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Abstract
Cimolodontan multituberculates are common in the Late Cretaceous and Paleocene of central Asia; they are rarely known 
from regions south of the Mongolian plateau. Here, we report a new genus and species of multituberculate, Erythrobaatar 
ganensis gen. et sp. nov., from the Late Cretaceous of Ganzhou, Jiangxi Province, central China, representing the south-
ernmost record of Cretaceous multituberculates in Eurasia. The new species is based on two well-preserved specimens that 
include cranial and postcranial materials. With a cranium and dentary length of 83 and 66 mm, respectively; it is one of the 
largest known Cretaceous multituberculates from Eurasia. The present work focuses on the description of the craniodental 
morphology of the new species, in comparison with that of other Late Cretaceous and Paleogene cimolodontans in order 
to establish the new taxon. Erythrobaatar ganensis is most closely related to Yubaatar zhongyuanensis and Yubaatar qian-
zhouensis in the shape and size of the skull and teeth. Phylogenetic analyses place the new species within Taeniolabidoidea, 
which consists mostly of Late Cretaceous and Paleogene cimolodontans from Asia and North America. The new material also 
sheds light on tooth replacement, reduction, homologies, and occlusion of multituberculates with a focus on cimolodontans.
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Introduction

Multituberculates are the most diverse Mesozoic mam-
mals (Kielan-Jaworowska et  al. 2004; Weil and Krause 
2008) with the longest geological distribution in mammals, 
from at least the Middle Jurassic (Butler and Hooker 2005; 
Averianov et al. 2021) to the late Eocene (Krishtalka et al. 
1982; Swisher and Prothero 1990). Cimolodonta were a 
relatively derived group of multituberculates that contains 
some Early Cretaceous and nearly all Late Cretaceous and 
Paleogene species (Kielan-Jaworowska et al. 2004). Some 
of them are represented by complete skulls and even post-
cranial skeletal materials from Europe, North America, and 
Asia (mainly Mongolia and China) (e.g., Gidley 1909; Sloan 
1979; Krause 1982; Kielan-Jaworska et al. 1987; Miao 1988; 
Novacek et al. 1994; Rädulescu and Samson 1996; Kielan-
Jaworowska and Hurum 1997; Weil and Tomida 2001; Fox 
2005; Smith and Codrea 2015; Csiki-Sava et al. 2018; Hu 
and Han 2021; Krause et al. 2021; Weaver et al. 2021). 
Cimolodontans were one of few clades of mammals that 
survived the Cretaceous-Paleogene (K-Pg) extinction event, 
and although many lineages went extinct, the group as a 
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whole remained diverse, abundant, and increased in dental 
complexity and body size disparity across the K-Pg bound-
ary (Wilson et al. 2012).

The Late Cretaceous and Paleogene cimolodontans from 
Eurasia are best known from the Mongolian plateau (Kielan-
Jaworowska et al. 2004). South of the Mongolian plateau, 
multituberculates were only reported from the Lower Eocene 
of the Wutu Basin, Shandong Province in east China (Tong 
and Wang 2006), the Upper Cretaceous of Luanchuan, 
Henan Province in the middle of China (Xu et al. 2015), 
and the Upper Cretaceous of Ganzhou, Jiangxi Province, 
central China (Hu and Han 2021). Here, we report another 
new genus and species of cimolodontan multituberculate 
from the Upper Cretaceous of Ganzhou, Jiangxi Province, 
China. The new taxon is based on two well-preserved speci-
mens with craniodental and postcranial remains. The mate-
rials from Ganzhou are the southernmost known record of 
Cretaceous multituberculates in East Asia. The new species 
represented is one of the largest Late Cretaceous multitu-
berculates in Eurasia. This record adds to the diversity of 
Late Cretaceous multituberculates of Asia and lends support 
to the view that there was an adaptive radiation of multitu-
berculates that began before the K-Pg extinction and that 
disparity in dental complexity and body size rose sharply 
during the latest Cretaceous (Wilson et al. 2012). We pro-
vide a brief description of the craniodental morphologies to 
establish the new genus and species and take the opportunity 
to discuss some outstanding issues in multituberculate evo-
lution, including upper fourth premolar homology, reduction 
of mesial upper premolars and resulting issues of homology, 
and tooth occlusion of multituberculates when the denti-
tion is considered as a whole.

Geological setting

The holotype and paratype specimens of Erythrobaatar 
ganensis were collected from the Upper Cretaceous Hekou 
Formation of Nanxiong Group, Ganzhou City, Jiangxi Prov-
ince, Central China (Fig. 1) from sites that were exposed by 
construction activities associated with local infrastructure 
development. The holotype specimen (GM30516) of Eryth-
robaatar ganensis came from the site of Ganzhou railway 
station, east of Ganzhou City, which is the same site as the 
holotype of the oviraptorid Huanansaurus ganzhouensis 
(see Lü et al. 2015). The paratype specimen (GM30496) of 
E. ganensis was excavated from a site near the Third High 
School of Ganxian, northeast of Ganzhou City, where the 
holotype specimen of oviraptorid Tongtianlong limosus 
(see Lü et al. 2016) was discovered. The recently reported 
holotype specimen of Yubaatar qianzhouensis (Hu and 
Han 2021) also came from the Hekou Formation of the 

Ganxian development zone, but no specific locality was 
identified.

The Ganzhou Basin is located in the southern part of 
Jiangxi Province; it is northeast-southwest extended and has 
an area of about 1200 km2. Strata of red mudstones, sand-
stones, and conglomerates exposed in this basin are mainly 
Late Cretaceous in age and had been generally identified as 
consisting of the lower Ganzhou Formation and the upper 
Nanxiong Formation (Bureau of Geology and Mineral 
Resources of Jiangxi Province 1984). In more recent studies, 
ranging from bottom-up, the strata were subdivided into the 
Maodian Formation and Zhoutian Formation of the Ganzhou 
Group (= Ganzhou Formation), and the Hekou Formation, 
Tangbian Formation, and Lianhe Formation of the Guifeng 
Group (= Nanxiong Formation), respectively (Liu 1997). The 
vertebrate fossil sites are in the NE-SW extended, fan-shaped 
Gannan Basin, located in the central west of Ganzhou Basin 
and around Ganzhou City. In this area, only the Maodian, 
Zhoutian, and Hekou formations crop out (Fig. 1). The lower 
Maodian Formation has yielded an assemblage, consisting 
mainly of eggs that were well preserved and laid elaborately 
in circular nests. These dinosaurian eggs belong to Spherooli-
thus spheroids, Macroolithus rugustus, and Elongatoolithus 
elongatus (Zhao, 1975, 1979; Bureau of Geology and Min-
eral Resources of Jiangxi Province 1984; Liu 1999; Lucas 
2001). Except for those laid in nests (Young 1965), some 
eggs from Hekou Formation were found associated with 
bones, inside the female adult pelvis or even embryo-bearing 
(Sato et al. 2005; Cheng et al. 2008; Wang et al. 2016; Jin 
et al. 2020; Xing et al. 2021). No fossil has been reported 
from the Zhoutian Formation in this area until now.

Vertebrate fossils were also reported from the Nanxiong 
Formation (= Guifeng Group) that is exposed in the vicin-
ity of the Gannan Basin; these fossils include the ovirap-
torids Banji long Xu and Han, 2010, Ganzhousaurus nan-
kangensis Wang et al., 2013, Jiangxisaurus ganzhouensis 
Wei et al., 2013, Nankangia jiangxiensis Lü et al., 2013a, 
Huanansaurus ganzhouensis Lü et al., 2015, and Tong-
tianlong limosus Lü et al., 2016; the tyrannosaurids Qian-
zhousaurus sinensis Lü et al., 2014 and Gannansaurus 
sinesis Lü et al., 2013b; the titanosaurian Titanosaurus 
sp. (Bureau of Geology and Mineral Resources of Jiangxi 
Province 1984); isolated theropod teeth (Mo and Xu 
2015); the squamates Conicodontosaurus kanhsienensis 
Young, 1973, Tianyusaurus zhengi Lü et al., 2008 (Mo 
et al. 2010), and Chianghsia nankangensis Mo et al., 2012; 
and the turtles ?Nanhsiungchelys sp. (Bureau of Geology 
and Mineral Resources of Jiangxi Province 1984), Jiangx-
ichelys ganzhouensis Tong and Mo, 2010, and Jiangxisu-
chus nankangensis Li et al., 2019. Most of these fossils 
were collected by local farmers and exposed from locali-
ties around Nankang District, Longling town, the Ganzhou 
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railway station, the Third High School of Ganxian County, 
and Miaodian Town; their exact stratigraphic positions 
and correlations need more investigation. However, if 
the result of the geological survey is correct (Bureau of 
Geology and Mineral Resources of Jiangxi Province 1984; 

Liu 1997), the strata of all the localities mentioned above 
should belong to the Hekou Formation, Guifeng Group 
(Fig. 1).

By biostratigraphic correlation, the ages of the Mao-
dian and Hekou formations were estimated as Campanian 

Fig. 1   Geographic map showing the distribution of the Upper Creta-
ceous strata and main vertebrate fossil localities in southern Ganzhou 
Basin (based on He et al. 2017 and Bureau of Geology and Mineral 
Resources of Jiangxi Province 1984). The lower mammal site is the 

site of Ganzhou railway station, where the holotype (GM30516) of 
Erythrobaatar ganensis came from; the upper mammal site is the site 
of the Third High School of Ganxian, where the paratype (GM30496) 
of Erythrobaatar ganensis was uncovered. Scale bar equals 5 km
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and Maastrichtian, respectively (Zhao et al. 1991; Lucas 
2001; Sato et al. 2005; He et al. 2017). These age estimates 
have been supported by radioisotopic dating of the basalt-
pyroclastic-sedimentary rocks within the Maodian Forma-
tion (Zhong et al. 2002). In comparison with other Late 
Cretaceous multituberculates, such as Yubaatar zhongyu-
anensis (Xu et al. 2015), and viewed within the general 
evolutionary stages of multituberculates, the large size and 
some advanced morphological features of the new species 
appear consistent with the age estimates.

Materials and methods

The specimens (GM30516 and GM30496) include cranial 
and partial postcranial remains from two individuals and are 
housed in the Zhejiang Museum of Natural History, Hang-
zhou, Zhejiang Province China.

Anatomical terminologies follow Wible and Rougier 
(2000), Rougier et al. (2016) and Wible et al. (2019) for the 
skull, and Kielan-Jaworowska et al. (2004) for the dentition.

Optical images were taken using a Canon Digital camera 
with a macro lens installed in the Key Laboratory of Verte-
brate Evolution and Human Origins, Institute of Vertebrate 
Paleontology and Paleoanthropology (IVPP), Chinese Acad-
emy of Sciences.

High-resolution micro-CT scanning of both specimens 
of Erythrobaatar ganensis (GM30516 and GM30496) was 
conducted using a GE v|tome|x m dual tube 240/180 kV 
system in the Institute of Vertebrate Paleontology and 
Paleoanthropology, Chinese Academy of Sciences (IVPP). 
Specimens were scanned using the 240kv microfocus tube at 
15–56 microns/voxel resolution, 120–260 kV and 150–200 
μa. Where needed, a 0.1 mm Cu filter was used to reduce 
beam hardening artifacts. To improve the signal-to-noise 
ratio, 1800 projections were collected, for 333–2000 ms 
and averaged 2–3 times. To accommodate the long holo-
type (GM30516), two scans for two separate portions of the 
cranium in the Y-axis (multiscan) were conducted to obtain 
higher resolution. The scan data were reconstructed using 
Phoenix datos|x (General Electric, Wunstorf, Germany). 
Segmentation and the rendering of the CT scanning data 
were processed using VGStudio Max 3.5 (Volume Graphics, 
Heidelberg, Germany).

Measurements were taken using digital calipers to two 
decimal digits and double-checked using digital methods 
from the images. After these elements were reconstructed, 
linear measurements were taken using the Measurements 
Menu/Coordinate Measurement module in VGStudio Max 
3.5 (Volume Graphics, Heidelberg, Germany) and rechecked 
using the measurement tool in ImageJ 1.49v.

We used two data matrices in our phylogenetic analy-
ses. Dataset I is modified from Wible et al. (2019), which 

includes most Late Cretaceous Mongolian multituberculate 
species that are represented by relatively well-preserved cra-
nial material. This data matrix sampled taxa and characters 
used in several previous studies on phylogenetic relation-
ships of the Late Cretaceous Mongolian multituberculates 
(Simmons 1993; Kielan-Jaworowska and Hurum 1997; 
Rougier et al. 1997, 2016). We modified this dataset by 
adding two taxa, Yubaatar zhongyuanensis (Xu et al. 2015) 
and Erythrobaatar ganensis (this study), and 47 cranioden-
tal characters that are derived from previous studies (Mao 
et al. 2016; Csiki-Sava et al. 2018; Wang et al. 2019). The 
characters are briefly listed in the Online Resouce 1. Thus, 
our updated data matrix contains 20 multituberculates and 
121 characters.

Dataset II is modified from Smith et al. (2022), which was 
also based on several previous studies (Rougier et al. 1997; 
Weil 1998; Kielan-Jaworowska and Hurum 2001; Luo et al. 
2002; Cifelli et al. 2013; Yuan et al. 2013; Xu et al. 2015; 
Mao et al. 2016; Csiki-Sava et al. 2018; Wang et al. 2019; 
Kusuhashi et al. 2020; Weaver et al. 2021). Most taxa selected 
in this matrix are at the generic level, except Kogaionon, 
Hainina, Barbatodon, Yubaatar, and Erythrobaatar. We use 
this data matrix to run phylogenetic analyses to identify the 
relationship of the new taxon within a broader sample of 
multituberculates with some non-multituberculate clades. 
The dataset includes 57 taxa and 130 characters; we added 
Erythrobaatar ganensis and Yubaatar qianzhouensis (Hu 
and Han 2021) and modified some coding of Sinobataar, 
Yubaatar zhongyuanensis, Lambdopsalis, Spenopsalis, and 
Taeniolabis.

The phylogenetic analyses were performed using PAUP 
Version 4.0a (Swofford 2002), random addition sequence 
1,000 replications, 10 trees held at each step, tree-bisection-
reconnection (TBR) branch-swapping algorithm with recon-
nection limit of eight, steepest descent option not in effect, 
initial ‘Maxtrees’ setting of 10,000, and ‘MulTrees’ option 
not in effect. As Smith et al. (2022), we considered 17 char-
acters (characters 17, 25, 26, 29, 31, 32, 43, 46, 47, 49, 51, 
52, 58, 59, 61, 72, 85) for the dataset II ordered, and the 
others unordered. All characters were equally weighted. A 
heuristic search criterion was conducted and no outgroup 
taxon was designated in either data analysis.

Abbreviations  d, deciduous; I, upper incisor; i, lower incisor; 
L, left; M, upper molar; m, lower molar; P, upper premolar; 
p, lower premolar; R, right.

Institutional abbreviations  AMNH, American Museum  
of Natural History, New York, New York; BPMC, Beipiao 
Pterosaur Museum of China, Chaoyang, Liaoning Province, 
China; DMNH, Denver Museum of Nature & Science, Denver,  
Colorado; GM, Zhejiang Museum of Natural History,  
Hangzhou, Zhejiang Province, China; HIII, Henan Geological 
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Museum, Zhengzhou, Henan Province, China; IVPP, Institute 
of Vertebrate Paleontology and Paleoanthropology, Chinese 
Academy of Sciences, Beijing, China; USNM, United States 
National Museum, Washington D.C., USA.

Systematic paleontology

Mammalia Linnaeus, 1758
Allotheria Marsh, 1880
Multituberculata Cope, 1884
Cimolodonta McKenna, 1975

Taeniolabidoidea Sloan and Van Valen, 1965
Erythrobaatar gen. nov.
Figures 2, 3, 4, 5 and 6
ZooBank number: LSIDurn:lsid:zoobank.org:act: 
61FA2D83-010D-4747-AD6F-2DAAEC8DED7A.

Type species: Erythrobaatar ganensis.
Included species: The type species only.
Etymology: “Erythro-” (Latin), red, reddish, referring 

to the color of the type specimens; “-baatar”, hero in Mon-
golian, a common suffix for generic names of cimolodontan 
multituberculates.

Fig. 2   Cranium of Eryth-
robaatar ganensis gen. and sp. 
nov. (holotype, GM30516) from 
the Ganzhou Basin, China. a. 
ventral view; b. dorsal view; c., 
lateral view; d. occipital view. 
Abbreviations: I, upper incisor, 
M, upper molar, P, upper pre-
molar. Scale bar equals 2 cm

Fig. 3   Deformed cranium of 
Erythrobaatar ganensis gen. et 
sp nov. (paratype, GM30496). 
a. ventral view; b. dorsal view. 
Abbreviations: I, upper incisor; 
M, upper molar; P, upper pre-
molar. Scale bar equals 2 cm
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Diagnosis: One of the largest known Mesozoic mul-
tituberculates in Eurasia with a cranium length = 83 mm, 
dentary length = 66 mm, and M1-2 length = 19.98 mm. 
Erythrobaatar differs from other multituberculates in 
having the following combination of features: dental 
formula 2:0:3:2/1:0:1:2; two single-cusped upper inci-
sors that are robust and subequal in size; alveolus for I3 
formed exclusively by premaxilla; long diastema between 
I3 and P2; cheek teeth lacking cusp ornamentation and 
coalescence; P4 is hourglass-shaped; cheek tooth cusp 
formulae P2(1–3:2–3), P3(2:2–3), P4(3:2?), M1(7:7:5–6), 
M2(2–3:4:4), p4(4), m1(7?:8?), m2(5–6:4–5); snout rela-
tively long comparing to cranium; slender zygomatic 
arches with the anterior part directed transversely for a 

short distance and then immediately turning posterolater-
ally; single pair of long palatal vacuities; several dispersed 
vascular foramina on the nasals; frontals having a m-shaped 
anterior process that inserts between the nasals; small pos-
torbital process immediately posterior to large lacrimal; ear 
region of braincase relatively short and even; nuchal crest 
posteriorly expanded; body (horizontal ramus) of dentary 
remarkably long but relatively shadow in depth and hav-
ing flat ventral border; ventral border of dentary nearly 
parallel to occlusal plane; mandibular condyle placed at 
level of molars and facing dorsally; pterygoid ridge robust 
and labially extended. See Comparison for additional dif-
ferences between Erythrobaatar and Yubaatar and other 
multituberculates.

Fig. 4   Mandible of Eryth-
robaatar ganensis gen. et sp 
nov. (holotype, GM30516). 
a. dorsal view of the both 
dentaries; b. buccal view of left 
dentary; c. lingual view of left 
dentary. Scale bar equals 10 mm

Fig. 5   Upper cheek teeth of 
Erythrobaatar ganensis gen. 
et sp nov. Left (a, b) and right 
(c, d) cheek teeth of holotype 
specimen GM30516 (a, c) and 
paratype specimen GM30496 
(b, d). Abbreviations: L, left; 
M, upper molar; P, upper 
premolar; R, right. Scale bar 
equals 5 mm
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Erythrobaatar ganensis gen. et sp. nov

ZooBank number: LSIDurn:lsid:zoobank.org:act: 
446F2111-B71C-4C09-A283-77411C66AA9E
Figs. 2, 3, 4, 5, 6 and 7c

Diagnosis: Same as the genus.
Etymology: “gan”, pinyin spelling of Chinese character 

that is the short form for Ganzhou Province.
Holotype: Partial skeleton with a nearly complete cra-

nium and both nearly complete dentary bones with the tip 
of coronoid process broken, and some postcranial elements 
including incomplete right forelimb, left and right hind 
limbs, and some vertebrae and ribs (GM30516, Zhejiang 
Museum of Natural History, Hangzhou, Zhejiang Province; 
Figs. 2, 4, 5 and 6).

Paratype: Distorted, partial cranium (GM30496, Zheji-
ang Museum of Natural History, Hangzhou, Zhejiang Prov-
ince; Figs. 3 and 5).

Locality and Horizon: Ganzhou railway station 
(GM30516) and Third High School of Ganxian County 
(GM30496); Hekou Formation (Upper Cretaceous, Maas-
trichtian), Guifeng Group, Ganzhou City, Jiangxi Province, 
China.

Description

Cranial morphology  The cranium of the holotype specimen 
(GM30516) of Erythrobaatar ganensis is nearly complete, 
well preserved, and only slightly distorted (e.g., plastic 
deformation on the right zygoma, obliquely distorted on the 
snout); only the anterior tip of the rostrum, the palatal area 
and the occipital condyles are slightly broken (Fig. 2). The 
paratype is poorly preserved such that the cranium was com-
pressed in dorsoventrally and obliquely, and distorted with 
various parts missing (Fig. 3). The description of the cranium 
is largely based on the holotype. The profile of the cranium is 
slightly anteroposteriorly longer compared to those of other 
cimolodontans. In dorsal view, the nasal is long and gradu-
ally widens posteriorly, with the widest point at the nasal-
lacrimal-maxilla junction. It sutures with the premaxilla and 
maxilla laterally, the lacrimal posterolaterally, and the frontal 
posteriorly. There are at least six foramina in the anterior 
two-thirds of each nasal that are arranged asymmetrically. 
The frontal is wedge-shaped with its broad anterior edge join-
ing the nasals in an anteriorly convex, strongly interdigitated 
suture. Posteriorly, the frontals wedge deeply between the 
parietals to a point level with the anterior edge of the poste-
rior root of the zygomatic arch. The parietal has an anterior 

Fig. 6   Lower cheek teeth of Erythrobaatar ganensis gen. and sp. nov. (holotype, GM30516). Left (a-c) and right (d-e) sides of the cheek teeth in 
occlusal (a, d), lingual (b, e) and buccal (c, f) views. Abbreviations: m, lower molar; p, lower premolar. Scale bar equals 10 mm
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process that extends anterolaterally; its anterior tip forms a 
blunt postorbital process that marks the posterodorsal end 
of the orbit. The temporal lines extend posterodorsally from 
the processes and merge at the anterior end of the sagittal 

crest. The posterior part of the parietal is short relative to the 
frontal in dorsal view, and bears a weak and short sagittal 
crest. The cranial vault is gently circular-arc shaped with the 
sagittal and nuchal crests intersecting at the peak of the arc.

Fig. 7   Comparison of occlusal cycles in lateral views of the left upper 
and lower cheek teeth in selected multituberculates. a. Sinobaatar 
pani (upper cheek teeth, BPMC 0051, the Beipiao Pterosaur Museum 
of China, Mao et al. 2021) and Jeholbaatar (lower cheek teeth, IVPP 
V20778; modified from Wang et  al. 2019); b. Yubaatar zhongyuan-
ensis (41HIII0111, Henan Geological Museum, Zhengzhou, Henan 
Province, China; Xu et  al. 2015); c. Erythrobaatar (GM30516; 
this study); d. Taeniolabis taoensis (upper cheek teeth, DMNH 

EPV.136300, left upper dentition, modified from Krause et  al. 2021; 
lower cheek teeth, AMNH 16310, left lower dentition); e. Lambdop-
salis (IVPP V5429; Chow and Qi 1978); f. Ptilodus (USNM V6076; 
Gidley 1909). The dotted curve lines indicate the premolar arc, the 
solid curve lines indicate the molar arc, and the stars indicate the  
turning point for the occlusal cycles of multituberculates. Abbrevia-
tions: d, deciduous; L, left; M, upper molar; m, lower molar; P, upper 
premolar; p, lower premolar; R, right. Images not to scale
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In lateral view, no septomaxilla or internarial bar is found 
surrounding the nares, as in other multituberculates. The 
premaxilla and maxilla form the lateral wall of the rostrum. 
The lacrimal is strip-like and occupies the anteromedial mar-
gin of the orbit. Due to fractures the lacrimal foramen is not 
visible. The facial and zygomatic processes of the maxilla 
are laterally curved for a short distance and continue poste-
riorly to merge in the zygomatic arch. The leading edge of 
the zygomatic root displays a mild lateral extension so that 
the transition between the rostrum and zygoma is a gen-
tle concavity. The single infraorbital foramen is small and 
located at the level above the junction between P3 and P4. 
The zygoma is slender for such a large cranium; it is long 
and of even thickness throughout its length. The jugal is a 
small and narrow laminar bone that clings to the inner sur-
face of the anterior zygomatic arch. The jugal bridges the 
anterior portion of the suture between the zygomatic process 
of the maxilla and the squamosal. The parietal borders with 
the anterior lamina of the petrosal anteriorly and the squa-
mosal posteriorly; the former makes up a large part of the 
braincase, whereas the latter forms the base of the zygoma 
and contributes to the lateral portion of the lambdoidal ridge.

In ventral view, the premaxillae form a small part of the 
palate. There are two pairs of upper incisors within the pre-
maxilla. The incisive foramina are small within the premax-
illa, but their boundary is not definite (not at the margin of 
the premaxilla) because of breakage in the area. The palatal 
portion between the incisive foramina and the palatal vacu-
ity and between the latter and the cheek teeth are smooth 
and structureless. The maxillae form the main part of the 
palate. Two long, oval-shaped palatal vacuities are present 
in the middle of the palate; its anterior rim is level with P3 
but its posterior extension is not certain due to breakage; 
it extends at least to the distal part of M1. The posterior 
part of the palate in the two specimens is broken so that 
the condition surrounding the choana is unknown except for 
the exposed presphenoid and vomer. The pterygoids project 
ventrally, forming a low crescent crest fused with the pet-
rosal medial to the promontorium. The basicranial region 
is poorly preserved. Nonetheless, the surface of the prom-
ontorium appears relatively even and the size is small. The 
outline of the promontorium reflects the finger-like cochlea, 
which is confirmed by the cochlear recess exposed on both 
sides of the paratype specimen (GM30496). The deep and 
broad groove at the lateral side of the promontorium is the 
lateral trough but its precise limits are unclear. The fenestra 
vestibuli is oval in shape and posteromedially oriented on 
the lateral side of the promontorium. Posterior to the prom-
ontorium, the perilymphatic foramen opens into a sizable 
recess. As is typical for multituberculates, the glenoid fossa 
is oval in shape with a gently concave articular surface. The 
left occipital condyle is broken on its ventral part, whereas 
the right one is totally absent on the holotype.

In the occipital view, the supraoccipital, exoccipital, and 
basioccipital (the occipital condyle) are preserved from the 
dorsal to ventral. On the lateral sides of these bones is the 
large exposure of the petrosal that is pierced by the post-
temporal canal in the middle.

Mandible  Both dentary bones of the holotype are preserved 
in fairly good condition. The dentary is anteroposteriorly 
long and dorsoventrally shallow in depth (Fig.  4). The 
ventral border of the dentary is notably flat and the angle 
between the ventral margin of the dentary and the occlusal 
plane is lower than 15° or they are nearly parallel. The hori-
zontal ramus is robust, but the ascending ramus is quite thin 
with its mediolateral width being a quarter of the horizontal 
ramus. The diastema between the incisor (at the distal edge 
of the alveolus) and p4 is long (11.78 mm); the part that 
contains the incisor is relatively long and slim because of a 
thin incisor. The dorsal edge of the diastema rises vertically 
to form the mesial wall of the alveolus of p4.

In lateral view, a small, round mental foramen is located 
immediately anterior to the p4 (Fig. 4b). The masseteric 
fossa is long and shallow, with a smooth gently concave 
surface, without sign of masseteric fovea; its deepest area is 
below m2. A ridge ascends from a level rear of the m1, con-
tinues posterodorsally, and joins with the coronoid process. 
Medial to the ridge is the deep and trough-like temporal 
groove (Gambaryan and Kielan-Jaworowska 1995). Poste-
rior to the coronoid process, the masseteric fossa gradually 
fades away toward the mandibular condyle. The fossa is ven-
trally bounded by a crest that projects laterally, which is best 
seen in the dorsal view of the mandible. The extremity of the 
crest ends as the masseteric protuberance. The coronoid pro-
cess is a triangular bony lamina that arises posterolateral to 
m2 and blocks most of m2 in lateral view. It is parallel with 
the sagittal plane of the horizontal ramus but has a small 
angle (12–15°) with the long axis of the dentition. In lateral 
view, its anterior edge is a gentle curve and has an angle 
of roughly 140º with the occlusal plane of the teeth. The 
posterior part of the process is broken but it is probable that 
the process ends with a pointed tip. The horizontal ramus 
continues posteriorly as the stem of the mandibular condyle. 
The stem is long and extends nearly horizontally, showing 
no dorsal turning. The transition from the coronoid process 
to the condyle is a smoothly concave edge. The condyle is 
low, with its dorsal edge barely leveling with the occlusal 
plane of the molars. The condyle is at the posterodorsal cor-
ner of the stem. The main articular surface is oval and trans-
versely oriented; it tapers into a narrow strip while extending 
ventrally along the posterior end of the stem.

In lingual view, the symphysis is small, comma-shaped, 
and relatively smooth. The most conspicuous structure is the 
pterygoid ridge; it is a fan-shaped crest that projects medi-
ally and curves dorsomedially so that the ventral floor of 
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the pterygoid fossa forms a longitudinal trough that extends 
from m2 to the anteroventral area of the condyle. The man-
dibular foramen is large and opens in a deep pocket of the 
pterygoid fossa, posterior to m2.

Upper dentition  The two type specimens are apparently from 
adult individuals with the cheek teeth being quite heavily worn 
(Fig. 5). There are two pairs of upper incisors of similar size 
within the premaxilla according to the holotype (GM30516); 
they are parallel to the lateral ventral edge of the premaxilla 
(Figs. 2 and 3). The I2 is placed along the lateral edge of the 
premaxilla, with the I3 positioned posterior to the I2 just inside 
and in parallel to the lateral margin of the premaxilla. The I2s 
are directed ventromedially toward each other but do not seem 
to contact each other medially and leave a triangular space 
between them. The I3s are placed on the palatal part but not the 
margin of the premaxilla. The right I3 is in a good condition; 
it is a long and conical tooth. A distinct diastema separates I3 
from the mesial upper premolar in both specimens.

There are three upper premolars on each side of the max-
illa identified as P2-P4 and P1 is absent entirely; all have two 
roots, as revealed by CT scan images (Fig. 7c). A small dias-
tema exists between P2 and P3 in GM30496. Cusps of P2-3 
are intact in at least one tooth and P2 is less worn than P3 
in GM30496, whereas P4 is unquestionably the most heav-
ily worn upper premolar. Thus, it may be inferred that the 
premolar eruption sequence proceeded distomesially or that 
the ultimate premolars were not replaced. The cusp formula 
of P2 is variable, with the cusp number of GM30516 being 
fewer than that of GM30496. The number is asymmetrical 
in GM30496: the cusp formula of the left P2 is 1:3 and the 
right one is 3:3. In contrast, the left P2 (the right one is 
broken) of GM30516 is 1:2. P3 is the smallest upper pre-
molar. The cusp formula of P3 is 2:2 in GM30496, whereas 
in GM30496 there is an extra small cusp that adds to the 
distal end of the buccal row on each P3; thus, the buccal 
side projects distally. P4s of GM30496 were slightly dis-
placed away from M1s, caused by the fracture of the maxilla. 
P4s of both specimens are worn, particularly on the lingual 
side. However, the crown shape of P4 is still discernable. It 
is mesiodistally long, about twice the length of P3 length, 
but is still small compared to the molars; the length ratio 
between P4 and M1, based on the right teeth of GM30516, 
is 0.513. A unique feature of P4 is that there is a restriction 
between the mesial and distal halves of the crown. In crown 
view, P4 is hourglass shaped in which the mesial portion, 
supported by a thinner root, is smaller than the distal one. 
The mesial portion consists of two closely packed lingual 
and buccal cusps. The mesiolingual portion of all P4s was 
worn away or broken; only the lateral sides of the buccal 
cusps are still discernable.

M1 is deeply worn in GM30516, which blurs the cusp 
shape and number. The right M1 of GM30496 is less worn. 

The cusp formula of M1 can be established as 7:7:5–6. M1 
crown is trapeziform that slightly widens distally, mainly 
due to the addition of the lingual cusps that decrease mesi-
ally in size. The anterior portion of the lingual row is almost 
a narrow ridge that reaches the lingual side of cusp 1 in 
the middle row. The distal five cusps are well developed, 
comparable to those of the middle row in size, in which the 
penultimate cusp is the largest. Because of wear, the buc-
cal side is lower than the lingual side for all lingual cusps. 
Each lingual cusp is positioned on the lingual side of the 
groove that transversely separates two neighboring cusps 
in the middle row. The middle cusp row is the lowest of the 
three, occupying the floor of the broad longitudinal valley 
created by wear. The outline of the worn cusp is square or 
rectangular, transversely wider, and each cusp is delimited 
by an enamel loop. Because of wear, the grooves separating 
neighboring cusps were gradually erased and the dentin of 
the two cusps becomes confluent.

The buccal cusps are taller than those of the middle 
rows partly because they are less worn; this is best seen in 
GM30496. The buccal cusps are transversely narrower than, 
and positioned in cusp-to-cusp with, those in the middle 
row, which contrasts with the cusp-to-groove relationship 
between the cusps of the lingual and middle rows. Opposite 
to the condition of the lingual row, the buccal side is higher 
than the lingual side for all buccal cusps because of wear. 
M1 develops two strong roots with multiple accessory roots 
like those in Meniscoessus and Cimolomys (Fig. 7).

M2 is almost as long as but notably wider than M1. M2 
bears fewer cusps than M1, with a cusp formula of 2–3:4:4; 
its cusps are larger, more robust and less worn (the wear 
of M2 is still more extensive than that of most Cretaceous 
multituberculates) than those of M1. Both middle and lin-
gual rows each consist of four cusps, while the buccal row 
has two main cusps with a minuscule cuspule being at the 
end of the row that ends buccal to cusp 3 in the middle 
row. Thus, the mesial half of the tooth crown is considerably 
wider than the distal half. Similar to other multitubercu-
lates, the arrangement of M2 cusp rows is one row lingually 
positioned relative to that of M1. M2 enamel is thicker and 
darker than M1. Two fusiform robust roots are anterior-
posteriorly located.

The relatively elongated crown size of the molars, the 
strong main roots of molars and the multiple accessory roots 
of M1, and relatively extensive wear of molars compared 
to that of other Cretaceous multituberculates indicate that 
molars were primarily emphasized during the chewing cycle 
in Erythrobaatar (Fig. 7). This perhaps represents an evo-
lutionary trend in taeniolabidoids that is characterized by a 
reduction of the premolars.

Lower dentition  The sole lower incisor is blunt and procum-
bent (Fig. 4); it is relatively slim in relation to the size of 
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the dentary as well as compared to that of some cimolodon-
tans, like djadochtatherians, other taeniolabidoids, micro-
cosmodontids, eucosmodontids, etc. (Wible et al. 2019). As 
preserved,the slightly worn tip of the incisor is lower than 
the cheek tooth row and the wear facet on the tips is level to 
the middle part of the oblique occlusal plane of the cheek 
teeth. Enamel is restricted to the ventrolateral surface of the 
lower incisor, like the enamel of other taeniolabidoids (Mao 
et al. 2015). Because of the thick enamel, a fine groove is 
created along the lingual side of the enamel band. In cross-
section the lower incisor is deeper than wide. The two inci-
sors pair closely when the jaws are placed in presumed ana-
tomical positions. The CT-image reveals that the root of the 
incisor extends distally to the level ventral to m1.

There are three cheek teeth in each lower jaw of GM30516. 
Of these teeth, the first molar shows the heaviest wear, as in the 
upper molars. The p4 is blade-like and transversely narrow. As 
for the upper teeth, p4 is much shorter than m1, with a length 
ratio of 0.685 (based on the right lower teeth of GM30516). 
The left p4 was longitudinally split into left and right halves 
in GM30516. Both p4s bear extensive wear on the buccal sur-
faces, showing that this is the occluding side of the tooth. The 
lingual surface bears no wear so it is convex with intact enamel. 
The right p4 of GM30516 has at least four blunt serrations but 
there is little sign of buccal or lingual ridges descending from 
them; the tooth profile is arcuate in buccal view.

Because of heavy wear, the cusp formula of m1 is diffi-
cult to ascertain. We estimate the m1 cusp formula as 7?:8?. 
The m1 is wider than p4 but narrower than m2. The m2 has 
four prominent cusps in each row that are followed by sev-
eral conules at the ends of two rows. We interpret the cusp 
formula as 4–5:4–5. The lingual cusps are larger than the 
buccal ones. As in the upper molars, the m2 enamel is also 
thicker and darker than that of m1.

Comparison

Erythrobaatar ganensis is one of the largest Mesozoic 
cimolodontan multituberculates, only exceeded by the North 
American Bubodens (which is represented by a single molar) 
and maybe the Late Cretaceous Yubaatar qianzhouensis 
from southern China (which cranial width is 12% larger and 
m1 length is 25% larger but other teeth are smaller than 
that of E. ganensis, see Table 1). It has a cranium length of 
about 85 mm, which is smaller than the Paleocene Taenio-
labis taoensis from North America (adult cranium length 
reaching 160mm, Granger and Simpson 1929; Krause et al. 
2021). It is probably smaller than the Paleocene Sphe-
nopsalis from the Mongolian Plateau, which has an M1-2 
length of 29.7 mm (Mao et al. 2016), the Late Cretaceous 
Bubodens magnus (m1 dimensions of 12.8/6.0 mm) from 
North America (Wilson 1987), and the Paleocene Boffius 

(M1 dimensions of 15.0/9.0 mm) from Belgium (De Bast 
and Smith 2017).

Erythrobaatar is most similar to Yubaatar in its paleogeo-
graphical distribution, geological age, size, and morphology. 
The features that distinguish Erythrobaatar ganensis from 
Yubaatar zhongyuanensis Xu et al. (2015) are numerous, 
including: lack of P1; more cusps on m1-2 and M1-2; p4 
shorter and less arcuate with fewer serrations; the zygo-
matic process slender and less laterally expanded; smaller 
angle between ventral margin of dentary and occlusal plane. 
E. ganensis further differs from Y. qianzhouensis Hu and 
Han (2021) in having a different cheek tooth cusp formula 
with more cusps on the molars in general (M2[2–3:4:4], 
m1[7?:8?], m2[5–6:4–5] in E. ganensis, M2[1:3:3], m1[7:6], 
m2[4:3] in Y. qianzhouensis); no posterobuccal cingulid 
on m1; M1 with multiple accessory roots; several conules 
developed at distal end of m2; molars larger (except m1s are 
remarkably shorter); the length radio of m2/m1 much larger; 
and the angle of lambdoidal ridges straighter.

Erythrobaatar is similar to Yubaatar in having the fol-
lowing craniodental features: p4 proportionally small and 
arcuate but not conical; molars not ornamented and cusps 
not coalesced; only one lower premolar; several acces-
sory conules at the distal end of m2; the outline of cra-
nium roughly square; parietal proportionally small whereas 
squamosal laterally extended; frontals are wedge-shaped 
and deeply wedged posteriorly between parietals; postor-
bital processes small; sizable palatal vacuity; dentary with 
small angle between ventral margin and occlusal plane. 
Erythrobaatar further resembles Y. qianzhouensis in that 
the small coronoid process is triangular in shape with a 
pointed tip.

Erythrobaatar and Yubaatar differ from other members 
of Taeniolabidoidea in several features: large palatal vacu-
ity; lingual cusp row of M1 short; arcuate p4 transversely 
narrow with weak ridges rather than being conical; more 
upper premolars (three or four instead of only one premolar); 
larger, fewer cusps on upper and lower M1/m1; and small 
angle between ventral margin of dentary and occlusal plane.

Erythrobaatar and Yubaatar both are similar to the Late 
Cretaceous Mongolian Buginbaatar (Buginbaatar transal-
taiensis Kielan-Jaworowska and Sochava, 1969) in lacking 
p3; having weak vertical, rather than oblique serrations on 
p4; low p4 crown and relatively small P4 in comparison 
with enlarged upper molars; lack of crescentic cusps on the 
molars; and m2 with fewer cusps. They differ from Bugin-
baatar in having shorter P4 and M1, more cusps on M2, and 
larger sizes of teeth.

Erythrobaatar differs from the Late Cretaceous Mongo-
lian djadochtatherioids in that the cranium is square shape 
in dorsal view (vs. the gradual tapering from the zygomatic 
arches to the tip of the rostrum in djadochtatherioids), three 
premolars, more cusps on molars, smaller p4 that does not 
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protrude dorsally over the level of the molars, vertical, 
rather than oblique ridges on p4, square-shaped frontonasal 
suture rather than the V-shaped suture in djadochtatheri-
oids, V-shaped frontoparietal suture rather than the rounded 
or square-shaped suture in djadochtatherioids, and shorter 
postglenoid region of the braincase relative to cranial length.

Erythrobaatar differs from the largest North American Cre-
taceous multituberculate Bubodens (Wilson 1987; Williamson 
et al. 2016) in that m1 is smaller in size with fewer cusps; the 
cusps are not compressed, lenticular, and crowded; and the 
enamel is not rugose. Bubodens was tentatively referred to 
Taeniolabidoidea because of its Taeniolabis-like morphology 
of inflated molar cusps with horizontal wear facets on the cusp 
tips (Kielan-Jaworowska et al. 2004). However, only m1 is 
known in this genus; Williamson et al. (2016) more recently 
tried to address the position of Bubodens within Taeniolabi-
doidea but a posteriori removed Budodens from the phylo-
genetic analysis to increase resolution; thus the affiliation of 
Bubodens is still uncertain.

Erythrobaatar differs from Cimolomyidae (Cimolomys, 
Essonodon, Meniscoessus, and Paressonodon) in hav-
ing fewer premolars, a unicuspid upper incisor, fewer and 
blunt serrations on p4, molars not ornamented, cusps not 
coalesced, lingual cusp row of M1 shorter (not as long or 
almost as long as the other cusp rows), dentary slender and 
longer, and alveolar ridge weaker (Storer 1991; Weil and 
Tomida 2001; Wilson et al. 2010). Erythrobaatar differs 
from Microcosmodontidae in having a larger size, lower p4, 
and I3 placed on the palatal part but not at the margin of the 
premaxilla. Erythrobaatar differs from Kogainoidea in hav-
ing larger size, different dental formula and cusp formula, 
shorter upper premolars, longer upper molars, p4 does not 
protrude dorsally over the level of the molars, wider snout, 
larger palatal vacuity, and the frontoparietal suture straight, 
not interdigitated.

Erythrobaatar differs from the Paracimexomys group 
(Kielan-Jaworowska et al. 2004) in having a larger size, 
different cusp formula, molars without coalescing cusps 

Table 1   Comparison of Skull and dentition measurements (in mm) of Erythrobaatar ganensis gen. et sp. nov. with species of Yubaatar. The 
asterisk (*) denotes estimated measurement of preserved dimension of an element. Abbreviations: L, left; R, right

E. ganensis
GM30516 (length/width)

E. ganensis 
GM30496
(length/width)

Yubaatar qianzhouensis Hu and 
Han, 2021 41HIII0111 (length/
width)

Yubaatar zhongyuanensis Xu et al., 
2015 CUGW VH101 (length/
width)

Skull length 84.81 78.81* 42.5* 70*
Maximum skull width 61.86 47.29* 70.2
Dentary length (L) 61.26 56.6
Dentary length (R) 60.87
I2 2.54/3.51 (L) 2.35/2.96 (L)
I3 2.77/2.64 (R) 2.19/3.03 (L)
P1 (L) 3.25/2.16
P2 (L) 3.49/3.01 2.44/2.02 2.95/2.27
P3 (L) 2.94/2.25 2.52/1.94 2.35/2.16
DP4 4.85/4.49
P4 (L) 5.06/2.20* 3.92/1.95 2.68/?
M1 (L) 10.47/5.54 7.20/3.73 9.5/4.75
M2 (L) 9.44/6.57 7.81/4.99 6.8/5.6
P2 (R) 3.65/2.05* 2.71/2.49
P3 (R) 2.76/2.01 2.96/2.24
P4 (R) 5.26/2.76 4.42/2.97
M1 (R) 10.25/5.12
M2 (R) 9.38/6.21 6.72/4.78
i (R) 3.81/3.22
p4 (R) 6.25/2.14
m1 (R) 9.13/3.44
m2 (R) 7.99/5.10
i (L) 3.78/2.44 3.8/2.95
p4 (L) 6.338/? 6.97/2.23
m1 (L) 9.63/3.66 12.13*/4.16 9.2/3.58
m2 (L) 7.94/4.95 5.67*/? 6.7/5.14
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and ornamentation, and P4 with two cusp rows equal in 
size. Erythrobaatar differs from Ptilodontoidea in having 
fewer premolars, a robust lower incisor covered with lim-
ited enamel band (not completely covered with enamel), 
smaller, less arcuate p4 that does not protrude dorsally over 
the level of the molars, I3 placed on the palatal part but 
not at the margin of the premaxilla, P4 shorter with fewer 
cusps, absence of ornamentation on the molars, and lack of 
molar cusp coalescence. Erythrobaatar differs from Eucos-
modontidae in having larger size, unicuspid upper incisor, 
different cusp formula of cheek teeth, double-rooted P2-4, 
P4 short with two cusp rows (shorter than M1), and fewer 
serrations on p4, such as those of Stygimys kuszmauli Sloan 
and Van Valen, 1965 and Stygimys cupressus Fox, 1989).

Erythrobaatar differs from Arginbaataridae (Kielan-
Jaworska et al. 1987), Uzbekbaatar (Kielan-Jaworowska 
and Nessov 1992), Argentodites (Kielan-Jaworowska et al. 
2007) and Corriebaataridae (Rich et al. 2009) in having a 
larger size, less arcuate crown of p4 with one cusp row bear-
ing vertical instead of oblique ridges, and lack of a buccal 
cuspule on p4. Erythrobaatar differs from Boffiidae Hahn 
and Hahn, 1983 in having a greater number of molar cusps, 
grooves, and ridges on P4 and M1.

Phylogeny

As mentioned in the methods, we performed phylogenetic 
analyses based on two datasets: Dataset I is modified after 
Wible et al. (2019) and includes 20 taxa and 121 characters 
focusing on relationships within Cimolodonta and Dataset 
II is modified after Smith et al. (2022) and includes 57 taxa 
and 130 characters and covers a wider range of multitubercu-
lates. The tree length of the strict consensus of the first anal-
ysis based on Dataset I is 352; the consistency index (CI) is 
0.6364; the homoplasy index (HI) is 0.4858; the retention 
index (RI) is 0.6049; and the rescaled consistency index 
(RC) is 0.385. The tree length of the second analysis based 
on Dataset II is 559; the consistency index (CI) is 0.4508; 
the homoplasy index (HI) is 0.6351; the retention index (RI) 
is 0.7492; and the rescaled consistency index (RC) is 0.3377. 
For Dataset II, we discuss the phylogeny relationship based 
on Majority-rule consensus tree.

In both analyses based on datasets I and II, Eryth-
robaatar and Yubaatar are placed in a monophyletic 
Taeniolabidoidea (Fig. 8) according to the most recent 
definition for Taeniolabidoidea (Williamson et al. 2016: 
200). However, in both analyses the relationships of 

Fig. 8   Phylogenetic position of Erythrobaatar ganensis within multituberculates with focus on taeniolabidoids (gray box). a. strict consensus 
tree of three most parsimonious trees using dataset I; b. majority-rule consensus tree of two most parsimonious trees using dataset II
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Taeniolabidoidea within Cimolodonta are unresolved. In 
analysis I, Taeniolabidoidea is placed in a polytomy with 
Djadochtatherioidea and Buginbaatar, and in analysis II, 
Taeniolabidoidea + Meniscoessus are resolved in a poly-
tomy with Ptilodontidae and Djadochtatherioidea (plus 
Eucosmodon, Stygimys, and Buginbaatar).

The analysis based on dataset I pairs Erythrobaatar 
and Yubaatar, which in turn forms a sister group of 
the Taeniolabis-Lambdopsalis clade. In contrast, 
Erythrobaatar ganensis, Yubaatar qianzhouensis, and 
Yubaatar zhongyuanensis are placed as basal taxa within 
Taeniolabidoidea in the analysis based on dataset II. But 
in Dataset II, the tree shows that Y. zhongyuanensis is 
more closely related to other taeniolabidoids than to Y. 
qianzhouensis or E. ganensis. Also, Y. qianzhouensis and 
E. ganensis are in a polytomy at the base of that clade, 
so either are as closely related as the clade including Y. 
zhongyuanensis + Taeniolabidoidea as they are to each 
other.

In the first analysis, characters supporting the sister 
grouping of Erythrobaatar and Yubaatar include: enamel 
of lower incisor restricted to buccal surface of tooth; upper 
incisors are peg-like or single cusped; last upper premolar 
with two main, rows of cusps equal in length; number of 
upper postcanine loci fewer than five; m2 lingual row cusp 
count 4–5; lower m2 with buccal cusp row about equal in 
length to lingual cusp row; and upper M1 elongated. In anal-
ysis II, Erythrobaatar and Yubaatar are basal to the Ceno-
zoic taeniolabidoids Taeniolabis, Catopsalis, Lambdopsalis, 
Sphenopsalis and Prionessus. Compared to those Cenozoic 
species, Erythrobaatar and Yubaatar display some plesio-
morphic characters, such as having more upper premolars, 
molars shorter with fewer cusps, and molar cusps not spe-
cialized (either crescentic or blunt quadrate).

Most Cenozoic taeniolabidoids have specialized crescen-
tic or blunt quadrate cusp morphologies, with the exception 
of the lambdopsalidan Prionessus. The apiciform to cone-
shaped cusp morphology of Prionessus has previously been 
assumed to represent the ancestral condition for Taeniolabi-
doidea (Matthew et al. 1928; Mao et al. 2016). The deeply 
nested position of Prionessus and the basal position of 
Erthyrobaatar and Yubaatar within Taeniolabidoidea (that 
also have cone-shaped cups morphology) might further sup-
port that the apiciform to cone-shaped cusp morphology of 
Prionessus, Erythrobaatar and Yubaatar in fact represents 
the basal condition for Taeniolabidoidea. It is interesting 
that the Paleogene lambdopsalids Lambdopsalis, Sphe-
nopsalis, and Prionessus from the Mongolian Plateau are 
only distantly related to the Late Cretaceous djadochtathe-
rioidians that are also from the Mongolian Plateau. Instead 
they are more closely related to the North American Paleo-
gene Taeniolabis and Catopsalis and the Late Cretaceous 
Erythrobaatar and Yubaatar from central China. These 

relationships suggest the dispersal event of the Taeniolabi-
doidea and Djadochtatherioidae may have happened earlier 
than the Late Cretaceous.

Discussion

P4/p4 replacement  Based on comparisons of eruption patterns 
of multituberculates available at the time, Greenwald (1988) 
argued that the adult p4 of Late Cretaceous-Paleogene forms is 
homologous to the dp4 of diphyodont taxa such as the paulchof-
fatid Kuehneodon dietrichi (Hahn 1978), and pointed out that 
there is no evidence to support the replacement of upper P4 or 
lower p4 in multituberculates. Although Sloan (1981, 1987) 
argued that P4 was diphyodont in K-Pg multituberculates, this 
statement was not confirmed (Greenwald 1988). More recently, 
Xu et al. (2015) reported that the possible erupting P4 has a 
deciduous precursor that was heavily worn so that the last ante-
molar tooth is diphyodont and therefore a premolar, instead of 
a molar, in Yubaatar. Another reason that the tooth was identi-
fied as dP4 is that it was deeply worn, much more than M1. 
However, Xu et al. (2015) could not rule out other possibilities 
for the teeth in question. Juvenile specimens with evidence of 
two generations for premolar replacement of Cretaceous mul-
tituberculates are rare, if any; thus, whether the antemolar tooth 
at the P4 locus is diphyodont remains equivocal.

The specimens of Erythrobaatar provide no direct evi-
dence about the premolar replacement. However, these 
specimens with associated upper and lower dentitions from 
the same individual animal that displays deep wear are not 
particularly common in the record of multituberculates. As 
in other mammals, the wear pattern is a good indicator of 
relative tooth eruptions in multituberculates (Greenwald 
1988). The wears on the upper cheek teeth indicate that the 
first molar and the ultimate premolar functioned for a pro-
longed period before the second molar and the other premo-
lars erupted and came into functioning. It is also unlikely 
that M1 was the first erupted cheek tooth and functioned 
alone before the ultimate premolar erupted, which was then 
followed by eruptions of P3 and P2 sequentially. From the 
wear pattern and known evidence of tooth replacement, it 
seems unlikely that the ultimate premolars of Erythrobaatar 
are successive teeth; unless their deciduous precursors were 
replaced in the early stage of ontogeny, earlier than the 
replacement of P3 and P2, which appears awkward and sup-
ported by no evidence.

It is worth mentioning that the crown of dP4 for Yubaatar 
zhongyuanensis is multicuspid and molariform, whereas 
the successive tooth of the dP4 is short and simple with 
fewer cusps (Xu et al. 2015; Fig. 7; unpublished CT data). 
The P4 shape of Erythrobaatar is comparable to the dP4 
of Yubaatar but not the permanent P4. Based on our phy-
logenetic analyses and given the definition by Williamson 
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et al. (2016), Yubaatar and Erythrobaatar are basal taen-
iolabidoids. It is therefore reasonable to assume that P4s 
of Erythrobaatar are homologous to the dP4 of Yubaatar. 
As generally accepted that monophyodonty of various loci 
in mammals evolved through the suppression of secondary 
replacements for primary generation teeth (Ziegler 1971; 
Slaughter et al. 1974; McKenna 1975; Schwartz 1982), evi-
dences of Erythrobaatar raise the possibility that the ulti-
mate molariform upper premolar could be a deciduous tooth 
and its replacement pattern should be monophyodont.

Tooth reduction and homology  As a rule, all multitubercu-
lates have two molars in each jaw quadrant, but their premolars 
vary greatly among various species. The general trend in the 
evolution of multituberculates is reduction of the antemolar 
cheek tooth number (Greenwald 1988). In the plesiomorphic 
Jurassic forms, the upper canine is present and there are up to 
five upper and four lower premolars (Kielan-Jaworowska et al. 
2004). In the most advanced Cenozoic taeniolabidids, there 
are as few as only one premolar in each jaw quadrant (Krause 
et al. 2021). This general trend of tooth reduction can be seen 
in the clade of Taeniolabidoidea (Fig. 7). However, how the 
premolars were reduced and the tooth homologies resulting 
from the tooth reduction remain complicated (Clemens 1963; 
Hahn 1978; Kielan-Jaworowska and Hurum 2001). Within 
Cimolodonta, it is unclear how the upper premolars reduced 
from a four-tooth series to one tooth such as in our defined 
Taeniolabidoidea and how the lower premolars reduced from 
two to one small, peg-like tooth in derived taeniolabidoids.

For those cimolodontans that have four upper premo-
lars, these teeth are closely packed and there is no dias-
tema between any pair of teeth. There are, however, two 
configurations in tooth size that may be relevant to tooth 
reduction: P3 is the smallest premolar, such as in Kampto-
baatar (Kielan-Jaworowska  1970, 1971), Sloanbaatar 
(Kielan-Jaworowska 1971), Bulganbaatar, and Nemegt-
baatar (Kielan-Jaworowska 1974; Kielan-Jaworowska and 
Hurum 1997, 2001), or P2 is the smallest, such as in Chul-
sanbaatar (Kielan-Jaworowska 1974) and Kryptobaatar 
(Kielan-Jaworowska 1970; Wible and Rougier 2000; Smith 
et al. 2001). For those that have three upper premolars, 
there are also at least two configurations: a diastema exists 
between the first and second premolars, such as in Catops-
baatar (Kielan-Jaworowska et al. 2005), Djadochtatherium 
(Kielan-Jaworowska 1974), Tombaatar (Rougier et al. 1997), 
and Mangasbaatar (Rougier et al. 2016); or there is no dias-
tema between any pair of the premolars, such as in Guibaatar 
(Wible et  al.  2019). An inconsistent case is present in 
Kamptobaatar. In the reconstructed cranium of the genus, a 
well-developed diastema separates the mesial two premolars 
from the ultimate upper premolar (P4) (Wible et al. 2019: 
fig. 22E), whereas there are four premolars of Kamptobaatar 
in the original research, with the third one being the smallest 

(Kielan-Jaworowska 1971; Kielan-Jaworowska and Hurum 
1997, 2001). As a result of these differences, the three pre-
molars have been identified, for instance, as P1-P3-P4 for 
Djadochtatherium (Kielan-Jaworowska, 1974) and Catops-
baatar (Kielan-Jaworowska et al. 2005) or P2-P3-P4 for 
Guibaatar (Wible et al. 2019), which we tentatively follow in 
interpreting the premolars of Erythrobaatar, although we are 
not certain of the homology implied in those interpretations. 
It appears feasible that the P1-P3-P4 condition is derived 
from the four premolars with the smallest P2 lost so that a 
diastema is created at the P2 locus. Wible et al. (2019) specu-
lated that the three premolars in the Late Cretaceous Mongo-
lian multituberculates are homologous and the diastema in 
Tombaatar, Catopsbaatar, and Mangasbaatar is created by 
elongation of the rostrum during ontogeny, which occurred 
in adult individuals of large djadochtatheriids. However, as 
we report above, a small diastema exists between P2 and P3 
in GM30496, which comes from an adult individual, whereas 
GM30516 represents an even older individual, judging from 
the tooth wear, and has a long rostrum; thus, absence of the 
alveolus within the upper premolar series may not be a result 
of ontogeny. We recommend that for those multituberculates 
that have three upper premolars, the homologies of P3 and P4 
can be established, but the homology of the mesial premolar 
remains to be demonstrated.

How the three premolars, such as those in Erythrobaatar, 
were further reduced to the single premolar of derived tae-
niolabidoids is not very clear. However, Erythrobaatar pos-
sibly represents a transitional condition in tooth number 
and morphology from the Cretaceous form to the Cenozoic 
taeniolabidoids. Erythrobaatar differs from Djadochatheri-
oidea (such as Catopsbaatar, Djadochtatherium, Tombaatar, 
Mangasbaatar, and Guibaatar) that have three upper pre-
molars in having proportionally smaller upper and lower 
premolars. For the upper premolars, there is no record of a 
multituberculate that has two upper premolars; thus, from 
three premolars of some Late Cretaceous multituberculates, 
such as Erythrobaatar, to one premolar in the Cenozoic tae-
niolabidoids, there seems to be a morphological gap in terms 
of tooth number. Nonetheless, Erythrobaatar differs from 
Djadochatherioidea that have three upper premolars in that 
its premolars are proportionally small, or the molars are pro-
portionally large.

The common pattern of lower premolars in cimolodon-
tans consists of a peg-like or absent p3 and an enlarged and 
serrated blade-like p4 that shows a diverse morphology 
(Weaver and Wilson 2021). The sole p4 of Erythrobaatar 
is closely similar to the p4 of Cenozoic taeniolabidoids in 
being proportionally small relative to the enlarged molars. 
The evolution of basal cimolodontan multituberculates 
toward taeniolabidoids is quite different from those where 
the blade-like p4 became diversified (Kielan-Jaworowska 
et al. 2004; Wilson et al. 2012; Weaver and Wilson 2021); 
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instead, it emphasizes palinal chewing of molars for grind-
ing so that the molars became enlarged and complex at the 
expense of the premolars and their function for slicing food; 
this trend can be further explored in the tooth occlusal rela-
tionship shown below.

Tooth occlusion  Horizontal, palinal chewing has been con-
sidered a key feature of the earliest multituberculates, which 
differentiates them from “haramiyidans” (Butler and Hooker 
2005; Averianov et al. 2021). The horizontal movement of 
the lower jaw in multituberculates is consistent with the 
molar structures that have straight cusp rows and furrows 
between them. However, if the cheek tooth row is viewed 
as a whole, the horizontal movement may only be a local 
phenomenon for the molars but not for the full mastication 
cycle that involves the full cheek tooth row. The shape of the 
tooth occlusal plane of the dentition may present physical 
constrain on the jaw movement. Krause (1982) established 
that the occlusion of multituberculates can be divided into 
two cycles: slicing-crushing essentially limited to the premo-
lars, and grinding, essentially limited to the molars, which 
mainly focused on the functional aspect based on the wear 
on the tooth crown. Here, we mainly use the outline of the 
cheek tooth row in buccal view to emphasize the consistency 
of occlusion cycles during the evolution of multituberculates 
based on the new segmented CT data of several clades.

For multituberculates that have five or four upper premo-
lars, the dentition generally shows two interesting features. 
The first one is that, in occlusal view, the cheek tooth row is 
usually arranged in a more or less curved course that is convex 
buccally, with the distal half of the ultimate premolar repre-
senting the outermost point of the curve. The occlusal line 
(running roughly along with the cusp tips) of the cheek tooth 
row is often flexuous in a broad “M”-shape (with the ver-
tex located at the ultimate premolar). Here we use “occlusal 
line” rather than occlusal surface because this outline is not 
the actual occlusal surface in multituberculates. While the 
molar occlusion may follow this line, the premolar occlu-
sion, particularly the ultimate pair of premolars, does not; p4 
occludes on the ventral-lingual side of the ultimate premolar 
(Fig. 7; see Krause [1982: Fig. 10] for a different situation for 
Ptilodus); thus, the actual lower jaw movement is not in an 
M-shaped course. The anterior portion of the curved occlusal 
line is formed by the premolars, which we term the premolar 
arc, whereas the posterior portion is formed by the ultimate 
premolar and molars, which we term the molar arc. This flexu-
ous pattern with two arcs is common in Jurassic and Creta-
ceous multituberculates where the upper dentition is known, 
such as the Late Jurassic paulchoffatiid Henkelodon, Kueh-
neodon, and Pseudobolodon (Hahn, 1977), Late Jurassic allo-
dontid Ctenacodon (Bakker and Carpenter 1990), Bolodon 
(Kielan-Jaworowska et al. 1987), and many Cretaceous and 
Paleogene species (Krause 1982; Kielan-Jaworowska et al. 

2004; Kusuhashi et al. 2009, 2020; Csiki-Sava et al. 2018; 
Wang et al. 2019; Mao et al. 2021; Weaver and Wilson 2021). 
This M-shaped occlusal line is illustrated by the upper cheek 
teeth of the Early Cretaceous Sinobaatar pani (Fig. 7a) in 
which the premolar arc ends in the middle of P5, whereas the 
posterior half of the P5 contributes to the molar arc (see also 
Kusuhashi et al. 2009). For those multituberculates that have 
four upper premolars, the vertex of the M-shaped occlusal 
line is on P4, as shown in Yubaatar (Fig. 7b); a similar pattern 
is present in other Late Cretaceous multituberculates, such 
as Kryptobaatar, Kamptobaatar (Kielan-Jaworowska 1970), 
and Litovoi (Csiki-Sava et al. 2018). In either the five or four 
premolar condition, the premolar and molar arcs usually are 
subequal in length (see Fig. 7a). The premolar arc in cimolo-
dontans usually has an occlusal relationship with the enlarged 
p4 to function for the slicing-crushing cycle during masti-
cation, whereas the molar arc functions for grinding (Hahn 
1971; Krause 1982; Wall and Krause 1992; Weaver and Wil-
son 2021).

Erythrobaatar appears in a transitional stage between those 
with five or four upper premolars and derived taeniolabidoids. 
Owing to the reduction of one upper and lower premolar as 
well as shortening of the ultimate upper and lower premo-
lars, the premolar arc is shortened to about half of the molar 
arc; the curvature of the arc is also reduced. The extremity 
of this premolar arc shortening is represented by Cenozoic 
taeniolabidoids in which there is only one peg-like ultimate 
premolar in both upper and lower jaws. As a result of this 
change, the upper cheek tooth row becomes short because the 
molars are the predominant functional teeth; accordingly, the 
premolar arc vanishes, whereas the molar arc is proportionally 
extended due to elongation of molars. Thus, in derived taenio-
labidoids the slicing-crushing cycle of mastication, executed 
by the premolars, was essentially lost; only the grinding cycle 
of molars was retained and in fact, became enhanced (Krause 
1982; Wilson et al. 2012; Weaver and Wilson 2021). This 
therefore probably indicates a dietary shift compared to those 
multituberculates that have two chewing cycles. However, as 
shown in the Cenozoic taeniolabidoids Lambdopsalis, Sphe-
nopsalis, Taeniolabis (Mao et al., 2016) and Kimbetopsalis 
(Williamson et al. 2016), the occlusal line retains the gen-
tly curved (dorsally convex) molar arc. As such the palinal 
movement of the lower molars against the uppers follows a 
curvature and is not in a horizontal plane in Cenozoic taen-
iolabidoids. In contrast to the taeniolabidoid condition, pti-
lodontids evolved in a different direction by emphasizing the 
slicing-crushing cycle of mastication, as suggested by the 
hypertrophic p4 blade and the long upper premolar cycles 
which extends onto the mesial end of M1 (Krause 1982; Wall 
and Krause 1992; Weaver and Wilson 2021; Fig. 7f).

Finally, the occlusal relationship of teeth may furnish 
another criterion to infer tooth homologies of multituber-
culates. As noted by Butler (2000: 339): “the teeth must 
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continue to function throughout the evolutionary transfor-
mations of the body as a whole”; thus, the premolar and 
molar arcs of the cheek tooth row may support the hypoth-
esis that P5 of primitive paulchoffatiids, plagaulacidans and 
eobaatarids is homologous to the tooth referred to as P4 in 
cimolodontans (Clemens 1963). In other words, the ulti-
mate upper premolar, that forms the vertex of the M-shaped 
occlusal line between the premolar and molar arcs, is the 
dividing point between the distinct premolar-centric vs. 
molar-centric occlusal cycles. Similar function related to 
slicing-crushing and grinding cycles and relative position of 
'P4' and P5 supports serial homology of the ultimate upper 
premolar in the evolution of cimolodontan multituberculates 
(Krause 1982).
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tary material available at https://​doi.​org/​10.​1007/​s10914-​022-​09636-2.
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