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Reconstruction of the cranial musculature of the 
paraceratheriid rhinocerotoid Pappaceras meiomenus 
and inferences of its feeding and chewing habits
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The paraceratheriid Pappaceras is the earliest unequivocal rhinocerotoid genus to date, for which the osteological mor-
phology is relatively unique compared to other perissodactyls. Due to the poor preservation condition, paleobiological 
aspects of Pappaceras (or forstercooperiines), such as chewing and feeding behavior, still remain unknown. Under the 
Extant Phylogenetic Bracket, the cranial musculature of the newly erected Pappaceras meiomenus has been recon-
structed using two-dimensional illustrations, drawings and interpretations of the position and general morphology of 
cranial muscles for which origins and insertions on the skull are visible. In this study, eight muscles are reconstructed, 
described and compared to the corresponding muscles known or inferred in other perissodactyls, including the m. levator 
nasolabialis, the m. levator labii superior, the m. caninus, the m. zygomaticus, the m. masseter, the m. temporalis, the 
m. buccinator and the m. pterygoid. The reconstruction of the masticatory muscles suggests that Pappaceras meiomenus 
is strictly herbivorous, probably folivorous, with a primary component of vertical biting. The relatively well-developed 
m. pterygoid (particularly the m. pterygoideus medialis) indicates that Pappaceras meiomenus is similar to hyraco-
dontids, having more advantages in rotary chewing than other non-hyracodontid rhinocerotoids. The configuration 
of basicranial features shows differentiation between non-hyracodontids and hyracodontids, demonstrating that the 
well-developed, specialized postglenoid process and the wide glenoid fossa, along with the postcotyloid process of the 
mandible, serve as a strong fulcrum during the power stroke in non-hyracodontids. Based on its rostral morphology, we 
suggest that Pappaceras meiomenus was a general browser. The morphology of its incisors and canines further indicate 
the ability to feed on hard plants, using the postulated puncture-crushing and grinding function.
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Introduction
The musculature is functionally fundamental for exploring 
biomechanics in extant animals. Unfortunately, soft tissues, 
like muscles, are rarely preserved in the fossilization process, 
so the exploration of biomechanical processes in extinct an-
imals is challenging. Apart from the incompleteness of pre-
served materials, most muscles leave weak impressions on 

the cranium, which are commonly even less developed than 
those on the long bones. In addition, even when specimens 
are well preserved, myological reconstruction for fossil taxa 
is still highly speculative in nature, particularly tracing spe-
cific details of fiber orientation and relationships between 
adjacent structures. However, substantial clues about form, 
function, and behavior that are held in extant and extinct 
animals, lay the groundwork for inference of muscular ar-
rangement and function as summarized by Lauder (1995), 
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Witmer (1995), and Benton (2010). For instance, the rostral 
reconstruction of tapirs and horses that are specialized com-
pared to primitive rhinocerotoids has been relatively well 
studied in extant and extinct taxa by several authors (e.g., 
Witmer et al. 1999; Bernardes et al. 2013). The musculature 
can be reconstructed using osteological markers, such as 
processes, ridges and rough areas that remain visible over 
the course of fossilization. Myological reconstructions have 
been widely conducted for crania of various fossil amphib-
ians, dinosaurs and mammals (e.g., Bernardes et al. 2013; 
Lautenschlager 2013; Sanchez et al. 2013; Witzmann and 
Schoch 2013; Sharp 2014; Ercoli et al. 2016). Such studies 
have provided valuable insights (such as morphology and 
arrangement of adductor muscles) into paleobiological as-
pects of fossil taxa (such as bite force and feeding perfor-
mance) (Lautenschlager 2013; Sharp 2014). The correlation 
between cranial musculature and feeding performance has 
been proposed for both extant and extinct animals (e.g., Qiu 
and Wang 2007; Cox and Baverstock 2016). These studies 
exemplify the paleobiological links between osteology and 
myology. Furthermore, reconstruction of cranial muscula-
ture, together with evidence from dentition and cranioman-
dibular osteology, can be potentially helpful for inferring 
ecological aspects of extinct animals.

Previously, Pappaceras was considered a synonym of 
Forstercooperia (Wood 1938, 1963; Radinsky 1967; Lucas 
et al. 1981), but the latest study on forstercooperiines clar-
ifies that Pappaceras is a valid genus and separated from 
Forstercooperia (Wang et al. 2016). To date, Pappaceras, re-
covered from late early Eocene sediments in Asia, represents 
the earliest unequivocal rhinocerotoid that is Arshantan in 
age (Wang et al. 2010, 2016). It is an early representative 
of paraceratheriid forstercooperiines, of which the origin 
and evolution are geographically restricted in Asia (Qiu and 
Wang 2007; Wang et al. 2016). Interestingly, the newly re-
ported Pappaceras meiomenus H.B. Wang, Bai, Meng, and 
Y.Q. Wang, 2016 exhibits a number of cranial features prim-
itively similar to basal tapiromorphs, but it also displays 
unique craniodental characteristics that resemble those of 
ancestral paraceratheriids (Wang et al. 2016), suggesting that 
this species possesses unique dietary habits.

There are few myological reconstructions of perissodac-
tyls, but work has been done on extinct and extant horses 
(e.g., Sisson 1914; Gregory 1920; Bernardes et al. 2013), 
extant rhinoceroses (e.g., Beddard and Treves 1898; Groves 
1972), and tapirs (e.g., Gregory 1920; Bressou 1961; Witmer 
et al. 1999). Only a few anatomical studies focusing on mus-
cular reconstruction of fossil rhinocerotoids are present in 
the literature (Borsuk-Białynicka 1973; Qiu and Yan 1982; 
Qiu and Wang 2007). They serve as major resources for this 
study. Particularly, the myological reconstructions for parac-
eratheriines Juxia sharamurenensis and Paraceratherium 
lepidum by Qiu and Wang (2007) are comparable to the 
present work, as Pappaceras is phylogenetically and mor-
phologically closely related to paraceratheriines (Lucas and 
Sobus 1989; Qiu and Wang 2007; Wang et al. 2016). There 

are also musculature reconstructions for Coelodonta antiq-
uitatis by Borsuk-Białynicka (1973) and for Chilotherium 
cornutum by Qiu and Yan (1982). In the present study, the 
main cranial muscles that can be identified with confidence 
will be reconstructed, described and compared with those of 
other perissodactyls. Inferences on the feeding and chewing 
habits of Pappaceras meiomenus will be discussed on the 
basis of the combination of muscular, dental and osteologi-
cal features.

Institutional abbreviations.—AMNH, American Museum 
of Natural History, New York City, USA; IVPP, Institute 
of Vertebrate Paleontology and Paleoanthropology, Beijing, 
China.

Other abbreviations.—HSB, Hunter-Schreger Bands; m., 
muscle; MWC, width of the rostrum across the upper ca-
nines; PMW, maximum anterior width of the premaxilla.

Material and methods
The holotype of Pappaceras meiomenus (IVPP V20254), 
a complete cranium housed in the collection of Institute of 
Vertebrate Paleontology and Paleoanthropology, was used 
as the cranial model for the myological reconstruction of 
this species. The detailed morphology of the holotype of 
Pappaceras meiomenus can be found in Wang et al. (2016). 
Given that several muscles have their origin and insertion 
on the cranium and mandible respectively, AMNH 26677 
was used as the mandibular model for the present work. 
This specimen is assigned to Pappaceras meiomenus in 
the latest systematic revision of forstercooperiines (HBW, 
BB, JM, and YQW unpublished material). It is the most 
complete known mandibular material of Pappaceras meio-
menus to date and has also been described in detail by 
Lucas et al. (1981). Specimens of Hyracodon nebraskensis 
(AMNH 12460, cranium and mandibles), Subhyracodon 
occidentalis (AMNH 534, cranium and mandibles) and 
Pappaceras confluens (AMNH 26660, mandible only) 
were used for comparison. Except for IVPP V20454, all 
specimens used in the present study are currently housed in 
the collection of the American Museum of Natural History. 
Only part of the traceable cranial muscles was chosen 
for description and comparison, and muscles that possess 
postcranial insertions were excluded in the present work 
because postcrania still remain unknown in Pappaceras 
meiomenus. The cranium (IVPP V20254) was imaged us-
ing micro-CT at the Institute of Vertebrate Paleontology 
and Paleoanthropology, Beijing, China. The scan was per-
formed at 430 kV and 1.5 mA, and then imported as stacked 
images into Mimics v.15 to create and export a 3D surface 
model of the cranium. Given the few references on the my-
ological reconstruction of rhinocerotoids and the consider-
able distinction between Pappaceras meiomenus and extant 
rhinoceroses, the Extant Phylogenetic Bracket was used as a 
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general rule to provide a most-likely model of muscular ar-
rangement for fossil taxa by examining their closest related 
living taxa (Witmer 1995). Under the frame of the Extant 
Phylogenetic Bracket, the myology of other perissodactyls, 
such as tapirs and rhinocerotids, was extensively taken into 
account for musculature reconstruction (Fig. 1, Table 1). 
However, the myology of horses is a valuable alternative to 
those of rhinocerotids, because of the general similarity of 
osteological features between Pappaceras meiomenus and 
horses (such as dolichocephalic skull and complete anterior 
dentition) and the relative lack of myological studies of rhi-
nocerotids (Fig. 1, Table 1). Based on osteological markers 
from the skull, the extent of each muscle attachment was 
inferred and compared to those in other perissodactyls. 
Two-dimensional illustrations, drawings, and interpreta-
tion were provided to mark the positions and general forms 
of muscles. Illustrations of cranial muscles (Fig. 2–5) were 
created in Illustrator CS5 and the reconstruction of the 
skull (Fig. 6) was created in Photoshop CS5. Terminology 
follows Witmer et al. (1999).

Results
In this section, eight muscles are described separately 
and compared to those of perissodactyls closely related to 
Pappaceras meiomenus. The origin and insertion of each 
muscle, as well as the inferred extent of each muscle, are 
given in Table 2.

M. levator nasolabialis.—In extant tapirs, the m. levator 
nasolabialis is distinctively well developed due to the pres-
ence of a proboscis, arising from the lateral margin of the 
nasal, with its lateral outline being broad and sheet-like, and 

overlain anteroventrally by the levator anguli oculi medialis 
(Boas and Paulli 1908; Witmer et al. 1999). In the extant 
Dicerorhinus sumatrensis, the m. levator nasolabialis arises 
from the anterior part of the well-developed facial crest and 
inserts on the lateral margin of the nostril; this muscle is 
relatively massive (Beddard and Treves 1898; Qiu and Wang 
2007). The m. levator nasolabialis is thin and directly lies 
under the skin and on the lateral surface of the nasal region 
in extant horses (Sisson 1914). The m. levator nasolabialis of 
Pappaceras meiomenus has been reconstructed as arising 
from the suture of the nasal, frontal and lacrimal, terminat-
ing around the superior angle of the upper lip. The shallow 
preorbital fossa may accommodate the m. levator nasolabia-
lis. Given the anatomical correlation between the position of 
the muscle and the fossa, as previously proposed (Holbrook 
and Lucas 1997), the m. levator nasolabialis could be a 
relatively well-developed and thick muscle in Pappaceras 
meiomenus, despite a weak facial crest.

Beddard and Treves (1898) regarded the m. levator naso-
labialis as the levator labii superioris alaeque nasi (Beddard 
and Treves 1898: 24, fig. 10). Later, the levator labii su-
perioris alaeque nasi was hypothesized to consist of three 
groups by Gregory (1920: 272, fig. 8), despite the fact that 
the anterodorsal group in Gregory’s (1920) hypothesis was 
not well known. Qiu and Wang (2007) mentioned that the 
distinctively rough surface of the preorbital facial area indi-
cates a well-developed m. levator nasolabialis in the Indian 
rhinoceros (Rhinoceros unicornis). Similar to the extant rhi-
noceroses, some fossil rhinocerotids likely maintained a 
well-developed m. levator nasolabialis based on diagnosed 
characters closely related to muscular attachment, for in-
stance, the presence of a distinct crest above the dorsal bor-
der of the orbital in the woolly rhinocerotid Coelodonta 
antiquitatis (Borsuk-Białynicka 1973: 46, fig. 5A-b), and 
the distinct depression anterodorsal to the anterior border of 
the orbit in Chilotherium cornutum (Qiu and Yan 1982). For 
the giant rhino Paraceratherium lepidum, it is postulated 
that the origin of the m. levator nasolabialis is located at 
the anterodorsal part of the orbital and the concave surface 
superior to the orbital (Qiu and Wang 2007). In contrast, this 
muscle is considered thin in Juxia sharamurenensis, simi-
lar to those of living horses (Qiu and Wang 2007). Unlike 
the specialized condition of the cranium of Chilotherium 
cornutum, Paraceratherium lepidum, and extant tapirs, the 
anterodorsal portion of the preorbital region in Pappaceras 
meiomenus is similar to that of Juxia sharamurenensis, 
with a relatively smooth surface and without the trace of 
a distinct crest for muscular attachment. The m. levator 
nasolabialis in Pappaceras meiomenus is weaker than in 
Paraceratherium lepidum, Coelodonta antiquitatis, and 
Chilotherium cornutum. On the other hand, the m. levator 
nasolabialis in Pappaceras meiomenus may be much thicker 
than those of Juxia sharamurenensis and living horses (for 
which the muscular layer is relatively thin), in order to sup-
port the snout. The m. levator nasolabialis of Pappaceras 
meiomenus may be more anteriorly displaced than that of 
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m. levator labii superior

m. levator nasolabialis

m. caninus

m. zygomaticus

m. masseter

m. temporalis

m. buccinator

m. pterygoid

Fig. 1. Extant phylogenetic bracket (EPB) from which the cranial muscles 
in Pappaceras meiomenus are hypothesized. A. Simplified phylogeny of 
perissodactyls based on recent studies (Rose et al. 2014; Wang et al. 2016). 
B. Data for cranial muscles from extant perissodactyls, mainly taken 
from Beddard and Treves (1898), Boas and Paulli (1908), Sisson (1914), 
Gregory (1920), Bressou (1961), Witmer et al. (1999), Clifford (2003) and 
Bernardes et al. (2013). Solid rectangles denote the presence of references 
regarding certain muscle in extant perissodactyls, whereas open rectangles 
indicate a lack of references.
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Juxia sharamurenensis, for which the deeper narial notch 
ends above the third upper premolar, based on the anatom-
ical correlation analyses for rostral muscles of fossil and 
extant horses (Bernardes et al. 2013).

M. levator labii superior.—The extant tapirs possess a 
distinctive m. levator labii superior, which is attached to a 
well-developed ridge of the lacrimal, and the insertion of 
this muscle is fully covered by the m. levator nasolabialis 
(Boas and Paulli 1908; Bressou 1961; Witmer et al. 1999). 
According to Gregory’s illustration (Gregory 1920: 272, 
figs. 6, 7), this muscle was gradually thickened posteriorly 
in Tapirus terrestris. In extant horses, this muscle arises 
from the junction of the lacrimal, zygomatic and maxilla 
and inserts to the upper lip (Bernardes et al. 2013). However, 
it is still not clear in extant rhinoceroses despite the simpli-
fied illustrations (Beddard and Treves 1898; Gregory 1920: 

272, fig. 8). Based on the relatively large facial exposure of 
the lacrimal and the rough surface around the suture of the 
maxilla, zygomatic, and lacrimal, the m. levator labii supe-
rior in Pappaceras meiomenus has been reconstructed as 
moderately well developed, originating from the suture of 
the maxilla, zygomatic and lacrimal and extending anteri-
orly to the upper lips with a long tendon.

In Coelodonta antiquitatis, this muscle was assumed to 
be distinctively large due to the large muscle attachment 
area present on the lateral surface of the visceral portion of 
the skull (Borsuk-Białynicka 1973: 46, fig. 5A-a). Qiu and 
Wang (2007) suggested that the m. levator labii superior 
in Juxia sharamurenensis should have been rather large 
and accommodated by a broad surface area. This muscle is 
considered to be rather massive in fossil hippidiforms, such 
as Onohippidium, which bears a distinct preorbital fossa 
immediately anterior to the orbital for muscular attachment. 

Table 1. Anatomical description of the cranial muscles present in extant horses, tapirs and rhinoceroses.

Muscles
Tapirs (Tapirus) Horses (Equus) Rhinoceroses (Rhinoceros or 

Dicerorhinus)
origin insertion origin insertion origin insertion

m. levator 
nasolabialis

lateral margin 
of the nasal

lateral and 
ventral border 

of nostril

well 
developed

lateral margin of 
nasal and part of 

frontal

superior angle 
of upper lip 
and lateral 
border of 

nostril

weak
anterior part 

of facial 
crest

lateral 
margin of 

nostril

moderately 
developed

m. levator 
labii superior

ridge of 
lacrimal, 

covered by 
m. levator 

nasolabialis

upper lip well 
developed

suture of 
lacrimal, 

zygomatic and 
maxilla

upper lip moderately 
developed

m. caninus

ridge near 
the suture of 
maxilla and 
zygomatic

lateral part of 
the nostril

well 
developed

border of rostral 
part of facial 

crest

lateral part of 
nostril weak

anterior part 
of the facial 

crest

lateral part 
of nostril weak

m. 
zygomaticus

anterior part of 
zygomatic arch

angle of 
mouth

well 
developed

beneath facial 
crest, under 

fascia covering 
m. masseter

angle of 
mouth, uniting 

with m. 
buccinator

weak
anterior pat 

of zygomatic 
arch

margin of 
lower lip

well 
developed

m. masseter 
superficialis

facial crest and 
ventral part of 
zygomatic arch

lateroventral 
surface of 
ascending 

ramus

well 
developed

facial crest and 
a tendon of 

zygomatic arch

lateroventral 
surface of 
ascending 

ramus

well 
developed

m. masseter 
profundus

posteroventral 
part of 

zygomatic arch

lateral surface 
of ascending 

ramus
weak

facial crest and 
a tendon of 

zygomatic arch

posteroventral 
border of 
mandible

moderately 
developed

m. 
temporalis sagittal crest coronoid 

process
well 

developed sagittal crest coronoid 
process

well 
developed sagittal crest coronoid 

process
moderately 
developed

m. 
buccinator

buccinator 
fossa

angle of 
mouth

well 
developed

maxillary part of 
buccinator fossa angle of mouth moderately 

developed

m. 
pterygoideus 

lateralis

lateral surface 
of alisphenoid

anteromedial 
aspect of 

mandibular 
angle

weak lateral surface of 
alisphenoid

anteromedial 
aspect of 

mandibular 
angle

weak

m. 
pterygoideus 

medialis

suture of 
alisphenoid and 

palatine

medial 
surface of 
ascending 

ramus

moderately 
developed

suture of 
alisphenoid and 

palatine

medial surface 
of ascending 

ramus

moderately 
developed
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Similarly, extant tapirs possess a distinctive m. levator labii 
superior, which is attached to a well-developed ridge of 
the lacrimal, and the proximal insertion of this muscle is 
fully covered by the m. levator nasolabialis (Boas and Paulli 
1908; Bressou 1961; Witmer et al. 1999).

It should be noted that although Pappaceras meiomenus 
has a shallow and relatively broad preorbital fossa on the 
facial area (mainly the maxilla), the location and form of the 
preorbital are considerably different from those of tapirs and 
some specialized horses, which display a narrow but rela-
tively deep fossa adjacent to the anterior border of the orbital 
and the ridges of the lacrimal. The lack of a deep, narrow 
preorbital fossa indicates that the m. levator labii superior 
in Pappaceras meiomenus would be much less developed 
than that of Onohippidium and living tapirs that possess 
evidently prehensile upper lips. This muscle was consid-
ered well developed due to its broad proximal muscular 
attachment. It was proximally covered by the m. levator na-
solabialis in Juxia sharamurenensis and Paraceratherium 
lepidum, despite the lack of evident trace of attachment 
from the cranial surface in Juxia sharamurenensis (Qiu and 
Wang 2007). If the reconstruction for Juxia sharamurenen-

sis and Paraceratherium lepidum is correct, the m. levator 
labii superior in Pappaceras meiomenus would be similar 
to those of living horses, and slightly weaker than that of 
Juxia sharamurenensis and Paraceratherium lepidum. The 
proximal end of the m. levator labii superior in Pappaceras 
meiomenus is probably not fully covered by the m. levator 
nasolabialis (Fig. 1), as the origin of the m. levator nasola-
bialis is not particularly extensive, similar to the condition 
observed in living horses and unlike that of extant tapirs.

M. caninus.—In extant tapirs, the m. caninus originates as 
a tendinous band from a ridge on the maxilla near the su-
ture of the maxilla and zygomatic and inserts to the lateral 
part of the nostril (Witmer et al. 1999). It is well developed 
and relatively extensive anteriorly, but separated from the 
m. levator labii superior by a connective tissue pad (Witmer 
et al. 1999). In living horses, the m. caninus is thin and 
triangular in lateral view and located on the lateral nasal 
region, arising from the border of the rostral portion of the 
well-developed facial crest and passing between the two 
branches of the levator nasolabialis (Boas and Paulli 1908; 
Sisson 1914; Bernardes et al. 2013). In living rhinoceroses, 

Fig. 2. Surface model of the cranium of the paraceratheriid rhinocerotoid Pappaceras meiomenus H.B. Wang, Bai, Meng, and Y.Q. Wang, 2016 (IVPP 
V20254) from the late Early Eocene Arshanto Formation, Erlian Basin, Nei Mongol, China, in lateral (A) and ventral (B) views.

maxillary depression

preorbital fossa weak facial ridge

sagittal crest

medial ridge

m. masseter profundus
m. masseter superficialis

m. pterygoideus medialis
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postglenoid process

maximum width of anterior premaxilla

width of the rostrum across canines

m. zygomaticus

m. caninus

premaxilla

lacrimalnasal

A

B

50 mm
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this muscle is illustrated as slender and weak, originating 
from the anterior part of the facial crest and extending an-
teriorly to the lateral part of the nostril, but lacks detailed 
description and comparison (Beddard and Treves 1898). 
Based on the distinct flange and rough surface on the ven-
tral part of the orbit, and the lack of distinctive facial ridges 
or scars for muscular attachment around the infraorbital fo-
ramen, the m. caninus in Pappaceras meiomenus has been 
illustrated as a weak muscle, slender and thin, probably 
originating in the ventral part of the orbit, passing through 
the m. levator nasolabialis and anteriorly terminating at the 
m. orbicularis oris.

The m. caninus is a slender and weak muscle in extant 
Dicerorhinus sumatrensis, as illustrated by Beddard and 
Treves (1898). The m. caninus was reconstructed as a mas-
sive muscle attaching to a slightly concave and reniform 
muscle scar posterior to the infraorbital foramen in the ex-
tinct Coelodonta antiquitatis (Borsuk-Białynicka 1973: fig. 
5A-c). On the basis of observation on the skull of Rhinoceros 
unicornis, Qiu and Wang (2007) proposed that the m. cani-
nus would be relatively robust both in Coelodonta antiqui-
tatis and Rhinoceros unicornis. However, this argument re-
garding the extent of muscular attachment requires further 
testing through detailed myology of extant rhinoceroses. In 
addition, they argued that the m. caninus might be attached 
to the ventral portion of the anterior zygomatic arch in Juxia 
sharamurenensis, and to the anterior portion of the orbit in 
Paraceratherium lepidum, considering the morphological 
differences on the facial area between the two taxa (Qiu 
and Wang 2007). The variation of muscular attachment site 
is highly possible across rhinocerotoid taxa, for which hy-
potheses made based on potential structures for muscular 
attachment are reasonable. We propose that Pappaceras 
meiomenus has the m. caninus attaching at the ventral por-

tion of the orbital instead at the infraorbital foramen or the 
anterior portion of orbital like in Coelodonta antiquitatis, 
Rhinoceros unicornis, and extant horses.

M. zygomaticus.—In extant tapirs, the m. zygomaticus 
forms a distinct, powerful muscle, arising from the anterior 
part of the zygomatic arch, running forward in a downward 
convex arc and ending at the angle of the mouth (Boas and 
Paulli 1908: 67). In the Dicerorhinus sumatrensis, the m. 
zygomaticus was illustrated as a long and robust muscle 
with its origin at the lateroventral part of the zygomatic arch 
and the distal end at the angle of the mouth (Beddard and 
Treves 1898: 24, fig. 10). In living horses, the m. zygomat-
icus is thin, slender and completely separated from the pla-
tysma, and not directly attached to the surface of the cranium 
(Sisson 1914; Boas and Paulli 1908). It originates beneath the 
facial crest under the fascia covering the m. masseter and ter-
minates at the angle of the mouth, uniting with m. buccinator 
(Bernardes et al. 2013). On the basis of the relatively slender 
zygomatic arch and the distinct rough ventral surface of the 
zygomatic, the m. zygomaticus in Pappaceras meiomenus 
has been reconstructed as arising from the anteroventral 
border of the zygomatic and terminating at the angle of the 
mouth, and this muscle would be moderately developed and 
less developed than those of extant tapirs and rhinoceroses.

The reconstruction of the m. zygomaticus in Juxia sha-
ramurenensis was illustrated as a well-developed muscle 
based on the rough ventral surface of its zygomatic arch 
(Qiu and Wang 2007: 191, fig. 33). Compared to Juxia sha-
ramurenensis, Pappaceras meiomenus also possesses a 
rough ventral surface on the zygomatic, but the zygomatic 
arch of the latter is much more slender than the former, 
suggesting a weaker condition of the m. zygomaticus in 
Pappaceras meiomenus.

Table 2. Cranial muscles of Pappaceras meiomenus reconstructed based on inferred correspondences.

Muscles Origin Insertion Inferred extent
m. levator 

nasolabialis suture of nasal, frontal and lacrimal superior angle of upper lip moderately developed, as in 
Dicerorhinus

m. levator labii 
superior suture of maxilla, zygomatic and lacrimal upper lip with a long tendon moderately developed,

as in Equus

m. caninus ventral part of orbit
(flange and rough surface) lateral part of nostril weak in comparison to Tapirus

m. zygomaticus lateroventral part of zygomatic arch 
(flange and rough surface) angle of mouth weak in comparison to Tapirus 

and Dicerorhinus
m. masseter 
superficialis

ventral part of zygomatic arch (flange and 
rough surface) lateroventral surface of ascending ramus well developed, as in Tapirus and 

Equus 
m. masseter 
profundus

posteroventral part of zygomatic (flange 
and rough surface) masseteric fossa well developed in comparison to 

Tapirus and Equus

m. temporalis sagittal crest (relatively well-developed) coronoid process of mandible (well-
developed)

well developed, as in Tapirus and 
Equus

m. buccinator depression above canine-premolar 
diastema angle of mouth moderately developed, as in 

Equus
m. pterygoideus 

lateralis
lateral surface of alisphenoid (uneven 

surface) anteromedial part of the mandibular angle well developed in comparison to 
Tapirus and Equus 

m. pterygoideus 
medialis

suture of the alisphenoid and palatine (a 
concave plate with rough ventral surface)

medial surface of ascending ramus (concave 
medial surface of ascending ramus)

well developed in comparison to 
Tapirus and Equus
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M. masseter.—In extant horses and tapirs, the m. masseter 
is divided into two layers: deep and superficial (Beddard 
and Treves 1898; Sisson 1914). The superficial layer of the 
m. masseter is commonly extensive in horses, tapirs, and 
rhinoceroses, arising from the facial crest and the ventral 
portion of the zygomatic arch and inserting on the latero-
ventral surface of the ascending branch of the mandible. The 
deep layer of the m. masseter is extensive but thin in living 
horses, arising from the zygomatic arch and facial ridge, and 
passing straight to the posteroventral border of the mandi-
ble (Sisson 1914), while it is small and weakened in tapirs, 
arising from the posteroventral portion of the zygomatic and 
terminating at the lateral surface of the ascending branch of 
the mandible (Qiu and Wang 2007). These differences are 
consistent with the mandibular morphology, in which the 
lateral surface of the ascending branch, particularly near the 
mandibular angle, is rough with various ridges for extant 
horses and rhinoceroses, but smooth for tapirs. The litera-
ture lacks a detailed description of the m. masseter of extant 
rhinoceroses. The m. masseter in Pappaceras meiomenus 
has been reconstructed as possessing deep and superficial 
layers, analogous to those in extant tapirs and horses. Given 
that the masseteric fossa is relatively deep and narrow in 
Pappaceras meiomenus, it is possible that this fossa poten-
tially accommodates a thick, deep layer of the m. masseter. 
The deep layer of the m. masseter in Pappaceras meiomenus 

is probably thick but not extensive, arising from the ventral 
part of the zygomatic arch and inserting to the masseteric 
fossa in the lateral surface of the mandible. The superficial 
layer of the m. masseter in Pappaceras meiomenus origi-
nates at the ventral part of the zygomatic arch and inserts 
to the lateral surface of the ascending ramus. It is probably 
relatively well developed based on the distinct mandibular 
angle, with the posterior border of the mandible anteriorly 
inclined, and the rough lateral surface of the ascending ra-
mus, which are closely associated with the attachment of the 
superficial layer of the m. masseter.

Despite the lack of detailed description of the m. masseter 
in extant rhinoceroses, there are a few studies regarding the 
inferred reconstruction of the m. masseter for fossil rhinoc-
erotoids, such as Coelodonta antiquitatis, Juxia sharamu-
renensis and Paraceratherium lepidum, proposing that the 
superficial layer of the m. masseter attaches to the slightly 
concave surface below the masseteric fossa is extensive and 
thin, as in extant tapirs (Borsuk-Białynicka 1973; Qiu and 
Wang 2007). Furthermore, Qiu and Wang (2007) also pro-
posed that the superficial layer of the m. masseter is much 
more developed in extant rhinoceroses than in living horses 
and tapirs on the basis of the robust zygomatic arch and dis-
tinctive ridges around the mandibular angle. The deep layer 
of the m. masseter, which attaches to the masseteric fossa 
in extant rhinoceroses, is small and thick in cross section 
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m. temporalis
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m. pterygoideus medialis
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Fig. 3. Mandible of the paraceratheriid rhinocerotoid Pappaceras meiomenus H.B. Wang, Bai, Meng, and Y.Q. Wang, 2016 (AMNH 26677) from the late 
Early Eocene Arshanto Formation, Erlian Basin, Nei Mongol, China, in medial (A) and lateral (B) views. A1, B1, photographs, A2, B2, interpretations of 
muscular attachment.
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(Beddard and Treves 1898; Borsuk-Białynicka 1973; Qiu and 
Wang 2007). Unlike that of rhinoceroses, the zygomatic arch 
in Pappaceras meiomenus is much more slender than in 
Juxia sharamurenensis and Paraceratherium lepidum, with 
a flange on the rough ventral surface and weak facial ridges 
(rudimentary to the facial crest of derived rhinocerotoids and 
living horses) (Figs. 1, 2). This suggests that the superficial 
layer of the m. masseter in Pappaceras meiomenus is less de-
veloped than in the aforementioned rhinocerotoids. The mas-
seteric fossa provides muscular attachment for the deep layer 
of the m. masseter (Borsuk-Białynicka 1973; Qiu and Wang 

2007). The deep layer of the m. masseter in the extant rhinoc-
eroses is weakened and coupled with the strengthened su-
perficial layer (Qiu and Wang 2007). Our observation shows 
that the masseteric fossa posterior to the anterior border of 
the ascending ramus is consistently present in Pappaceras 
meiomenus, Juxia sharamurenensis, Paraceratherium lepi-
dum, and Coelodonta antiquitatis, while it is absent in living 
horses and rhinoceroses. If the correlation between the mas-
seteric fossa and the deep layer of the m. masseter is correct, 
the deep layer of the m. masseter in Pappaceras meiomenus 
is not extensive, but thicker compared to extant rhinoceroses.

A

B

m. levator nasolabialis

m. levator labii superior

m. caninus

m. temporalis

m. masseter profondus

m. buccinator m. zygomaticus
m. masseter superficialis

50 mm

Fig. 4. Illustration of the cranial muscles in the paraceratheriid rhinocerotoid Pappaceras meiomenus in lateral view. A. Illustration of the cranium base on 
Wang et al. (2016). B. Interpretation of the reconstructed musculature; shaded area shows position of several facial muscles relative to the nose and lips.
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M. temporalis.—The m. temporalis conforms to the tem-
poral fossa, arising from the sagittal crest and terminating 
lingually and labially around the coronoid process of the 
mandible in extant ungulates. Attachment of the m. tempo-
ralis is massive in Pappaceras meiomenus, judging from the 
well-developed sagittal crest on the surface of the temporal 

fossa. This is similar to that of Juxia sharamurenensis de-
spite a smaller attachment area, and different from those of 
Paraceratherium lepidum and extant rhinoceroses, which 
lack a well-developed sagittal crest or a pair of high fron-
toparietal ridges. By comparison, the muscular attachment 
of the m. temporalis in Paraceratherium lepidum would be 
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distinct medial ridge

weak postcotyloid
process

weak postcotyloid
process

weak medial ridge

postglenoid process

smoth
surface

attachment for m. pterygoid

Fig. 5. Morphology of craniomandibular articulation in hyracodontids, Pappaceras, and rhinocerotids. A. Hyracodontid Hyracodon nebraskensis Leidy, 
1850 (AMNH 12460) from Oligocene of Nebraska, USA. Cranium in lateroventral view (A1); right mandible in medial (A2) and dorsoposterior (A3) 
views. B. Paraceratheriid Pappaceras meiomenus H.B. Wang, Bai, Meng, and Y.Q. Wang, 2016 (IVPP V20254) from the late Early Eocene Arshanto 
Formation, Erlian Basin, Nei Mongol, China; cranium in ventral view. C. Para ceratheriid Pappaceras confluens Wood, 1963 (AMNH 26660) from the 
late Early Eocene Arshanto Formation, Erlian Basin, Nei Mongol, China; left mandible in medial (C1) and dorsoposterior (C2) views. D. Rhinocerotid 
Subhyracodon occidentalis Leidy, 1850 (AMNH 534) from Oligocene of South Dakota, USA; cranium in lateroventral view (D1), mandibles in lateral 
(D2) and dorsoposterior (D3) views.
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less extensive than in Juxia sharamurenensis because of the 
absence of a well-developed sagittal crest (Qiu and Wang 
2007). The coronoid process in Pappaceras meiomenus 
is robust, similar to that in Juxia sharamurenensis. The 
m. tem po ralis is well developed in Pappaceras meiomenus, 
at least comparatively stronger than many perissodactyls 
that lack sagittal crests.

M. buccinator.—In extant tapirs, the m. buccinator origi-
nates at the buccinator fossa, which is usually enlarged in 
proboscis-bearing mammals for controlling movements of 
the nasal and oral vestibules, and it inserts to the angle of 
the mouth (Clifford 2003; Bernardes et al. 2013). In living 
horses, this muscle lies in the lateral wall of the mouth, 
arising from the maxillary portion of the buccinator fossa 
and terminating at the angle of the mouth (Sisson 1914; 
Bernardes et al. 2013). The m. buccinator of living rhinoc-
eroses has not been described. Despite the lack of a distinct 
buccinator fossa, a distinctive depression above the max-
illary canine-premolar diastema is present in Pappaceras 

meiomenus (Fig. 2). This condition is similar to the max-
illary portion of the buccinator fossa in horses but much 
shallower than those of proboscis-bearing mammals. The 
m. buccinator of Pappaceras meiomenus originates at the 
maxillary depression and inserts at the angle of the mouth.

The m. buccinator of Pappaceras meiomenus could be 
much larger than those of most rhinocerotoids (e.g., Juxia 
sharamurenensis and Coelodonta antiquitatis), because of 
the lack of a maxillary depression, except for amynodontids 
and Uintaceras, which possess distinctive maxillary depres-
sions. It is also smaller than those of fossil hippidiforms, in 
which the buccinator fossa is considerably more concave 
and extensive (Bernardes et al. 2013). The m. buccinator in 
Pappaceras meiomenus would provide for moderate mobil-
ity of the muzzle along with the m. levator labii superior.

M. pterygoid.—In extant horses and tapirs, the m. ptery-
goid comprises the m. pterygoideus medialis and the m. 
pterygoideus lateralis. Generally, the medial pterygoid is 
a single muscle in living horses and tapirs (Sisson 1914; 
Bressou 1961), rather than being divided into a deep layer 
and a superficial layer in other mammals that have a distinct 
pterygoid fossa (a concave pocket lateral to the alisphenoid 
that is the origin of the superficial layer) (Sharp 2014). The 
medial pterygoid in living horses and tapirs originates from 
the area around the suture of the alisphenoid and palatine, 
and inserts to the medial surface of the ascending ramus, 
whereas the m. pterygoideus lateralis arises from the lat-
eral surface of the alisphenoid and inserts to the anterome-
dial aspect of the mandibular angle (Bressou 1961; Qiu and 
Wang 2007; Sharp 2014). In Pappaceras meiomenus, the 
medial surface of the ascending ramus is large and consider-
ably concave for a strong insertion of the medial pterygoid. 
Likewise, the origin site of the m. pterygoideus medialis in 
Pappaceras is distinctive and extensive, represented by a 
concave plate with a rough ventral surface around the suture 
of the alisphenoid and palatine (Figs. 2, 5B). The alisphe-
noid, despite being slightly damaged in this specimen, is 
uneven on the lateral surface with several ridges, probably 
for the attachment (origin) of the m. pterygoideus latera-
lis. However, the origin attachment area is smaller than 
that of the m. pterygoideus medialis. The m. pterygoid of 
Pappaceras meiomenus is composed of the well-developed 
m. pterygoideus medialis and the moderately developed 
m. pterygoideus lateralis. The m. pterygoideus medialis in 
Pappaceras meiomenus could be more extensive than in 
Juxia sharamurenensis and other primitive rhinocerotoids.

Discussion
The function of the masticatory system is closely related to 
the morphology of the masseter, temporal, and pterygoid 
muscle groups. Many distinctions are apparent between 
the masticatory apparatuses of carnivorous and herbivo-
rous mammals, considering their difference in food items 

Fig. 6. Reconstruction of the skull of the paraceratheriid rhinocerotoid 
Pappaceras meiomenus H.B. Wang, Bai, Meng, and Y.Q. Wang, 2016, 
from the late Early Eocene of China.
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and feeding behavior (Smith and Savage 1959; Fortelius 
1985). Qiu and Wang (2007) discussed the feeding behavior 
of the herbivorous paraceratheriid Juxia sharamurenensis 
based on a reconstruction of the masticatory muscles. In 
Pappaceras meiomenus, the masseter muscle group, which 
has an essential role for processing vegetation, shows sim-
ilarities and differences with the masseter of Juxia shara-
murenensis. The features shared by Pappaceras meiomenus 
and Juxia sharamurenensis, such as the low ascending ra-
mus of the mandible and well-developed masseteric fossa, 
are indicative of a well-developed m. masseter. However, 
Pappaceras meiomenus has a slender zygomatic arch, indi-
cating a weak superficial layer of the m. masseter compared 
to Juxia sharamurenensis, which may result in less control 
during biting. The main action of the mandible in Juxia 
sharamurenensis is vertical biting without circular move-
ment of the lower teeth against the upper ones as in derived 
grinders (Qiu and Wang, 2007). Similarly, it is unlikely that 
the rotary motion would be a major component of the power 
stroke in Pappaceras meiomenus, despite the distinctive 
muscular attachment of the well-developed m. pterygoid 
(especially the m. pterygoideus medialis). The evidence sup-
porting this hypothesis is also based on the cranium and 
dentition. The presence of a flattened palate (the palatine 
process of maxilla and palatine) in Pappaceras meiomenus 
makes the circular movement difficult (Fig. 2), whereas in 
other cases a concave plate can provide an ellipsoid space 
between the roof of the mouth and the tongue during occlu-
sion (Bernardes et al. 2013). Meanwhile, the cheek teeth of 
Pappaceras meiomenus, similar to those of Juxia sharamu-
renensis and other primitive perissodactyls, are brachydont 
and simply structured without distinct crochets and thick-
ened enamel bands. Therefore, Pappaceras meiomenus is 
strictly herbivorous, primarily folivorous, eating leaves and 
stems rather than hard plants as suggested by Qiu and Wang 
(2007). In this aspect, Pappaceras meiomenus, similar to 
Juxia sharamurenensis, primarily possesses vertical biting 
to cut and grind food, although probably less efficiently than 
derived rhinocerotoids.

However, the chewing habit of Pappaceras meiomenus 
probably shows a higher level of rotary motion in compar-
ison to most early rhinocerotoids, not unlike that of hyr-
acodontids. This similarity lies in the relatively well-devel-
oped m. pterygoideus medialis, despite the m. pterygoideus 
medialis in Pappaceras meiomenus being weaker than in 
hyracodontids by the absence of a distinct pterygoid fossa 
(Fig. 5A1, B). In hyracodontids (e.g., Hyracodon), the pter-
ygoid fossa is large and deep, located at the lateral sur-
face of the alisphenoid (Fig. 5A1); it is likely that this fossa 
accommodates the superficial part of the m. pterygoideus 
medialis as in other mammals with pterygoid fossae (Sharp 
2014), suggesting that the m. pterygoideus medialis in hy-
racodontids is well developed and comprises the deep and 
superficial parts. In rhinocerotids (e.g., Subhyracodon), no 
distinctive fossa or plate for the muscular attachment of the 
m. pterygoideus medialis is present around the junction of 

the alispenoid and pterygoid (Fig. 5D1). The m. pterygoideus 
medialis and the m. masseter superficialis are antagonistic; 
they control a combination of upward, forward and side-
ward movement, contributing to medial and lateral force, 
respectively (Fortelius 1985). This similarity of muscular 
attachment for the m. pterygoideus medialis indicates that 
Pappaceras meiomenus and hyracodontids have more po-
tential in transverse (or medial) movement of the mandibles 
than other rhinocerotoids.

In contrast, the distinction of several basicranial fea-
tures between Pappaceras meiomenus and hyracodontids 
suggests that the mechanisms of mandibular rotation across 
rhinocerotoids may be more complicated than previously 
thought, showing two kinds of configurations. One is rep-
resented by Pappaceras meiomenus and other non-hyraco-
dontid rhinocerotoids, in which the glenoid fossa is wide 
open, and the postglenoid process is massive, bearing two 
articular facets usually divided by a medial ridge on the 
anterior surface (Fortelius 1985; Holbrook 2001). These fea-
tures are closely associated with the presence of the post-
cotyloid process of the mandible. Pappaceras meiomenus 
possesses a broad glenoid fossa, a massive postglenoid pro-
cess and a weak medial ridge (Figs. 2, 5B), along with a 
weak postcotyloid process of the mandible (Fig. 3) (also see 
Pappaceras confluens in Fig. 5C). It displays rudimentary 
features like most non-hyracodontids, especially rhinoce-
rotids, in which the glenoid fossa is narrow but open, and 
the medial ridge is well developed, separating the anterior 
articulated surface into two facets, a lateral facet facing 
nearly laterally and a medial facet facing nearly anteriorly, 
as well as a well-developed postcotyloid process of the man-
dible, such as in Subhyracodon (Fig. 5D). The large postgle-
noid process and the broad glenoid fossa potentially provide 
a wide contact surface for the mandible and cranium in 
Pappaceras meiomenus, serving as a fulcrum for the power 
stroke (Fortelius 1985). Furthermore, the lateral facet of 
the postglenoid process, despite being confluent with the 
medial facet in Pappaceras meiomenus, probably functions 
more effectively as a fulcrum for mandibular rotation in 
amynodontids, rhinocerotids, and later paraceratheriids. 
The other configuration is represented in hyracodontids, in 
which the postglenoid process is relatively slender and ex-
tends anteroventrally, and the medial ridge and lateral facet 
of the postglenoid process are absent (Fig. 5D1). The post-
cotyloid process of the mandible is correspondingly absent 
(Fig. 5D2–D3). Furthermore, the glenoid fossa in hyracodon-
tids is not as open as in other rhinocerotoids, forming a more 
hinge-like contact between the cranium and the mandibles 
(Fig. 5A). Given the presence of a distinctive pterygoid 
fossa, the m. pterygoideus medialis in hyracodontids (such 
as Hyracodon) is better developed than across rhinocero-
toids, indicating a component of transverse movement of the 
mandibles. In that case, the weak postglenoid process as a 
fulcrum would benefit, to some extent, from the hingle-like 
articulation between the cranium and the mandibles. This 
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configuration would be less efficient than the former for the 
power stroke of strictly herbivorous taxa.

Based on rostral morphology, Pappaceras meiomenus is 
a general browser compared to other herbivorous mammals. 
According to diet studies for herbivorous ruminants by 
Solounias et al. (1988) and Solounias and Moelleken (1993), 
and for horses by Bernardes et al. (2013), there is a strong 
correlation between shape of the premaxilla and feeding 
style. Browsers usually possess a pointed premaxilla, graz-
ers have a wide premaxilla, and mixed feeders maintain an 
intermediate state. In that case, a simple approach has been 
proposed and applied in horses by Bernardes et al. (2013). He 
measured the shape of the premaxilla or the relative width 
of the premaxilla, assessing the ratio between the maximum 
anterior width of the premaxilla (PMW) and the width of 
the rostrum across the upper canines (MWC). Specifically, 
a ratio lower than 1.0 means that the PMW is narrower than 
the MWC, and reflects a transversely narrow and pointed 
anterior portion of the premaxilla. In Pappaceras meio-
menus, the anterior portion of the premaxilla is slightly 
curved medially, and the upper canine is implanted close to 
the last upper incisor with a very short diastema (Fig. 2B). 
Therefore, the ratio in Pappaceras meiomenus is slightly 
lower than 1.0, suggesting that Pappaceras meiomenus is 
a general browser. With regard to the enamel structure and 
the configuration of the Hunter-Schreger Bands (HSB), 
Pappaceras meiomenus maintains transverse HSB on in-
cisors and vertical HSB on cheek teeth (Wang et al. 2016), 
similar to the condition in most rhinocerotoids as summa-
rized by Koenigswald et al. (2011).

The anterior dentition of Pappaceras meiomenus is 
unique among rhinocerotoids in terms of morphology and 
configuration. In Pappaceras meiomenus, the three upper 
incisors are sub-equal, conical, nearly vertically implanted 
and tightly arranged. The upper incisors narrowly interlock 
the lower incisors with two wear facets on each tooth. The 
mesial wear facet gradually decreases in size posteriorly 
from I1 to I3, whereas the distal facet becomes larger pos-
teriorly. With regard to these features, Pappaceras meio-
menus is different from extant rhinoceroses that lack the 
anterior dentition and instead use the upper lip to select 
food items (e.g., black rhinoceroses). It is also distinguish-
able from living horses that have relatively flat wear fac-
ets and tight, transversely positioned incisors. The incisors 
of Pappaceras meiomenus, nearly longitudinally oriented 
and relatively tightly arranged, indicate sideways feeding 
ability, roughly similar to Juxia sharamurenensis. Given 
the tiny diastemata between incisors in Pappaceras meio-
menus, it can be distinguished from Juxia sharamurenensis, 
which has a distinctive combing action using sideways or 
backward movement of its head with loosely arranged inci-
sors during feeding (Qiu and Wang 2007). It appears that the 
incisors of Pappaceras meiomenus are probably not capable 
of efficiently incising food (like living horses can), or assist-
ing in grabbing food items using specialized first upper and 
lower incisors (as in derived paraceratheriids). Accordingly, 

Pappaceras meiomenus could be prone to using its conical 
incisors primarily as puncture-crushing organs, along with 
a grinding component, given the close interlocked condition 
and distinctive wear facets of the anterior dentition. In that 
case, the stubby, conical incisors of Pappaceras meiomenus, 
together with its large canines, would allow this animal 
to feed on hard plants, while the spatulate incisors of the 
contemporaneous Lophialetes and Hyrachyus would have 
helped with a puncture-crushing and grinding function.

Conclusions
Based on osteological and myological correlation across 
perissodactyls, eight cranial muscles are reconstructed for 
Pappaceras meiomenus with a brief description and compar-
ison with other perissodactyls. The reconstruction of masti-
catory muscles suggests Pappaceras meiomenus is probably 
folivorous, primarily possessing vertical biting. Given the 
relatively well-developed m. pterygoid (particularly the m. 
pterygoideus medialis), Pappaceras meiomenus is similar 
to hyracodontids to some extent. It also has more transverse 
(or medial) movement of the mandibles than other non-hyr-
acodontid rhinocerotoids. The configuration of basicranial 
features, such as the large postglenoid process, the wide 
glenoid fossa and the weak postcotyloid process, indicates 
that Pappaceras meiomenus, as well as most rhinocerotoids 
except for hyracodontids, uses the well-developed, special-
ized postglenoid process along with the postcotyloid process 
of the mandible as a strong fulcrum during the power stroke. 
Alternatively, hyracodontids may have benefited from more 
hingle-like craniomandibular articulation, despite the lack of 
the specialization of postglenoid and postcotyloid processes. 
Morphology of the anterior dentition demonstrates that 
Pappaceras meiomenus is a general browser. Furthermore, 
its incisors and canines are probably great tools for feeding 
on hard plants by puncture-crushing and grinding.
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