP team the following year (Huang, 1982).
Eventually, a Chinese-German team returned to the area and performed a
more extensive geological and palaeontological survey, obtaining abundant small
mammal fossil remains by using screen-washing techniques (Vianey-Liaud et al.,
2006). These investigations generated more precise information about the geo-
logical context of the area, leading to define three stratigraphical units: Ulan I,
Ulan IT and Ulan ITI (cfr. Wasiljeff et al., 2020 for correlations with more recent
literature).

Zhang et al. (2016) presented a comprehensive profile of the sequence, which
attained a thickness of over 100 m. The Ulantatal Formation lies unconformably
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on the brick red beds of the Eocene Chaganbulage Formation. The Ulantatal
Formation is unconformably overlain by the Wuertu Formation, possibly of
Miocene age. Based on palacomagnetic data and on the constraints of fau-
nal correlations, the time span in which the Ulantatal Formation accumulated
is estimated between ~35 and 27 Ma (Wasiljeff et al., 2020; see also Appendix
I).

The locality Saint Jacques, located NE of Ordos, was discovered by P. Teilhard
de Chardin and E. Licent in 1923 (Teilhard de Chardin, 1926). In 1978-1979,
Wang Banyue and her colleagues from IVPP made further exploration in this
area (Wang, 1997; Qiu and Wang, 2006). Since 2011, ZZQ and his team have
been performing field work in the area, finding very rich fossil localities ranging
from the Late Eocene to the latest Oligocene (Wang and Zhang, 2015; Bai
et al., 2018). Unlike the Ulantatal area, in the Saint Jacques area tectonic
movements were active, resulting in many faults that prevent direct stratigraphic
correlations between different outcrops. The stratigraphic and biochronologic
studies in this area are still ongoing.

The fossils described in this paper have been mainly collected from the lower
levels.

3 Material and Methods

The analysed material consists of teeth, lower and upper jaws referred to the
genus Ordolagus curated at the IVPP and collected in Nei Mongol during several
excavation campaigns by IVPP teams. The only exception is the holotype of
Ordolagus teilhardi, collected in Mongolia and curated at the AMNH.

Observations of the fossil remains were made using an Olympus SZX7 binocular
microscope. Measurements were performed on camera lucida drawings obtained
using the same microscope. For measurements and dental nomenclature, we
follow Lépez Martinez et al. (2007).

Multifocus photos were taken using a Nikon D850 camera and the software
Helicon Focus.

Morphological and dimensional comparisons were made with the following North
American genera regarded in literature as leporids, whose temporal range cov-
ered at least the Late Eocene-Early Oligocene (* comparisons based on original
material; + based on selected references): *+Palaeolagus spp.: late Middle
Eocene-Early Oligocene (collection of Prof. W. von Koenigswald; Wood, 1940;
Green, 1942; Emry and Gawne, 1986; Fostowicz-Frelick and Tabrum, 2009;
Fostowicz-Frelik, 2013); +Chadrolagus: Late Eocene (Gawne, 1978; Tabrum
and Fostowicz-Frelik, 2008; Fostowicz-Frelik, 2013); +Litolagus: latest Eocene-
earliest Oligocene (Dawson, 1958; Fostowicz-Frelik, 2013); +Limitolagus: latest
Eocene (Fostowicz-Frelik, 2013).

We also made a cross-check with Middle-Late Eocene lagomorph genera reported
from northern China: +Gobiolagus: Middle-Late Eocene (IVPP collections;
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Zhang et al., 2001; Meng et al., 2005; Fostowicz-Frelick et al., 2012; Li and
Zhang, 2019); +Shamolagus: Middle Eocene (IVPP collections; Meng et al.,
2005; Li and Zhang, 2019); +Strenulagus: Middle Eocene (Meng et al., 2005;
Lopatin and Averianov 2006; Fostowicz-Frelick et al., 2015; Li and Zhang, 2019);
+Lushilagus: Middle Eocene (Li, 1965; Tong and Lei, 1987; Meng et al., 2005);
+Erenlagus: early Middle Eocene (Fostowicz-Frelik and Li, 2014).

Following Head et al. (2017), the first letter of subepochs is always capitalized.

Abbreviations: SSG, catalogue number of new fossils from Saint Jacques;
UTT_ {1986}, refers to fossil lagomorphs from Ulantatal studied by Huang
(1986); WLT'T, catalogue number of new fossils from Ulantatal. AMNH, Ameri-
can Museum of Natural History, New York; IVPP, Institute of Vertebrate Pale-
ontology and Paleonthropology, Chinese Academy of Sciences, Beijing; MNHN,
Muséum National d° Histoire Naturelle, Paris. L, antero-posterior length; max,
maximum value; min, minimum value; mean, mean value; N, number of indi-
viduals; W, width; Wtal, talonid width. MDC, morpho-dimensional cluster.

4 Systematic Palaeontology

Order Lagomorpha Brandt, 1855
?Family Leporidae Fischer de Waldheim, 1817
Genus Ordolagus De Muizon, 1977

1977 Ordolagus nov. gen. De Muizon, p. 266-271; p. 268, fig. 1;
p. 270, fig. 2a

Emended diagnosis: Medium-sized, hypsodont teeth. Hypselodonty may not
be fully attained by all the teeth at the same time (m3 and M2 being the last
ones with roots). P2 has two anterior flexa (the labial one shallower, the lingual
one deeper). The p3 with one deep and oblique labial flexid, and anteriorly
curved hypoconid. Trigonids and talonids of lower molariforms are lingually
connected by a dentine bridge plus an enamel strip departing from the trigonid
and covering part of the talonid. The length and width increase from p4 to m2.
M3 and m3 present.

Taxonomic history of the genus Ordolagus: Ordolagus has a quite long
and peculiar taxonomic history. Up to now it was known as a monospecific
genus erected by De Muizon in 1977. Ordolagus teilhardi was originally de-
scribed as Gobiolagus (?) teilhardi by Burke (1941), who based the holotype
on a jaw fragment collected by the AMNH Central Asiatic Expedition (1922)
in the “Hsanda Gol Red Beds (Upper Oligocene, Mongolia), ten miles west of
Loh” (Burke, 1941). A photo of the holotype is available in Figs. 2B, 3B1-B2.
Teilhard de Chardin (1926) described some large sized lagomorphs (= “Duplici-
dentata” ) from Saint Jacques whose age was attributed to the Late Oligocene,
stating that they deserved the status of a new genus, but refrained from erecting
a new taxon. The three fragments described by Teilhard de Chardin (1926:26,
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fig. 14A-C) consist of two upper teeth and one lower jaw fragment and were sup-
posed to pertain to the same taxon. However, Burke (1941) sensibly decided to
include in the new taxon Gobiolagus (?) teilhardi only the jaw (left jaw with p3-
m3 curated at MNHN, without formal inventory number; Teilhard de Chardin,
1926:26, fig. 14C). We agree with his decision not to include in Gobiolagus (?)
teilhardi the upper teeth figured by Teilhard de Chardin (1926:26, fig. 14A, B),
as they pertain to unrooted, advanced ochotonids (see also Erbajeva and Sen,
1988). De Muizon (1977) gave to the jaw described by Teilhard de Chardin
(1926) the status of paratype. However, that specimen does not come from the
same fossil locality of the holotype, and probably does not even have the same
age. In spite of the careful restoration of the specimen performed by Janvier
in 1968, which, as remarked by De Muizon (1977) and Huang (1986), allowed
a much better observation of salient features, the specimen appears damaged
in taxonomically very important parts including the p3 hypoconid and the lin-
gual part of lower molariforms. We regret to remark that the drawings of the
specimen provided in the above cited literature are not trustworthy, as they do
not take into account the fractures which bias the occlusal surface outline of the
specimen (see Fig. 2J for comparison).

Thus, we decided not to include in the present revision Teilhard de Chardin’ s
“Duplicidentata” (1926:26, fig. 14).

The presence of ?Gobiolagus teilhardi in Tatal Gol (Mongolia) is reported in a
faunal list (Mellet, 1968:6, table 1 ; ibid.:10) with no further remarks. Their
assignment to O. teilhardi is not possible before a revision of the material.

The reports of Ordolagus sp. and Ordolagus cf. O. teilhardi from the Early
and Late Oligocene of the Valley of Lakes lack detailed description and pictures
(Erbajeva 2007; Erbajeva and Daxner-Hock, 2001, 2014; Daxner-Hock et al.,
2017; the sole available picture can be found in Erbajeva and Daxner-Hock,
2014:221, fig. 1). Those materials are currently under study, and thus we did
not include those reports in the synonymy of the genus Ordolagus.

Thus, it appears that since its first report Ordolagus was correctly recognized
as a distinct taxon, in spite of being represented by a sole, badly preserved frag-
ment. We agree with De Muizon (1977) for its generic differentiation from other
Asian Paleogene lagomorphs. What is more difficult is to assess its suprageneric
assignment, and consequently its phylogenetic affinities.

Foreword to the specific description: Part of the new materials here an-
alyzed pertain to Ordolagus teilhardi, but the rest of the materials, though
sharing some similarities with O. teilhardi, clearly are morphologically and di-
mensionally different. Per se, such different morphological categories may well
represent new species. However, the currently available material mainly consists
of isolated teeth or jaws, and for the moment the match between upper and lower
teeth of a same species can not be assessed with certainty. Erroneous coupling
of upper and lower jaws of Amphilagus and Piezodus (see Lopez Martinez and
Thaler, 1975:851) led to a taxonomic mayhem not completely resolved at the
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present day. An analogous accident occurred involving the genera Marcuino-
mys and Titanomys (Lopez Martinez, 1989:107 with references). Waiting for
the processing of newly excavated materials consisting of entire skulls+jaws
(ZZQ, excavations 2017-2018), we refrain here from erecting new taxa based on
lower or upper series only.

Nevertheless, in order to share with the scientific community our preliminary re-
sults, but at the same time avoid possible taxonomic confusion, we describe here
the morphological categories we observed on lower jaws and teeth. Such taxo-
nomic entities are morpho-dimensional clusters (MDC) which will be referred
to as Ordolagus MDC__1 and Ordolagus MDC__ 2. We can not herein provide
diagnoses of the described MDC, of course, but we provide a description of their
most significant characters in the “Salient characters” sections.

There is an exception to the above illustrated situation. The coupling of upper
and lower tooth rows was possible for Ordolagus teilhardi, as some upper and
lower tooth rows (though not in anatomical connection), were recovered from
the same spot in the sediment with no other associated fossil lagomorphs. With
the utmost confidence, it can be affirmed that the jaws pertain to the same indi-
vidual. The discovery of upper and lower jaws referrable to O. teilhardi allowed
to refine the diagnosis of the genus and to add more details to characterization
of the species, which until now were based on the holotype only (an incomplete
lower jaw).

Ordolagus teilhardi (Burke, 1941) (Figs. 2B-1, 3B1-2, 3C1-2, 3D-E,
4A-J; Measures in Table 1 and Figs. 5, 6)

1977 Ordolagus teilhardi De Muizon, p. 266-268 (partim); p. 268,
fig. 1d

Holotype: Left lower jaw with p3-m1, AMNH 20236.
Type locality: Hsanda Gol Red Beds, Mongolia.

Additional material: 1 left upper jaw with P3-M3 (IVPP V 26013.3), 1
right upper jaw with P2-M3 (V 26012.3), 3 left lower jaws with p3-m2 (V
26013.1, V 26012.2, V 26075.1), 1 right lower jaw with p3-m3 (V 26012.1), 1
right lower jaw with p3, p4, m2-m3 (V 26013.2), 2 right lower jaws with p3-m2
(V 26014, V 26017), 3 left p3 (V 26015.1, V 26075.2, V 26075.5), 1 left p4 (V
26015.2), 1 left m1 (V 26015.3); 2 right p3 (V 26075.3, V 26075.4). See Table
1 for measurements and Appendix I for detailed references about localities and
horizons.

Occurrence: SSG, WLTT_{main} section (cfr. Zhang et al., 2016).

Age: Latest Eocene/earliest Oligocene to Early Oligocene (SSG and WLTT).
The holotype was originally referred to the Late Oligocene (De Muizon, 1977).
Kraatz and Giesler (2010) correlated the Red Beds in the Loh area to the Early
Oligocene.
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Description: All teeth are hypsodont. Hypselodonty may not be attained by
all the teeth at the same time.

Lower jaw: the mandibular body is robust. The distal end of i1 reaches the
trigonid of m2 (see holotype, Fig. 3B2). The diastema is long, curved in lateral
view, with a medium-sized, oval foramen at half of its length (Fig. 3C2). When
the anterior part of the lower jaw is preserved or visible (e.g., IVPP V 26012.1;
Fig. 3C2), several small foramina can be observed in the area under p3. The
presence of a posterior mental foramen between p3 and p4 in the holotype
is mentioned in Burke (1941:12), though not drawn in the illustration (Burke,
1941:12, fig. 6 [Figure 6: see original paper]). According to our observations, the
specimen is so heavily damaged that no certain statement can be done regarding
the presence of the mental foramen in the jaw (Fig. 3B1).

The p3: the specimens are small compared to those pertaining to Ordolagus
MDC_ 2 and their L range overlaps with that of Ordolagus MDC_1 (Fig. 4
[Figure 4: see original paper]). They are rootless. However, in the case of V
26013.1 (a fully adult specimen) and V 26017 (a juvenile), there is evidence of a
“recent” loss of the root. In fact, in lateral view, the p3 shaft shows a slight but
clear narrowing towards the radical side (V 26017 is depicted in Fig. 4G2), and
different colour and texture at the radical tip of the tooth; there is no actual
root, but the bottom side of the tooth, though open, is separated from the
internal part of the tooth shaft by a diaphragm. In both posterior and lateral
view the shaft of p3 appears straight. In the occlusal side, p3 has only one
labial flexid completely filled with cement, lying between trigonid and talonid
(hypoflexid). The hypoflexid is straight all along its length, at an oblique angle
to the tooth antero-posterior axis, and enters the tooth for about half of its
width. The hypoconid is robust, quite long, strongly bent anteriorly tending to
“curl” around the trigonid. In the juvenile specimen V 26017 the hypoconid is
still relatively undeveloped, but it is possible to observe how it grows anteriorly
during the ontogeny. The antero-lingual side of the trigonid enamel is bent
by a very shallow undulation. In one juvenile specimen (V 26017; Figs. 2G,
4G1) instead of the antero-lingual undulation, there is a small notch filled with
cement that disappears along the shaft. The tooth enamel appears very thick
in the labial edge of the trigonid and of the hypoconid, thinner anteriorly and
posteriorly, very thin in the lingual part of the hypoconid. A enamel hiatus
of variable extent is present in the postero-lingual part of the talonid, except
for the juvenile specimen V 26017. A shear facet divides the talonid in two.
During ontogeny, the size of p3 increases greatly with respect to other teeth
(cfr. juvenile lower tooth row V 26017 vs. adult series; Fig. 4G1 vs. Figs. 4A-
F, 47).

The p4-m2: p4-ml are rootless. One p4 (V 26013.2), though rootless, has
the shaft bent and narrower in correspondence of the radical side. In the same
mandible (V 26013.2), also the p3 bear the traits of the loss of the root in recent
phylogenetic times (see above) and the m2 seems to retain the roots (a character
not directly observable, though, as the tooth is anchored in the mandible). The
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juvenile jaw V 26017 has a m2 with narrowed shaft in radical side and a kind of
radical vestigia in the radical tip (Fig. 4G3). A dentine bridge and an enamel
strip connect trigonids and talonids of p4-m2 on the lingual side. The dentine
bridge in p4 is often wider than in other molariforms (cfr. Figs. 4A-B). On
the outer side of the dentine bridge there is a thick enamel strip which covers
lingually the trigonid and the talonid. As far as we can observe, the dentine
bridge is present in the two lower molariforms (p4-m1) preserved in the holotype.
The trigonid has a large enamel hiatus in its anterior side. The extension of
the enamel hiatus is variable in the talonid postero-lingual edge. The trigonid
enamel curves distally at half its width, forming a tip; such tip is more evident
in p4 than in m1 and m2.

The enamel tip causes a bending in the hypoflexid, whose overall shape appears
as a very open “V” . The hypoflexid is narrow and not lingually widened. In
occlusal view, the trigonid of p4 reminds, though less accentuated, the “pear-
shaped” appearance of the p4 trigonid of Gobiolagus burkei (Meng et al., 2005);
indeed, a pear-shaped p4 is observable also in G. tolmachovi (cfr. Fig. 2A); in
p4 the trigonid is antero-posteriorly flattened, the anterior side is straight (or
very slightly concave, in order to adjust to the posterior edge of p3), the labial
edge is rounded. The trigonid of m1 and m2 has the same features as that of p4,
except for a more acute labial side. In p4 the talonid is very flattened antero-
posteriorly, whereas in m1 and m2 the talonid progressively becomes longer and
more angular-shaped. Length increases from p4 to m2. The relative L increase
can be estimated in ~20%-30% from p4 to m1, and in ~7%-10% from m1 to m2.
Also the occlusal surface width relative to the trigonid (= W) increases from p4
to m2 (~10%-20% from p4 to ml, and ~0-5% from m1 to m2 (Fig. 6; Table 1).
Shear facets are seldom visible in the talonids of some specimens.

The m3: in the specimen V 26013.2 (Figs. 2F, 4E) a root is retained, whereas
other specimens are rootless. The trigonid is larger than the talonid. The m3
of the specimen V 26012.1 (Figs. 2I, 4A) has enamel hiatuses and hypoflexid as
p4-m2; and trigonid and talonid are connected labially by means of a lingual
enamel strip. In V 26013.2 (Figs. 2F, 4E) the two lobes are separated, but on
the lateral side it is possible to observe how, just below the occlusal surface,
they become connected.

Upper jaw: the palatine process of the maxilla is occupied by a deep depression
(V 26012.3; Fig. 3E); the suture between the palatine process of maxilla and
palatine is gently curved, and lies at the level of P4; the palatine bears three
foramina in its anterior portion. The tooth row is straight, parallel to the antero-
posterior axis from P4 to M2, then bends sharply at the level of P3/P4. The
anterior side of the maxillary process external to P2-P3 is wide and smooth
(not perforated). The masseteric spine of the zygomatic process of the maxilla
lies at the level of P4, and it does not widen much laterally. In lateral view, the
masseteric spine appears elevated with respect to the tooth row.

P2: the sole available specimen (V 26012.3; Fig. 3E) is quite small with respect
to P3-M2. Its shaft is curved in lateral view. It is oval shaped and anteriorly
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indented by two flexa. Both flexa are oblique (labially directed). The lingual
flexus is deeper than the labial one, reaching almost 1/2 of L, and is filled with
cement. The labial flexus has no cement and gets shallower with wear.

P3-M2: the upper molariforms are hypselodont except for the M2 in V 26013.3
(Fig. 3D), which retains traces of a root. The remnant of the root visible in
occlusal side is transformed to an additional labial element of the tooth running
all along the shaft. In lateral view, the tooth shafts are curved. In occlusal
view, the overall shape of the teeth appears very flattened antero-posteriorly.
In general, upper molariforms have a concave appearance in lateral view. The
labial edge of upper molariforms lies on a lower plane than the rest of the occlusal
surface. Their labial edge is wide and rectangular, whereas the lingual one is
rounded. There is no hypoflexid nor other visible internal structure.

The tooth enamel is thick in the anterior part, gets thicker towards the lingual
part, then becomes extremely thin in the posterior part of the tooth. The tooth
size (W) increases from P3 to P4; there is a slight increase between P4 and M1,
then a decrease to M2.

M3: this tooth is quite small relatively to other molariforms (see Fig. 3E); its
anterior edge is wider than the posterior one. It has the same enamel pattern
of P3-M2.

Taxonomic remarks: The characters of the new materials of lower jaws and
teeth listed above match the holotype of O. teilhardi: small size, p3 lingually and
anteriorly rounded, no anteroconid, one lingual flexus (hypoflexid), hypoconid
anteriorly curled to reach half of the tooth length, and trigonids and talonids of
lower molariforms connected lingually by both a dentine and an enamel bridge.
Our observations of the holotype confirms that it does not lack a dentine bridge
on (some) lower molariforms as appears in the drawings in Burke (1941:12, fig. 6)
and De Muizon (1977:268, fig. 1d).

There is not much morphological variability among the available teeth, however
it is possible to identify an early stage in the evolution of the species represented
by specimens with rooted m3 and M2.

We did not include in O. teilhardi the lower jaw considered as the paratype
of O. teilhardi by De Muizon (1977, i.e., the specimen described by Teilhard
de Chardin in 1926), as the teeth, and in particular the p3, are broken in
diagnostic parts, preventing accurate statements about the taxonomic status of
this specimen.

It is also worth mentioning that the morphology of the lower jaw material for-
merly attributed to O. teilhardi by Huang (1986), is not compatible with this
species.

The teeth of Ordolagus teilhardi profoundly differ from those of Middle Eocene-
Early Oligocene North American taxa usually listed in literature as Leporidae
(see section 5.1).
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Family Leporidae is characterized by a number of cranio-skeletal characters
compiled by Bohlin (1942:41) based on his personal observations and on data
gathered from Major (1899), Lyon (1904), and Wood (1940). The list of the
characterizing features of leporids has recently been updated by Dawson (2008).
Thus, a check of the cranio-skeletal material is needed for a confident attribution
of Ordolagus to the family Leporidae. At the present state of the art, we herein
follow older literature on the subject, and temporarily list Ordolagus as a leporid,
“faute de mieux” (see Sen, 2003:164, for a similar case).

Ordolagus MDC__1 (Fig. 4K-M, 7A-C; Measures in Table 1 and Figs.
5, 6)

1986 Ordolagus teilhardi De Muizon; Huang, p. 275 (partim); p. 275,
fig. 1; p. 277, tables 1-2; pp. 282-283 (partim); pl. 1C

Material: 1 left lower jaw with p3-m2 (IVPP V 6268.13), 1 left lower jaw with
p3-p4(-m1) (V 26018.2), 1 right lower jaw with p3-p4 (V 26018.1), 1 left p3 (V
26019.1), 2 left p4 (V 26019.2, V 26019.3). See Table 1 for measurements and
Appendix I for detailed references about localities and horizons.

Occurrence: UTT_ {1986}, SSG (new material from locality SZT2,
WLTT_ {main} section), Nei Mongol.
Age: Early Oligocene.

Salient characters: Medium-sized p3, with shaft curved in lateral view and
straight in posterior view; oblique anteroconid, marked lingually by a lingual
anterior flexid; hypoconid small, anteriorly bent.

Description: All teeth are hypselodont.

Lower jaw: the specimens are heavily damaged. In lateral view, a small,
rounded foramen lying between p3 and p4 can be observed in the labial side of
one specimen (V 6268.13; Fig. 7TA [Figure 7: see original paper]2); a few smaller
foramina lie under p3. In the same specimen, in lingual view, the incisor socket
reaches the talonid of m1.

The p3: this tooth is relatively small-sized compared to the same tooth of
Ordolagus MDC__ 2, and its L range overlaps with the upper part of O. teilhardi
(Fig. 5). The tooth shaft is curved in lateral view (Fig. 4L2) and straight in
posterior view. The hypoflexid is straight and filled with cement. The hypoconid
is not robust, short, tending to curl anteriorly, but reaching only the distal part
of the protoconid. The trigonid is very large (~75% of L). An anteroconid,
marked by a lingual notch (except in V 6268.13, which has no notch; Fig. 4K),
develops on the trigonid; the axis of the anteroconid is latero-lingually bent.
The lingual notch may be partly filled with a very little cement (V 26018.1; Fig.
4M) or, as in the case of V 26019.1 (Fig. 4L1), it becomes filled with a little
cement at a quite lower level under the occlusal surface. A shear facet crosses
the talonid. The enamel is variable in thickness, following the pattern of O.
teilhardi.
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The p4-m2: rootless teeth, with trigonids and talonids lingually connected by
a dentine bridge plus an external enamel bridge. The lingual enamel bridge com-
pletely covers the trigonid and the anterior part of the talonid. An extremely
extended enamel hiatus is present on the anterior part of the trigonid. The p4
is very flattened antero-posteriorly, and the trigonid length and width slightly
larger than the talonid. The hypoflexid is almost straight, in spite of the poste-
rior enamel band of the trigonid bending in the middle and forming a posterior
tip. Such tip is more evident in p4, less in m1, and absent in m2.

Taxonomic remarks: Ordolagus MDC__1 has been recovered in WLTT _{SZT2},
WLTT, and UTT_ {1986}. Part of the material formerly attributed by Huang
(1986) to O. teilhardi (here indicated as UTT {1986}) pertains instead to
Ordolagus MDC__1. Compared to O. teilhardi, this morpho-dimensional cluster
has a feebler hypoconid, which curls around the trigonid to a much lesser extent.
Another difference is the presence in Ordolagus MDC__1 of an anteroconid on

p3.

Ordolagus MDC_ 2 (Figs. 4N-V, 7D-H; Measures in Table 1 and
Figs. 5, 6)

1986 Ordolagus teilhardi, Huang, p. 275 (partim); p. 277, tables 1-2;
pp. 282-283 (partim); pl. 1A, B, F

Material: 2 left lower jaw with p3-m1 (IVPP V 26020, V 26022.1), 1 left lower
jaw with p3-m1 and trigonid of m2 (V 26016), 1 right lower jaw with p3-m2 (V
6268.2), 1 right lower jaw with p3-m2 (V 6268.1), 1 right lower jaw with p3-p4
(V 6268.6), 1 left p3 (V 26023.1), 3 right p3 (V 26021.1, V 26021.2, V 26024.1), 1
right p4 (V 26021.3), 1 left m1 (V 26023.2), 2 right m2 (V 26021.4, V 26023.3),
1 left lower molariform (V 26023.5), 1 right lower molariform (V 26023.4), 1
right dp3 (V 26022.2), 1 left dp4 (V 26022.3). See Table 1 for measurements
and Appendix I for detailed references about localities and horizons.

Occurrence: UTT_ {1986}, SZT2, WLTT, WLT2, SSG_ {A4}, Nei Mongol.
Age: Early Oligocene (SZT2, WLTT, WLT2, SSG__ {A4}). The mixed material
UTT_ {1986} (Huang, 1986) does not provide any additional age indication.

Salient characters: The p3 size larger than in O. teilhardi and Ordolagus
MDC__1, quadrangular-shaped, with tooth shaft straight in both lateral and
posterior views; large, straight anteroconid; long, horizontal hypoconid.

Description: All teeth are hypselodont.

Lower jaw: the incisor socket posteriorly stretches under the trigonid of m1l
(Fig. 7D3); one small, round foramen is situated anteriorly to p3, next to the
posterior edge of the diastema; another roundish, much larger mental foramen
lies in a lower position, under p3/p4; between the two main foramina there is a
highly fenestrated area (visible in Figs. 7D2, 7TE2).

The dp3: this tooth has two robust roots. The occlusal surface consists of
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two lobes connected by a very wide central isthmus (Fig. 4N): the anterior lobe
(trigonid) is large and trapezoidal, and the posterior one (talonid) is smaller and
flattened. The talonid is lingually less protruding, but labially more protruding
than the talonid. The hypoconid is oriented perpendicularly to the antero-
posterior axis of the tooth. There are two lateral flexids, both of them filled
with cement, of which the mesoflexid is the shortest.

The dp4: also this tooth has two roots. The occlusal structure is similar to
that of permanent teeth, as the trigonid is connected to the talonid by means
of a dentine bridge + enamel strip (Fig. 40). The hypoflexid, which separates
trigonid and talonid, extends quite deeply into the tooth.

The p3: it is a large-sized tooth compared to those of the other two taxa ad-
dressed here (Fig. 5). The tooth shaft is straight in lateral (Fig. 4Q2) and
posterior view. The trigonid represents ~75% of the tooth length. The hy-
poflexid is straight, filled with cement. The hypoconid is thin and elongated
transversally, not curled anteriorly, making the talonid quite more labially pro-
trudent than the trigonid. An anteroconid, slightly shifted towards the labial
side and with a straight antero-posterior axis, develops on the trigonid. The
contact between trigonid and anteroconid is lingually delimited by a concavity
of the enamel whose shape and depth vary from a shallow undulation to a deep
notch sometimes filled with cement; another concavity of the enamel is visible in
the lingual part of the contact trigonid-talonid, especially in the juvenile speci-
men (V 6268.6) (Fig. 7H). Both inflexions persist all along the tooth shaft. The
enamel is variable in thickness following the pattern of O. teilhardi. A shear
facet cuts transversally the talonid, and its intersection with the external border
of the tooth is in correspondence of the enamel thinning/end on the labial and
lingual sides. An additional shear facet is present between the trigonid and the
anteroconid.

The p4-m2: in these teeth the hypoflexid is very deep and narrow. In all the
molariforms the trigonid is wider than the talonid. In p4 the occlusal outline
of the trigonid varies from similar to the pear-shaped p4 of Gobiolagus (e.g., V
6268.1, see Fig. 4Q1; V 6268.2; V 26021.3) to a more labially acute and flattened
shape (e.g., V 26022.1, see Fig. 4V); the trigonid has a very extended enamel
hiatus on its anterior side; on the trigonid posterior side there is a posterior tip in
the contour of the enamel, which is more evident in p4 than in other molariforms.
The talonid shifts from small and flattened in p4 to larger and with a roughly
triangular shape in m2. The p4 of Ordolagus MDC_ 2 appears more flattened
and proportionally much wider than in O. teilhardi and Ordolagus MDC__1 (cfr.
respectively Figs. 4Q1, 4A-F, 4M). A shear facet is visible on the talonid of
p4. The relative proportions of p4-m2 are quite constant: length increases from
p4 to m2 (~20% from p4 to ml, and ~10% from ml to m2), and also width
increases from p4 to m2 (~10% from p4 to m1, and ~5% from m1l to m2) (see
Fig. 6 and Table 1).

Taxonomic remarks: The main differences between the morphological cluster
here addressed as Ordolagus MDC__2 and the other two taxonomic entities here

chinarxiv.org/items/chinaxiv-202104.00006 Machine Translation


https://chinarxiv.org/items/chinaxiv-202104.00006

ChinaRxiv [$X]

analyzed (i.e., Ordolagus MDC_1 and O. teilhardi) are: larger size, different
shape and orientation of the hypoconid/hypoflexid complex (less robust and not
anteriorly curled).

Ordolagus MDC_ 2 and Ordolagus MDC 1 share the presence of an ante-
roconid, a feature lacking in Ordolagus teilhardi. However, in Ordolagus
MDC 2 the anteroconid is more robust and its axis is oriented antero-
posteriorly, whereas in the latter the anteroconid is smaller and lingually bent.
The morphological differences between Ordolagus MDC_2 and Ordolagus
MDC_ 1 attest to an independent development of the anteroconid in the two
morphological clusters.

5.1 Phylogenetic Affinities of Ordolagus: A Working Hy-
pothesis

Skulls and postcranials referrable to Ordolagus are not available for study for
the moment, so we provided here preliminary taxonomic considerations based
on teeth and jaws fragments. Such statements are indeed partial, but worth
being discussed in order to assess a preliminary framework and as a complement
to further considerations based on the skulls and postcranials currently under
preparation at IVPP.

As stated in section 4, the different MDCs represent different taxa. On the basis
of our composite sections (Zhang et al., 2016), Ordolagus MDC__1 is geologically
younger than O. teilhardi. Indeed, the tooth morphology of Ordolagus MDC__1
is more advanced than that of O. teilhardi, due to the presence of an anteroconid
on p3, but its size is smaller. Given these premises, it is unlikely that Ordolagus
MDC__1 is the descendant of O. teilhardi. It is instead extremely probable that
they may share a common ancestor.

Ordolagus MCD__2 has a different p3 hypoconid shape/orientation and a wider
p4 than the O. teilhardi than Ordolagus MCD_1. We think that these two
characters are extremely significant for the taxonomy of Asian Paleogene lago-
morphs. Contrary to other characters (e.g., the presence of the anteroconid,
or the size increase; see sections 5.2.1 and 5.2.5), they are less likely to change
under the effect of environmental variations and not prone to convergency. This
means that they are likely to reflect a phylogenetic signal. Thus, it is possible
to affirm that Ordolagus MDC_ 2 should be phylogenetically more distant from
O. teilhardi than Ordolagus MCD__1.

The ancestors of the taxa addressed in this paper shall not be sought in
North American leporids. Several characters indicate instead an affinity to the
Asian genus Gobiolagus: (1) pd<ml<m2; (2) p4 with pear-shaped trigonid
(= widened and rounded in its labial side); (3) enamel connection between
trigonids and talonids; (4) antero-posteriorly flattened trigonids, larger than
the triangular talonids; (5) no hypoconulids; (6) M1 the largest tooth of the
upper jaw.
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Characters 1, 2, 3, 4 were recognized as typical of Gobiolagus also by Meng et
al. (2005). Character 1 is in common with Shamolagus, and it will be worth
verifying if it may be a trait useful for taxonomy at the suprageneric level.
Gobiolagus is a taxon with rooted teeth known in Nei Mongol from the Middle
to Late Eocene (Meng et al., 2005, Li and Zhang, 2019). Our oldest samples of
Ordolagus date back to the latest Eocene of Nei Mongol (O. teilhardi, SSG_ {Q1}
and SSG_{H1}). They have hypsodont teeth, almost all of which attained
hypselodonty.

A close phylogenetic relationship of Ordolagus to Gobiolagus fits with geographi-
cal, chronological and morphological data available at present for the two genera,
and represents an acceptable working hypothesis to be tested in future analyses.

We exclude a direct relationship of Ordolagus with North American leporids.
Their resemblance is only superficial, and is merely due to convergence. Below
is a preliminary, partial list (as mainly based on teeth characters) of features that
distinguish Ordolagus from North American Eocene-Oligocene leporids: (1) a
wider, flattened P2 (L>W); (2) the absence of hypoflexus and internal structures
in upper molariform teeth at any stage of wear; (3) upper molariforms curved
in lateral view, with remains of a vestigial root attached all along the labial
side of the shaft, though not reaching the occlusal side (resulting in a “step”
in the labial side); (4) p3 with one postero-external flexid (hypoflexid) and
no postero-internal flexid in any stage of wear; (5) p3 with straight, postero-
obliquely directed hypoflexid without posterior hook at the lingual end, nor
hypoconid notch; (6) lack of hypoconulid in lower molariforms; (7) trigonids
of lower molariforms with rounded outline, especially p4, which has a peculiar
pear-shaped outline; (8) talonids of lower molariforms flattened, rather bean-
shaped, without antero-labial notch; (9) m3 with extremely deep hypoflexid or
separated trigonid-talonid; (10) L and W of lower molariforms increase from
p4 to m2; (11) M1 is the largest among upper molariforms; (12) presence of a
quadrangular depression of the maxilla occupying part of the incisive foramen.

As to point (5), it is necessary to specify that, according to Dawson (1958), the
p3 of Litolagus has a lingual flexid in addition to the hypoflexid in early onto-
genetic stages, whereas Fostowicz-Frelik (2013) argues that the p3 of Litolagus
has only one flexid, i.e., the postero-external flexid (=hypoflexid) throughout
its ontogenetic development.

5.2.1 Appearance of Anteroconid

The anteroconid is an additional element found on the anterior part of the
p3 trigonid. In European lagomorphs, the anteroconid is acquired in all known
Oligo-Miocene lineages of ochotonids and in several lineages of stem lagomorphs
(some examples in Tobien, 1974, 1975; Lépez Martinez, 1989; Angelone et al.,
2018). In European taxa, the anteroconid develops as a “mushroom” anterior to
the trigonid of p3 (cfr. Paludotona, Lagopsis, “Amphilagus”ulmensis 2 sensu An-
gelone, 2009a), or as an isolated anterior conid (Piezodus-Prolagus). Paleogene
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North American taxa do not possess anteroconids on their p3, whereas Neogene
ones develop an elongated trigonid. Paleogene Asian taxa other than Ordolagus
may possess an anteroconid on p3 (e.g., Shamolagus, juvenile Gobiolagus). The
functional result in all cases is an enlargement of the occlusal surface, and an
improvement of mastication. The anteroconid distinguishes advanced species
within a lineage, and no reversal to the “no-anteroconid condition” is known.

We observe the presence of an anteroconid in the p3 of Ordolagus MDC__1 and
MCD_ 2, i.e., the most recent among the taxa studied herein. In Ordolagus
MCD_ 1 the anteroconid is relatively small and tilted towards the lingual side,
whereas in MCD__ 2 it is variable in size but always straight. The two differ-
ent types of anteroconids developed independently, individuating two different
lineages of Ordolagus.

5.2.2 Trigonid-Talonid Lingual Connection

Among the several morphological features shared by the teeth of most North
American leporids (at least in late ontogenetic stages) and those of Ordolagus,
the trigonid-talonid lingual connection in lower molariforms is the most distinc-
tive. Indeed, the presence of such a character has been the main argument
for the assignment of Ordolagus to Family Leporidae in past literature. This
feature is never attained during normal wear in European ochotonids and stem
lagomorphs. In Ordolagus, the trigonid-talonid lingual connection is attained
by a strip of enamel + dentine, which runs from the trigonid down through the
anterior part of the talonid. This pattern is very different from that of Neogene
leporids, in which the connection consists of a very thin strip of dentine only. In
Paleogene North American leporids, the connection may be lacking in younger
individuals: in particular, in Palaeolagus the connection is attained quite late in
ontogenetic development (CA pers. obs., coll. Prof. W. von Koenigswald). The
way the connection is attained seems to be variable (see Fostowicz-Frelik, 2013:
figs. 8,12, 19, 32), as well as the composition of the connecting “bridge”. Deeper
insight into the genesis, composition and ontogenetic timing of the onset of the
trigonid-talonid connection of Paleogene lagomorphs will surely provide useful
elements for phylogenetic analyses. For the moment, we highlight the common
trend between Asian and North American Paleogene lagomorphs, remarking,
however, that the process of attainment is completely different.

5.2.3 Hypselodonty

The fact that we observed the shift to full hypselodonty in O. teilhardi, the oldest
of the three species addressed here, suggests that hypselodonty was attained
several times in the Ordolagus group. In fact, Ordolagus teilhardi, Ordolagus
MDC_ 1 and Ordolagus MDC_ 2 are closely related as they share a common
ancestor, but are not directly related (see sections 4 and 5.1).

Hypselodonty is extremely common in lagomorphs and attained in different ways
(preliminary observations in Tobien, 1978). Among lagomorphs, hypselodonty
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is recorded for the first time in the Late Eocene by North American lago-
morphs (~36 Ma; data extrapolated from Fostowicz-Frelik, 2013 with references),
whereas we have to wait until Miocene times to find unrooted lagomorphs in
Europe. In Europe, it is possible to observe how hypselodonty is attained pro-
gressively in different lagomorph lineages (e.g., Piezodus—Prolagus and Mar-
cuinomys—Lagopsis; cfr. Tobien, 1975, 1978; Bucher, 1982). During the Early
Miocene (after MN2), unrooted species became predominant and widespread in
Europe, supplanting rooted ones (Lépez Martinez, 1989). The last rooted lago-
morphs went extinct in their refuge areas at the beginning of the Middle Miocene
(Angelone, 2009a, b). In Asia, a “wave”of hypselodonty attainment occurs in the
Middle Miocene (Ochotona), a previous one occurs in the Late Oligocene (Sino-
lagomys, Bohlinotona) (see Erbajeva, 2012 with references), and another one
(possibly the earliest), according to the results obtained in this paper, occurs at
the end of the Eocene. In fact, in some specimens of Ordolagus teilhardi prob-
ably referrable to the latest Eocene (SSG_{Q1}), it is possible to observe the
last step in the shift from rooted to hypselodont teeth. Those specimens have
some teeth which are still rooted (M2 and m3) and others that, though having
an open root, show in lateral view an evident narrowing of the shaft towards the
radical end (p3, p4), evidence of a “recent” attainment of the hypselodont condi-
tion. This evidence also indicates that hypselodonty is not attained at the same
time in all tooth positions. Such an intermediate stage, with some tooth posi-
tions still rooted or approaching hypselodonty coexisting with unrooted teeth,
was never observed before in fossil lagomorphs except in the insular endemic
stem lagomorph Gymnesycolagus gelaberti from the island of Menorca (Mein
and Adrover, 1982). In this taxon, the last teeth to retain a root are p3, p4
and possibly m3 (CA, pers. obs. UCB Lyon). These observations must be
considered with the due caution as not all the tooth positions of G. gelaberti
are available. However, it is clear that the process of hypselodonty attainment
in lagomorphs is a stepwise process. We suspect that the sequence in which the
teeth become hypselodont may have a phylogenetic significance, as well as the
sequences of lobe connections and the sequence of appearance/disappearance of
flexids/fossettes of p4-m2 (see Angelone et al., 2014).

5.2.4 Hypoconulid Disappearance

The hypoconulid is an additional posterior lobe in lower teeth whose presence
denotes a more primitive stage in evolution. The hypoconulid is never present
in lower molariforms of Ordolagus. Gobiolagus also does not seem to bear trace
of a hypoconulid in lower molariforms. Thus, if Ordolagus originated from
the Gobiolagus stock as we hypothesize, the hypoconulid already disappeared
in that lineage since the Middle Eocene. A hypoconulid can be observed in
other Asian Paleogene lagomorphs (Shamolagus, Strenulagus, Desmatolagus),
and it persists in some taxa until the Miocene. In Paleogene North American
leporids, the presence of a hypoconulid is the rule in early stages of wear, but it
is never present in adult specimens. In European taxa, the hypoconulid is lost
in ochotonids in the earliest Miocene (see plates in Lopez Martinez, 1974, 1989).
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In stem lagomorphs, it is retained, though feeble or present only in very early
stages of wear, until their disappearance in the early Middle Miocene (Angelone,
2009a, b). The sequence of hypoconulid disappearance in the different tooth
positions is likely to have a phylogenetic significance (Angelone et al., 2014).

5.2.5 Size Increase

It is a trend observed in almost all lagomorph lineages. It is worth remarking,
though, that such evidence is often based on tooth size. A couple of examples
of a decrease in size through time are known in the evolutionary history of
the European ochotonid Prolagus: (1) in the Pleistocene of Sardinia, the tran-
sition between Prolagus figaro and P. sardus, the two endemic species which
form an anagenetic lineage is characterized by the sudden size decrease of the
p3. Noticeably, such decrease is not concurrent with a decrease in body mass
(Moncunill-Sole¢ et al., 2016). (2) in correspondence of the Middle-Late Miocene
boundary, the fossil sites of the Valles-Penedés (Spain) record the anagenetic
shift P. oeningensis-P. crusafonti. The teeth of P. crusafonti, the species that
marks the onset of the Late Miocene, are smaller than the former, older species
(Lépez Martinez, 1989).

In both cited cases, the size decrease occurs during an environmental “crisis”
We still do not know if the relationship between Ordolagus teilhardi and
Ordolagus MCD_ 1 is anagenetic, however there is a change in the tooth size.

5.3 Biochronologic Significance of Ordolagus

The type specimen of Ordolagus teilhardi was recovered from the Red Beds of
Hsanda Gol, assigned to the Late Oligocene by Burke (1941) and De Muizon
(1977). Later, Huang (1986) considered the specimens he attributed to O. teil-
hardi collected in Ulantatal as Middle Oligocene. However, on the basis of the
analyses performed in this paper, Huang’s (1986) specimens do not pertain to O.
teilhardi. Basing on the updated division of the Asian Oligocene (Wang, 1997),
and the palacomagnetic dating by Kraatz and Giesler (2010), the Hsanda Gol
red bed falls in the Early Oligocene interval, though without precise dating of
the type locality of O. teilhardi. Recent extensive exploration in the Oligocene
of the Valley of Lakes (Mongolia) has produced abundant fossils (Daxner-Hock
et al., 2017 with references). Among them, the faunal lists report Ordolagus
cf. O. teilhardi and/or Ordolagus sp. In a previous paper, Erbajeva and Daxner
Hock (2014) had described a few fossils from the Valley of Lakes “letter zones”
A to C or C1 as Ordolagus cf. O. teilhardi. Their most recent and detailed
biostratigraphic classification and 40Ar/39Ar dating of the basalts indicate a
time interval of ~33-28 Ma (Early Oligocene) for the fossils included in “letter
zone” A and B (Daxner-Hock et al., 2017), and a time interval of ~28-24 Ma
(Late Oligocene) for “letter zone” C to C1 (ibid.).

The fossils here referred to Ordolagus teilhardi have been recovered from the
lower levels of Saint Jacques and from the lower part of the WLTT main section.
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Thus, in Nei Mongol, compared to the Valley of Lakes, O. teilhardi is exclusive
from the Early Oligocene. With the upcoming palacomagnetic results (Wasiljeff
et al., 2020), we should have a better constrained time interval for Ordolagus
teilhardi (Appendix I).

Ordolagus MDC__ 1 and Ordolagus MDC_ 2 show a more advanced morphology
compared to O. teilhardi. Both morpho-dimensional clusters appear approxi-
mately in the same stratigraphic levels, slightly later than those in which is
recorded Ordolagus teilhardi (Fig. 1D; Appendix I).

5.4 Climate, Faunal Dynamics and Early Lagomorphs: Food for
Thought Based on Ordolagus

Ordolagus is an endemic genus of central Asia, originated from another Asian
endemic taxon (Gobiolagus). The oldest available remains of Ordolagus, from
the latest Eocene/earliest Oligocene of Nei Mongol, still bear the trace of rooted
teeth (see in section 4 the Emended Diagnosis of the genus). We do not know
at present if the loss of roots occurs in a relatively short geological time. It can
be affirmed, though, that the specimens of O. teilhardi found in the lower levels
of the SSG and WLTT composite sections represent the transitional or earliest
stage of hypselodonty attainment and the turning point in the evolutionary
process that led from Gobiolagus to Ordolagus.

Particular attention must be paid when relating hypsodonty /hypselodonty with
climate. Actually, the equation “hypsodonty = arid conditions” , as well as the
more radical statement “hypselodonty = more arid conditions” are often applied
in literature with no additional discussion. Though there is not a direct, biuni-
vocal correspondence between hypselodonty and climate (Fortelius et al., 2002),
it is interesting to notice that the oldest reports of Ordolagus in Nei Mongol
studied in this paper (SSG_{H1} and SSG_{Q1}, the latest Eocene/earliest
Oligocene), which record the transition to hypselodonty, are coeval with a cli-
mate shift towards arid conditions, attested by loess accumulation in Mongolia
(~34 Ma, Sun and Windley, 2015). This climatic shift recorded in Central Asia
at the Eocene-Oligocene boundary is the local effect of the moderate global
cooling occurred at ~34.1-33.9 Ma (top of Chron C13r) (see Ao et al., 2020
with references). Such cooling represents the first stage of the transition to the
Cenozoic icehouse and is followed by the Oi-1 glaciation (~33.8-33.6 Ma, Chron
C13n; Zachos et al., 2001; Ao et al., 2020).

Interestingly, several other lagomorph taxa from Nei Mongol referrable to the
Desmatolagus stock (whose taxonomic study is currently in progress) and found
in the same levels as Ordolagus, do not attain hypselodonty, nor undergo sig-
nificant morphological changes. One of the possible explanations may be the
difference of size. In fact, apart from hypselodonty, another feature that differen-
tiates Ordolagus from Middle-Late Eocene and coeval Asian lagomorphs is the
size. Even if tooth size does not proportionally reflect body mass, the dental size
difference between Ordolagus and the other lagomorphs of the analyzed fossil as-
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semblages, dominated by small-sized taxa referrable to the Desmatolagus-group
(ZZQ and CA, unpublished data), is remarkable, attesting for a comparably
gigantic size of Ordolagus (Fig. 8 [Figure 8: see original paper]). In the event
of a climate shift, the larger size of Ordolagus could have more easily led to a
different dietary adaptation, thus explaining a different response in tooth mor-

phology.

The addition of an anterior extension of p3 (anteroconid) enlarges the tooth
chewing surface. In Ordolagus MDC__1 and Ordolagus MDC__2, the taxa which
replace O. teilhardi, the appearance of an anteroconid occurs independently. In
both cases a shear facet can be observed at the posterior end of the anteroconid,
evidence of a more complex chewing surface with respect to older forms. The rea-
son for the coeval, parallel appearance of anteroconid+shear facet in two lineages
may be related to an environmental change that caused a change in food habits.
An alternative hypothesis could be a body mass increase (larger size—necessity
of more food—chewing improvement by enlargement of the teeth). However,
except for the p3, the other teeth of the lower tooth row do not undergo a no-
ticeable size change in the three taxa (Fig. 6). This allometric growth of p3
is not uncommon in lagomorphs. Similar case studies are recorded in insular
endemic Prolagus of the Mediterranean islands (Angelone, 2005; Moncunill et
al., 2016). In particular, it has been demonstrated that there is independence
of the p3 dimensional variation and the body mass. In the Pleistocene of Sar-
dinia (Ttaly), the anagenetic transition Prolagus figaro-P. sardus is marked by
a change in p3 size, and corresponds to a marked climatic shift.

The levels from which the dental evolutionary shift of the Ordolagus lineage is
recorded (SZT2) were recently dated to ~30.5 Ma (Wasiljeff et al., 2020). Richoz
et al. (2017), based on the $ $13C and $ $180 record, suggests an early Oligocene
aridification in Central Asia at ~31 Ma. An aridification event surely trig-
gered major environmental changes, which, in turn, drove evolutionary changes
and/or dispersal dynamics in the faunal assemblages. The latest Eocene-Early
Oligocene record of Ordolagus from northern China clearly reflects the immedi-
ate response of its dietary adaptation to climate change. The study of skeletal
material will reveal if dental/dietary changes were coupled with changes in body
size, gait, and other corporeal and lifestyle parameters in Ordolagus.

Recently excavated materials from Nei Mongol (ZZQ, unpublished materials)
suggest that forms related to Ordolagus survived in Nei Mongol until the end
of the Early Oligocene (see Fig. 1D, shaded area). Indeed, at ~28 Ma an ev-
ident turnover known as Mid-Oligocene Reorganization has been recorded in
central Asian faunal assemblages (Harzhauser et al., 2016). There is no evident
change in the geochemical/geophysical record which mirrors such a change (cfr.
Harzhauser et al., 2016: fig. 3). However, there is a significant time coinci-
dence of this turnover event with the Oligocene Glacial Maximum (whose onset
corresponds with the cooling isotope event Oi-2a, dated at 27.9 Ma; see Hauptvo-
gel et al., 2017). Harzauser et al. (2016) hypothesize that the Mid-Oligocene
Reorganization could have been triggered by a change in some climatic param-
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eter (temperature, seasonality, etc.) not detected by analyzed proxies. At the
present state of the art, it seems that this second aridification event was fatal
to Ordolagus, at least in Nei Mongol.

The clear correspondence between climate change and morphological change
observed in several taxa referred to the genus Ordolagus opens new perspectives
and encourages further research in this field, aimed, for example, to understand
which kind of climate change triggers certain changes in morphology, and why
some taxa are more prone to climate-induced modifications.

6 Conclusions

The new materials from the latest Eocene-Early Oligocene of Nei Mongol include
three different species whose general morphology falls within the diagnosis of
the genus Ordolagus.

1. The first achievement was to better characterize the type species, O.
teilhardi. Moreover, two other morpho-dimensional clusters (Ordolagus
MDC__1 and Ordolagus MDC__2), individuated on the basis of lower jaws
and teeth only, have been recognized and wait for a formal erection that
will follow the study of corresponding upper jaws and skull materials
currently under preparation.

2. Ordolagus teilhardi appears to be the most primitive among the three
species. In fact, some of its teeth (though hypsodont) may still retain
roots, or appear to have just lost the roots; its p3 morphology is very
simple; and also its size is smaller compared to the other forms.

3. Ordolagus MDC_1 and Ordolagus MDC_2 have larger, always fully
hypselodont teeth and an anteroconid on p3. Though Ordolagus MDC__1
and Ordolagus MDC_ 2 share the above mentioned characteristics, they
differ profoundly in the shape of the anteroconid and of the talonid on p3.
The shape of the p3 talonid of Ordolagus MDC__1 is similar to O. teilhardi.
The shape of p3 talonid is likely to have a taxonomic significance at
a supraspecific level. Thus, a closer phylogenetic relationship between
Ordolagus MDC__1 and O. teilhardi is quite probable.

4. Ordolagus teilhardi, Ordolagus MDC_ 1 and Ordolagus MDC_ 2 have a
common forerunner that is likely within the Middle-Late Eocene Asian
genus Gobiolagus. The “signature” of Gobiolagus is evident in the relative
shape and size of the lower cheek teeth and in the proportions of the upper
teeth.

5. The stratigraphical distribution of Ordolagus in Nei Mongol covers the
latest Eocene to the first part of the Early Oligocene. Ordolagus teilhardi,
the oldest species, was replaced by Ordolagus MDC_1 and Ordolagus
MDC__ 2, which have overlapping temporal and geographical distributions.
At the end of the Early Oligocene, Ordolagus seems not to be present
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in Inner Mongolian sequences, but according to available literature, it
persists in the Valley of Lakes (Mongolia).

6. The evolutionary steps that mark the Gobiolagus-Ordolagus group (the
attainment of hypselodonty, the modification of the structure of the dental
occlusal surface and, in a lesser extent, the dental size variation) clearly
reflect climatic change. This considerations opens new perspectives for
the use of lagomorphs as palaeoclimatic proxies.
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