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Abstract
Taeniolabis taoensis is an iconic multituberculate mammal of early Paleocene (Puercan 3) age from the Western Interior of North 
America. Here we report the discovery of significant new skull material (one nearly complete cranium, two partial crania, one 
nearly complete dentary) of T. taoensis in phosphatic concretions from the Corral Bluffs study area, Denver Formation (Danian 
portion), Denver Basin, Colorado. The new skull material provides the first record of the species from the Denver Basin, where 
the lowest in situ specimen occurs in river channel deposits ~730,000 years after the Cretaceous-Paleogene boundary, roughly 
coincident with the first appearance of legumes in the basin. The new material, in combination with several previously described 
and undescribed specimens from the Nacimiento Formation of the San Juan Basin, New Mexico, is the subject of detailed ana-
tomical study, aided by micro-computed tomography. Our analyses reveal many previously unknown aspects of skull anatomy. 
Several regions (e.g., anterior portions of premaxilla, orbit, cranial roof, occiput) preserved in the Corral Bluffs specimens allow 
considerable revision of previous reconstructions of the external cranial morphology of T. taoensis. Similarly, anatomical details 
of the ascending process of the dentary are altered in light of the new material. Although details of internal cranial anatomy 
(e.g., nasal and endocranial cavities) are difficult to discern in the available specimens, we provide, based on UCMP 98083 and 
DMNH.EPV 95284, the best evidence to date for inner ear structure in a taeniolabidoid multituberculate. The cochlear canal of 
T. taoensis is elongate and gently curved and the vestibule is enlarged, although to a lesser degree than in Lambdopsalis.
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Introduction

Multituberculates were arguably the most successful 
evolutionary radiation of early mammals. Their tempo-
ral range extended from at least the Middle Jurassic to 
the late Eocene, an interval of approximately 130 mil-
lion years (Kielan-Jaworowska et al. 2004; Butler and 
Hooker 2005; Schumaker and Kihm 2006; Dawson and 
Constenius 2018). They were most speciose and abundant 
in the Late Cretaceous (Judithian through Lancian North 
American Land Mammal Ages [NALMA]) and Pale-
ocene of North America (Krause 1986; Cifelli et al. 2004; 
Kielan-Jaworowska et al. 2004; Weil and Krause 2008), 
represented by approximately 150 species and literally tens 
of thousands of specimens. It is therefore surprising that, 
despite this diversity and abundance, the skull anatomy of 
Late Cretaceous/Paleogene North American multitubercu-
lates is still very poorly known.

By contrast, complete or nearly complete skulls are 
known for a plethora of Late Cretaceous and Paleocene 
Asian multituberculate genera that have been described 
and analyzed in great detail (see reviews and reconstruc-
tions in Kielan-Jaworowska et al. 2004: figs. 8.38–8.40 
and Wible et al. 2019: figs. 21–23). Skull material of Late 
Cretaceous European multituberculates is limited to brief 
descriptions of partial crania of the genera Kogaionon 
(Rădulescu and Samson 1996; reconstructed in Kielan-
Jaworowska et al. 2004: fig. 8.42A), Barbatodon (Smith 
and Codrea 2015), and Litovoi (Csiki-Sava et al. 2018) and 
incomplete dentaries of Barbatodon (Csiki et al. 2005; 
Smith and Codrea 2015; Solomon et al. 2016). Although 
multituberculates have been reported from the southern 
supercontinent Gondwana (see review in Krause et al. 
2017), no cranial material is known. A small fragment of 
a dentary was assigned to the possible multituberculate 
Ferugliotherium by Kielan-Jaworowska and Bonaparte 
(1996), but the affinities of Ferulgiotherium remain enig-
matic (summarized in Rougier et al. 2021).

Dentaries are known for a plethora of North American 
multituberculate taxa but, aside from the cranial mate-
rial of the early Paleocene (Puercan NALMA) Taenio-
labis taoensis that is the subject of this report, substan-
tial cranial specimens have been recorded for only three 
other species: (1) the Paleocene (Torrejonian NALMA) 
ptilodontid Ptilodus montanus (see Gidley 1909; Broom 
1914; Simpson 1937b, c; Hopson et al. 1989; Wall and 
Krause 1992; Krause and Kielan-Jaworowska 1993), (2) 
the Paleocene (Tiffanian NALMA) microcosmodontid 
Microcosmodon conus (see Fox 2005), and (3) the Eocene 
(Wasatchian NALMA) neoplagiaulacid Ectypodus tardus 
(see Sloan 1979). The skull of Ectypodus tardus (YPM 
VPPU 14724) was never described comprehensively, 

although some details were mentioned in several papers 
(e.g., Krause 1982a; Wible 1991; Gambaryan and Kielan-
Jaworowska 1995; Wible and Rougier 2000; Kielan-
Jaworowska et al. 2005; Rougier et al. 2016; Wible et al. 
2019) following Sloan’s (1979) brief overview of it. A 
cranial fragment including the posterior part of the snout 
and the orbital region, identified as belonging to the Pale-
ocene (Tiffanian) neoplagiaulacid Ectypodus sp. C (since 
referred to Krauseia clemensi by Vianey-Liaud 1986), has 
also not been described in detail (Gingerich et al. 1983). 
Some isolated cranial fragments of the Late Cretaceous 
(Maastrichtian) eucosmodontid Stygimys kuszmauli and 
the neoplagiaulacid Mesodma thompsoni were illustrated 
but given only cursory treatment by Sloan and Van Valen 
(1965: figs. 3, 4). In addition, the discovery of several 
skulls of the Late Cretaceous (Campanian) North Ameri-
can ptilodontoid Filikomys primaevus was announced in a 
recent brief paper by Weaver et al. (2021) but these speci-
mens also remain to be described in detail; a partial ros-
trum of this species was initially attributed to Cimexomys 
judithae by Montellano et al. (2000). Finally, skulls of the 
Late Cretaceous (Maastrichtian) North American cimolo-
myid Meniscoessus robustus (see Weil and Tomida 2001, 
2003, 2017) and the Paleocene (Tiffanian) neoplagiaul-
acid Neoplagiaulax sp. (Kotrappa and Farke 2015) have 
been reported in conference abstracts but remain largely 
undescribed.

Taeniolabis taoensis is an iconic Paleocene mammal 
from the Western Interior of North America, illustrated as 
a representative of the Multituberculata in many textbooks 
and other secondary literature sources for over a century 
(e.g., Scott 1913; Simpson 1937a; Romer 1966; Kermack 
and Kermack 1984; Kurtén 1971; Savage and Long 1986; 
Rose 2006; Prothero 2017). It is notable in several respects:

1. T. taoensis (Cope 1882c) was among the first Ceno-
zoic multituberculates to be described. The species 
was initially placed in the genus Polymastodon but 
was later deemed to be synonymous with the earlier-
named Taeniolabis sulcatus Cope, 1882b, which is 
now considered a nomen dubium (see complicated 
history of synonymies in Simmons 1986, 1987). Neo-
plagiaulax eocaenus Lemoine, 1880 from Europe and 
Ptilodus mediaevus Cope, 1881 from North America 
were named in the year or two preceding the descrip-
tion of T. taoensis. Catopsalis foliatus Cope, 1882a was 
described earlier in the same year as Polymastodon 
taoensis Cope, 1882c. Catopsalis pollux (Cope, 1882c), 
now also a junior synonym of T. taoensis, and Ptilodus 
trovessartianus (Cope, 1882c), now placed in Parecty-
podus (see Krause 1977; Tsentas 1981), were described 
in the same paper as Polymastodon taoensis.
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2. T. taoensis (Cope, 1882c) is the type species of the genus 
Taeniolabis Cope, 1882b, which is the type genus of the 
Taeniolabididae Granger and Simpson (1929), and, in 
turn, the Taeniolabidoidea Sloan and Van Valen (1965).

3. T. taoensis is commonly used to provide phyloge-
netically defined clade names for several higher 
mammalian taxa. Sereno (2006:319) defined Therii-
formes as the “least inclusive clade containing Mus 
musculus Linnaeus, 1758 and Taeniolabis taoensis 
(Cope,  1882c)”; Allotheria as the “most inclusive 
clade containing Taeniolabis taoensis (Cope, 1882c) 
but not Mus musculus Linnaeus, 1758 or Ornithorhyn-
chus anatinus (Shaw, 1799)”; and Multituberculata 
as the “least inclusive clade containing Taeniolabis 
taoensis (Cope, 1882c) and Paulchoffatia delgadoi 
Kühne, 1961.” Similarly, Williamson et  al. (2016: 
200) defined Taeniolabidoidea “as the most inclusive 
clade containing T. taoensis Cope, 1882c, but not Es.
[sonodon] browni Simpson, 1927, Men.[iscoessus] 
robustus Marsh, 1889a, Cimo.[lomys] gracilis Marsh, 
1889a Cime.[xomys] judithae Sahni, 1972, Catops-
baatar catopsaloides (Kielan-Jaworowska, 1974); Eu.
[cosmodon] molestus Cope, 1886; Mesodma formosa 
Marsh, 1889b; Ptilodus montanus Douglass, 1908; 
Krauseia clemensi (Sloan, 1981), Mi.[crocosmodon] 
conus Jepsen, 1930, Buginbaatar transaltaiensis 
Kielan-Jaworowska and Sochava, 1969, Kogaionon 
ungureanui Rädulescu and Samson (1996), or Boffius 
splendidus Vianey-Liaud, 1979.” They also defined 
Taeniolabididae as “the most inclusive clade contain-
ing T. taoensis (Cope, 1882c), but not L.[ambdopsalis] 
bulla Chow and Qi, 1978” and, conversely, Lamb-
dopsalidae as “the most inclusive clade contain-
ing L. bulla Chow and Qi, 1978, and not T. taoensis 
(Cope, 1882c).” Finally, Hoffmann et al. (2020: 215) 
defined Gondwanatheria phylogenetically “as the most 
inclusive clade including Gondwanatherium but not 
Taeniolabis, Cifelliodon, or Shenshou.”

4. T. taoensis is an index taxon that defines the base of the third 
of three Puercan (early Paleocene) NALMA biochrons – 
this is the Taeniolabis taoensis/Periptychus carinidens Inter-
val Zone (Pu3) of Lofgren et al. (2004). The Corral Bluffs 
section of the Denver Formation was specifically recognized 
by Archibald et al. (1987) as one of only two other areas 
where both Pu2 and Pu3 Interval Zones might be recog-
nized but the section had not, in fact, yielded remains of T. 
taoensis. That deficiency was also noted by Eberle (2003), 
Lofgren et al. (2004), and Dahlberg et al. (2016) but was 
eliminated with the discovery of several specimens of T. 
taoensis reported by Lyson et al. (2019a) that are described 
in detail in this paper.

5. T. taoensis is the largest known multituberculate and, 
more broadly, the largest known allotherian. Cope 

(1882b) initially estimated that it was the size of a sheep 
but later (Cope 1882c, 1884a) concluded that it equaled 
or exceeded the size of Macropus giganteus (= M. 
major), the Eastern Grey Kangaroo, males of which can 
reach up to 90 kg (Poole 1982). Romer (1966) drew a 
size comparison with woodchucks (Marmota monax), 
which have body masses ranging from 3.1 to 5.1 kg 
(Kwiecinski 1998), whereas Sloan (1979) estimated 
a body mass of 40 kg. More recent workers (Kielan-
Jaworowska et al. 2004; Weil and Krause 2008; Scott 
et al. 2016) have suggested a body mass more compara-
ble to that of, or even larger than, the North American 
beaver Castor canadensis (normally ~12–20 kg but up 
to 39 kg; Jenkins and Busher 1979). Evans et al. (2012) 
estimated the maximum body mass of T. taoensis to be 
30 kg. Wilson et al. (2012) employed a formula based on 
m1 area that yielded a body mass estimate of > 100 kg 
for the species. However, Wilson and colleagues con-
cluded that the scaling of m1 area to body mass is dif-
ferent in multituberculates than in the therian reference 
group and therefore that cranial length would be a more 
accurate predictor for large multituberculates. When 
they employed this metric, their estimate was 22.7 kg 
for T. taoensis. Williamson et al. (2016) also reported 
a marked discrepancy in size when employing m1 area 
(103.0–107.6 kg) versus skull length (21.8 kg). Scott 
et al. (2016) developed a variety of body mass estimates 
for taeniolabidids based on tooth row length and m1 
area. Like Wilson et al. (2012) and Williamson et al. 
(2016), their estimates based on m1 area were very high 
for T. taoensis, ranging from 33.6 to 107.5 kg but, when 
based on tooth row length, were much smaller, 7.7 to 
19.4 kg. Finally, based on a nearly complete cranium 
described herein (DMNH EPV.95284) and using regres-
sions based on cranial size (geometric mean of maxi-
mum cranial length and width), Lyson et al. (2019a) 
obtained a mean estimate of 34.0 kg for the body mass 
of T. taoensis (95% confidence interval = 20.8–55.6 kg).

6. T. taoensis has long been considered to be the “most spe-
cialized of known multituberculates” (e.g., Granger and 
Simpson 1929: 611; Matthew 1937) and to possess the 
most derived dentition of any known multituberculate. 
The species has among the fewest teeth of any multitu-
berculate (dental formula of 2.0.1.2/1.0.1.2 shared with 
at least Lambdopsalis and Sphenopsalis, compared to 
as high as 3.1.5.2/1.0.4.2 for the most plesiomorphic 
multituberculates – see Krause et al. 2020d: Table 4). 
Furthermore, of the large number of multituberculate 
species sampled by Wilson et al. (2012), T. taoensis has 
the highest orientation patch count (OPC), a measure of 
dental complexity (Evans et al. 2007). The OPC value 
for T. taoensis even exceeds that of extant herbivorous 
rodents.
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Despite its iconic status, T. taoensis is not particularly well 
known anatomically, in part because many of the plethora of pre-
viously discovered specimens have not yet been described and 
in part because, as for most fossil mammalian species, the vast 
majority of the known specimens are isolated teeth and fragmen-
tary jaws, primarily dentaries. Previous description of cranial 
material of T. taoensis is largely based on a single specimen, 
AMNH 16321. This specimen was discovered by W. J. Sinclair 
in 1913 in numerous fragments that were pieced together by W. 
Granger and described by Broom (1914), Granger and Simpson 
(1929), and Simpson (1937b). AMNH 16321 is fairly complete 
but is highly fragmented and missing the entire mesocranial and 
basicranial regions, as well as most of the palate and the lateral 
wall of the braincase. The lower jaw is known primarily from 
AMNH 16310, a left dentary comprised of the horizontal ramus 
and the anterior portion of the ascending ramus, and AMNH 
745, a left dentary preserving the condylar region, also described 
by the same authors. Although well preserved, AMNH 16310 
is lacking the posterior half of the ascending ramus whereas 
AMNH 745 consists of several fragments and is missing most of 
the dorsal portion of the ascending ramus. Cope (1884a, 1884b), 
Osborn and Earle (1895), Gregory (1910), Broom (1914), and 
several others (see “Description” below) also described and/or 
illustrated partial dentaries, including AMNH 748 and AMNH 
968, which, again, do not completely preserve portions of the 
ascending ramus. A nearly complete but considerably deformed 
cranium and lower jaws, UCMP 98083, was illustrated by 
Greenwald (1988) but not described; because it was of a juve-
nile, it was employed by Greenwald in a study of dental eruption 
and replacement in multituberculates.

Here, with the assistance of micro-computed tomogra-
phy (µCT), we describe significant new skull material (one 
nearly complete cranium, two partial crania, and a nearly 
complete dentary) of T. taoensis recovered from the Corral 
Bluffs study area, Denver Formation, Denver Basin, Colo-
rado. The new skull material provides the first record of 
the species from the basin (Lyson et al. 2019a). Further-
more, also employing µCT imaging, we more fully describe 
AMNH 16310, AMNH 16321, and UCMP 98083 from the 
Nacimiento Formation of the San Juan Basin, New Mexico. 
This study is the first to apply µCT technology to speci-
mens of any species of Taeniolabis and, in fact, to any of the 
known crania of North American Cenozoic multitubercu-
lates. This contribution will be limited to description of the 
skull anatomy of T. taoensis and comparison to that of other 
taeniolabidoids. Some taeniolabidid craniodental material 
recovered from the Denver Basin does not appear to be ref-
erable to T. taoensis and will be described in a subsequent 
paper, which will include a phylogenetic analysis and reas-
sessment of taeniolabidoid species relationships. The cur-
rent paper is intended to provide the comparative anatomical 
foundation for this future, more analytical work.

Geological Setting, Age Control, 
and Paleobotanical Context

The Corral Bluffs study area is located immediately east 
(~20 km) of the Colorado Front Range in the southwestern 
corner of the Denver Basin and within the eastern city limits 
of Colorado Springs, Colorado, USA (Fig. 1). The basin con-
tains Cambrian through Eocene rocks including synorogenic 
strata that were deposited during both the Ancestral Rockies 
and Laramide orogenies. During the Late Cretaceous and 
Early Paleogene, the basin was a depocenter and accumu-
lated synorogenic sediments that occur in two unconformity-
bound packages informally named the Denver 1 (D1) and 
Denver 2 (D2) sequences (Raynolds 1997, 2002). The D1 
sequence, which comprises the exposure in the Corral Bluffs 
study area, is the earlier of the two synorogenic sequences 
and is comprised of the Denver Formation (Maastrichtian and 
Danian) and the lower Dawson Formation. The D1 sequence 
overlies the Laramie Formation and is overlain by the upper 
Dawson Formation that forms the D2 sequence (Raynolds 
and Johnson 2003; Dechesne et al. 2011). The D1 sequence 
accumulated in the Denver Basin between ca. 68 and 64 Ma 
during the early Laramide Orogeny and is composed of 
reworked Mesozoic and Paleozoic sediments as well as Pre-
cambrian basement rock shed during uplift of the Colorado 
Front Range (Raynolds 1997, 2002; Raynolds and Johnson 
2003). In the Corral Bluffs study area, the D1 sequence is 
dominated by sandstone and mudstone beds interpreted to 
represent riverine and floodplain depositional environments 
including channel, crevasse splay, and ponded water settings 
(Lyson et al. 2019a).

Megafloral and fragmentary vertebrate fossils were 
first discovered in Corral Bluffs in the early 1900s (Lee 
1913). Studies on these collections, as well as on subse-
quent fossil discoveries throughout the 1900s and early 
2000s, largely focused on the biostratigraphy of Corral 
Bluffs. Early analyses noted fragmentary dinosaur fos-
sils in arroyos at the base of the bluffs and archaic early 
Paleocene mammal fossils eroding out of well-exposed, 
cliff-forming strata higher in the bluffs. These early fos-
sil collections were used to loosely determine the place-
ment of the Cretaceous/Paleogene (K/Pg) boundary in 
the section (Knowlton 1930; Gazin 1941; Brown 1943). 
Subsequent biostratigraphic work identified Puercan 2 
(Pu2) interval zone mammals collected from the cliff-
forming portion of the bluffs (Middleton 1983; Eberle 
2003). In addition, several studies documented the diver-
sity of mammals (Middleton 1983; Eberle 2003), turtles 
(Middleton 1983; Hutchison and Holroyd 2003; Lyson 
and Joyce 2011), and plants (Benson 1998; Johnson et al. 
2003), with some of the turtle specimens being exception-
ally complete (Lyson et al. 2021a, 2021b). More recently, 
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Fig. 1  Geographic, magnetostratigraphic, lithostratigraphic, chron-
ostratigraphic, and biostratigraphic placement of localities at which 
specimens of Taeniolabis taoensis occur in the Denver Basin. a, Map  
of the Denver Basin showing the location of the Corral Bluffs study 
area (highlighted by box and enlarged in part b) in the southwestern 
region of the basin. b, High-resolution photogrammetry model of the 
eastern portion of the Corral Bluffs study area that produced speci-
mens of T. taoensis (denoted by red stars): 1 – DMNH EPV.136300/
DMNH Loc. 12111; 2 – DMNH EPV.95284/DMNH Loc. 6266; 3 – 
DMNH EPV.134082/DMNH Loc. 6500; 4 – DMNH EPV.130973/
DMNH Loc. 7064 (Table  1). c, Magnetostratigraphic, lithostrati-
graphic, chronostratigraphic, and biostratigraphic logs showing strati-
graphic placement of localities at which  specimens of T. taoensis 
(denoted by red stars) occur. Stratigraphy is tied to the Geomagnetic 
Polarity Time Scale (Gradstein et  al. 2012; Ogg 2012) using rema-

nent magnetization of the rocks in the Corral Bluffs study area, two 
CA-ID-TIMS U–Pb-dated volcanic ashes (denoted by yellow stars; 
these ash beds are at the same stratigraphic level and are interpreted 
as being the same laterally continuous bed that crops out approxi-
mately 750  m apart), and the palynologically defined K/Pg bound-
ary (italicized dates) (Fuentes et  al. 2019; Lyson et  al. 2019a). The 
composite lithostratigraphic log is dominated by intercalated mud-
stone and sandstone, reflecting a variety of fluvial facies (Lyson 
et  al. 2019a). Pollen interval zones are defined by diversification of 
Momipites spp. (family Juglandaceae) (Nichols and Fleming 2002) 
and placement of North American Land Mammal Ages (NALMA), 
as defined by Lofgren et  al. (2004), is modified from Lyson et  al. 
(2019a). Abbreviations: m, meters; Ma, million years ago; K/Pg, 
Cretaceous/Paleogene boundary. (modified from Lyson et al. 2019a). 
Scale bar in a = 20 km, b = 500 m 
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Lyson et al. (2019a) documented a remarkable assem-
blage of recently discovered vertebrate and megafloral  
fossil localities. Most vertebrate fossils are preserved in 
non-coprolite phosphatic concretions, a presently unique 
mode of preservation in terrestrial environments, and are 
exceptionally complete (Lyson et al. 2019a, 2021a, 2021b).  
Importantly, Lyson et al. (2019a) documented the pres-
ence of Taeniolabis taoensis, whose appearance defines 
the onset of the Pu3 interval zone (Lofgren et al. 2004) in 
the Denver Basin for the first time. This, coupled with the 
chronostratigraphic framework of Fuentes et al. (2019), 
provided a temporal foundation to determine the timing 
of the Pu2/Pu3 transition in the Denver Basin.

Six specimens provisionally referred to T. taoensis were 
available to Lyson et al. (2019a): two intact crania (DMNH 
EPV.95284, Fig. 2a, b; DMNH EPV.134082, Fig. 2c, d), 
one intact lower jaw (DMNH EPV.130973, Fig. 2g, h), and 
three fragmentary, unprepared specimens. With the then 
available material, Lyson et al. (2019a) conservatively 
placed the Pu2/3 boundary at the lowest in situ speci-
men (DMNH EPV.134082) of T. taoensis, approximately 
113.4 m above the palynologically defined K/Pg boundary. 
They noted the possibility of an alternative placement of 
the Pu2/3 boundary ~6 m lower in the section (107.3 m 
above the K/Pg boundary) based on the presence of a 
nearly complete cranium (DMNH EPV.95284) found loose 
but intact on the surface of the outcrop (see Fig. 1c).

The three fragmentary specimens of T. taoensis noted 
by Lyson et al. (2019a) were found as float lower in the 
section (~90 m above the K/Pg boundary) on a broad, 
f lat, upper surface of a large, laterally continuous, 

sandstone unit, informally referred to as the “Bill Sand-
stone” (Middleton 1983; Eberle 2003). The major sand-
stone beds in the Corral Bluffs study area, like the Bill 
Sandstone, are cliff forming, and often form “platforms” 
on their upper surface. As a result, they are major accu-
mulation surfaces for concreted fossil material eroding 
out of the slopes above these surfaces. In the case of 
the three fragmentary specimens noted by Lyson et al. 
(2019a), additional preparation revealed that two of 
these specimens were misidentified and that the third 
is referable to a taeniolabidid that is likely not Taen-
iolabis taoensis; the latter specimen will be dealt with 
in a subsequent manuscript. However, since Lyson et al. 
(2019a), one additional fragmentary specimen referable 
to T. taoensis (DMNH EPV.136300, Fig. 2e, f), compris-
ing the anterior portion of a cranium, was discovered as 
float on top of the Bill Sandstone unit and at the base 
of a ~15 m steep slope (Table 1, 89.8 m above the K/Pg 
boundary). Given that this specimen was found as float 
at the base of a steep slope on a major accumulation sur-
face, we maintain the finding by Lyson et al. (2019a) of 
the placement of the Pu2/3 boundary at the lowest in situ 
T. taoensis specimen (DMNH EPV.134082) at approxi-
mately 113.4 m above the palynologically defined K/Pg 
boundary (Fig. 1c).

The four Corral Bluffs specimens currently referred to T. 
taoensis are from different localities and each is preserved in 
a phosphatic concretion. Two specimens were found in situ 
and two specimens were found as float (Table 1). One of the 
four specimens (lower jaw DMNH EPV.130973) was found 
in an amorphous mudstone facies that Lyson et al. (2019a) 
interpreted as representing a floodplain. Three of the four 
specimens (all cranial) were preserved in concretions that 
incorporated coarse sand in the groundmass, demonstrating 
that they eroded out of channel deposits. The association of 
relatively intact T. taoensis and other vertebrate specimens 
(e.g., crania, not isolated teeth) with coarse-grained litholo-
gies suggested to Lyson et al. (2019a) that the specimens so 

Fig. 2  Skull material of Taeniolabis taoensis from the Denver Basin, 
Colorado. a, b, DMNH EPV.95284, nearly complete cranium in dor-
sal and ventral views. c, d, DMNH EPV.134082, posterior portion 
of cranium in dorsal and ventral views. e, f, DMNH EPV.136300, 
anterior portion of cranium in dorsal and ventral views. g, h, 
DMNH EPV.130973, left dentary in lateral and medial views. Scale 
bar = 5 cm 

◂

Table 1  Stratigraphic placement, age of locality (using two models), elements preserved, depositional environment, and type of occurrence (in 
situ vs displaced) for each specimen of Taeniolabis taoensis in the Denver Basin

DMNH Specimen#/ locality# Stratigraphic position (m) 
above K/Pg boundary

Age model
GPTS 2012 (Ma)

Age model
Clyde et al. 
(2016) (Ma)

Element Lithology/ 
Depositional
environment

In situ?

EPV.130973/Loc. 7064 115.1 65.31 65.33 Nearly complete left dentary Mudstone/
Floodplain

Yes

EPV.134082/Loc. 6500 113.4 65.32 65.35 Posterior portion of cranium Sandstone/
River channel

Yes

EPV.95284/Loc. 6266 107.3 65.36 65.40 Nearly complete cranium Sandstone/
River channel

No

EPV.136300/Loc. 12111 89.8 65.49 65.55 Anterior portion of cranium Sandstone/
River channel

No
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preserved represent species that probably inhabited riverine 
environments, based on the following logic:

1. Five facies were identified at the Corral Bluffs study 
area and sandstone-dominated facies were interpreted 
as representing riverine environments whereas finer 
grained siltstone- and mudstone-dominated facies were 
interpreted as representing overbank floodplain environ-
ments (Lyson et al. 2019a).

2. Other vertebrates found at the Corral Bluffs study area were 
also predominantly found within a specific lithology. For 
instance, baenid turtles have a strong association with a sand-
stone lithology and chelydroid turtles have a strong associa-
tion with finer-grained siltstone and mudstone lithologies.

3. Both anatomical (Hutchison 1984; Lyson et al. 2019b) 
and sedimentological (Holroyd and Hutchison 2002; 
Lyson and Joyce 2009a, 2009b; Holroyd et al., 2014) data 
suggest that baenid turtles lived in aquatic riverine envi-
ronments, while these same data suggest that chelydroid 
turtles lived in ponded water environments. Additionally, 
extant chelydroid taxa are predominately found in ponded 
water floodplain environments (Ernst and Barbour 1989).

Combined, these data suggest that the lithologic/taxon 
associations observed at the Corral Bluffs study area can 
be used to infer paleoenvironment, as has been used to infer 
other paleoecostyems (e.g., Lyson and Longrich 2011). As 
a result, consistent with the earlier analysis by Lyson et al. 
(2019a), we interpret the environment in which T. taoen-
sis lived as dominated by river channels and corresponding 
floodplains draining the Laramide highlands to the west.

Precise stratigraphic placement for each specimen was 
obtained using the methods outlined in Lyson et al. (2019a; see 
also Table 1). This, coupled with the chronostratigraphic frame-
work developed for the Corral Bluffs study area by Fuentes et al. 
(2019), allowed us to obtain precise ages for each T. taoensis 
specimen (Table 1). The chronostratigraphic framework is 
derived from the identification of three magnetochron bounda-
ries (C30n/C29r, C29r/C29n, and C29n/C28r), the palynologi-
cally defined K/Pg boundary, and two chemical abrasion isotope 
dilution thermal ionization mass spectrometry (CA-ID-TIMS) 
206Pb/238U dates on zircons separated from thin (ca. 2–3 cm 
thick) tonstein beds preserved within lignite beds (Fig. 1). The 
tonstein beds are interpreted to be the diagenetic remnants of vol-
canic ash falls into still water. These temporal benchmarks were 
used to calculate average sedimentation rates and interpolated 
ages for the section (Fuentes et al. 2019; Lyson et al. 2019a). Two 
age estimates for each T. taoensis specimen are provided based on 
two different age models (Table 1). These age models, the global 
Geomagnetic Polarity Time Scale (Gradstein et al. 2012) and 
estimates based on Denver Basin sediments (Clyde et al. 2016), 
have slight differences in the age estimates for the magnetochron 
boundaries and the K/Pg boundary. The interpolated ages for 

each T. taoensis specimen using both age models are provided in 
Table 1. Finally, considering recent biostratigraphic and magne-
tostratigraphic work in the section at Corral Bluffs, we note that 
all specimens of T. taoensis were recovered from sediments that 
include the Momipites wyomingensis – Kurtzipites trispissatus 
pollen zone (P2) and that all were found in magnetochron 29n 
(Nichols and Fleming 2002; Lyson et al. 2019a) (Fig. 1).

The stratigraphic placement of in situ T. taoensis speci-
mens in the Corral Bluffs study area facilitates placement of 
this mammalian species in megafloral context. Lyson et al. 
(2019a) analyzed a dataset of 6,401 fossil leaves representing 
233 morphospecies. These taxa were collected from 65 Late 
Cretaceous and early Paleocene localities covering ~1.2 Myr 
(30 m in the Late Cretaceous representing ~213 kyr, and 150 m 
in the early Paleocene representing ~917 kyr). They used this 
dataset to estimate plant raw richness, originations, extinctions, 
and standing richness, as well as mean annual temperature 
(MAT). At ~110 m above the palynologically defined K/Pg 
boundary, equivalent with the Pu2/Pu3 boundary as defined 
by the lowest in situ T. taoensis specimen (at 113.4 m), these 
data show the highest levels of raw richness and extinction 
in the Paleocene megafloral record in the bluffs (Lyson et al. 
2019a: suppl.). While the number of fossils collected influ-
ences these data, they nonetheless indicate floral turnover at 
the Pu2/Pu3 boundary. Importantly, we see the first appearace 
of the angiosperm family Leguminosae (= Fabaceae) outside 
of Central America (Centeno-Gonzalez et al. 2021) anywhere 
in the world in the form of both fossil legume pods and leaflets 
at this stratigraphic level (Lyson et al. 2019a). Legumes would 
have represented a new, high-protein food source for herbi-
vores such as T. taoensis on the early Paleocene landscape. 
Finally, Lyson et al. (2019a) observed a ~3 °C increase in leaf-
estimated MAT at the Pu2/Pu3 boundary. Taken together, these 
data indicate that floral and faunal turnover (likely migration) 
driven by temperature increase and the arrival of new plant 
food sources occurred at the Pu2/Pu3 boundary.

Materials and Methods

Specimens

As noted above, there are many known but undescribed 
specimens of Taeniolabis taoensis from the San Juan Basin 
that have been collected for well over a century; these 
reside primarily in collections at AMNH, KU, NMMNH, 
and UCMP. Simmons (1987) provided a list of referred 
specimens known at the time and, based on online catalogs, 
it appears that additional specimens have been discovered 
since. However, because our study is focused on skull anat-
omy and because the vast majority of specimens consist of 
isolated teeth and fragmentary jaws, they are mostly not 
considered here.
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Our study of skull anatomy of T. taoensis, assisted by 
µCT imagery, is therefore largely limited to more detailed 
description of previously documented specimens –– AMNH 
16310, AMNH 16321, and UCMP 98083 (listed above in 
“Introduction”), all from the San Juan Basin –– and origi-
nal description of the new material from the Corral Bluffs 
study area of the Denver Basin, consisting of four specimens. 
Synoptic overviews of each of the seven primary specimens 
in the study sample, to indicate relative completeness and 
quality of preservation (prior to µCT scanning), are provided 
below; they are photographically illustrated in Figs. 2 and 3.

DMNH EPV.95284 (DMNH locality 6266, Denver Basin) 
– Nearly complete cranium missing anterior-most portion of 
premaxilla (and all of the incisors except for the base of left 
I2) and small portion of right zygomatic arch; poor surface 
preservation (Fig. 2a, b); found within displaced concretion at 
base of a 2–3 m high ridge, suggesting it had not been trans-
ported a great distance.

DMNH EPV.134082 (DMNH locality 6500, Denver Basin) 
– Partial cranium missing dorsal and anterior portions of the 
snout and anterior parts of the zygomatic arches; poor surface 
preservation (Fig. 2c, d); found within in situ concretion.

DMNH EPV.136300 (DMNH locality 12111, Denver 
Basin) – Anterior portion of cranium found within displaced 
concretion except for tip of snout (anterior portions of pre-
maxillae and both I2s), which was exposed but has better 
surface preservation than the more posterior parts that were 
inside the concretion; deformation slight, primarily involv-
ing ventral displacement of nasals (Fig. 2e, f); displaced 
concretion was found at the base of a ~15 m high ridge, and 
thus may have been transported a great distance.

DMNH EPV.130973 (DMNH locality 7064, Denver 
Basin) – Moderately well-preserved left dentary missing 
only apical portions of coronoid process and mandibular 
condyle (Fig. 2g, h); found within in situ concretion.

AMNH 16321 (locality listed on specimen label as “2  
mi. above Ojo Alamo,” which is in the Bisti/De-na-zin area, 
Williamson et al. 2012, San Juan Basin) – Moderately complete 
but highly fragmented cranium; µCT imaging of this specimen 
reveals that it is much less complete than in the current, restored 
specimen (Fig. 3a, b), and also less than illustrated by Broom 
(1914: pls. XI, XII), who published the only photographs of 
the specimen. For instance, whereas the photographs in Broom 
(1914) indicate the presence of a left I2, and the reconstruction 
includes all four upper incisors (Fig. 3a, b), the µCT scan of 
the specimen demonstrates that none of the incisors are real.

AMNH 16310 (locality listed on specimen label as “2  
mi. above Ojo Alamo,” which is in the Bisti/De-na-zin area, 
Williamson et al. 2012, San Juan Basin) – Very well preserved 
left dentary missing posterior half of ascending process, 
including most of coronoid process. The missing portions 
were (incorrectly) reconstructed in plaster and are illustrated 
in Fig. 3c, d.

UCMP 98083 (UCMP locality V-70181, San Juan Basin) 
– Severely deformed and fragmented but nearly complete cra-
nium and both dentaries of juvenile individual (Greenwald 
1988: fig. 1).

In full disclosure, a limitation of this study is that it was 
conducted during the 2020/2021 COVID-19 pandemic, which 
severely restricted previously planned direct access to original 
specimens at various museums. AMNH 16310 and AMNH 
16321 had been borrowed and UCMP 98083 had been scanned 
(but not borrowed) prior to the pandemic. However, J. Meng 
kindly provided photographs of several AMNH cranial and 
mandibular specimens from the San Juan Basin, most of which 
had been referred to T. taoensis and discussed in the literature 
previously. These included AMNH 3036, holotype specimen 
consisting of “right maxilla fragment with  M1–2 and fragments 
of skull” (Simmons 1987: 798); AMNH 745 (combined with 
AMNH 16310 in reconstruction of left dentary by Granger and 
Simpson 1929: fig. 4A); AMNH 748 and AMNH 968, partial 
dentaries included in reconstruction of skull by Gregory (1910: 
fig. 8); and AMNH 27734, nearly complete right dentary. Three 
of the dentaries (AMNH 745, AMNH 748, AMNH 27734) 
are illustrated in Fig. 3e–j, with the condylar region of AMNH 
27734 highlighted in Fig. 3k–n. We employed the photographs 
for a few supplementary or confirmatory observations of ana-
tomical structures that were not visible, or poorly visible, on 
the seven primary specimens in our study sample to which we 
had direct access (or µCT scans in the case of UCMP 98083). 
It is also important to note that these photographs revealed that 
the reconstruction of the cranium of T. taoensis by Gregory 
(1910: fig. 8), reported as being based upon AMNH 3075, is 
actually based on the holotype specimen, AMNH 3036. AMNH 
745, 748, and 968 are from Coal Creek Canyon, AMNH 27734 
is from Barrel Spring Arroyo, whereas AMNH 3036 is sim-
ply listed as coming from “N.W. New Mexico.” Finally, T.  
Williamson (pers. comm, 11/13/2019) alerted us to the exist-
ence of a cranial specimen in the NMMNH collections, 
NMMNH P-47645, and provided a photograph of it; it is highly 
concreted, deformed, and fragmented, and does not appear to 
yield any new anatomical information.

Another limitation of our study is that, even with µCT 
technology, we were able to discern very few details of the 
nasal and endocranial cavities because of very low-density 
contrast between matrix and bone in the available sample. 
By contrast, the density difference was slightly better in 
UCMP 98083, which allowed segmentation of the inner ear; 
its anatomy is detailed below.

Measurements

Linear measurements of the skull and dentition were taken 
directly from the specimens wherever possible using a 
Mitutoyo CD-8″ CSX caliper. Other measurements were 
extracted from digital images using a combination of 
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Fig. 3  Skull material of Taeniolabis taoensis from the San Juan 
Basin, New Mexico. a, b, AMNH 16321, fragmentary, incomplete 
cranium restored with substantial amounts of plaster, in dorsal and 
ventral views. c, d, AMNH 16310, left dentary, the posterior portion 
of which was restored with plaster, in lateral and medial views. e, f, 

AMNH 745, left dentary, in lateral and medial views. g, h, AMNH 
748, right dentary in lateral and medial views. i, j, AMNH 27734, 
right dentary in lateral and medial views. k, l, m, n, enlarged pho-
tographs of mandibular condyle of AMNH 27734 (see i, j) in lateral, 
medial, dorsal, and posterior views. Scale bar = 5 cm 
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ImageJ, the 2-dimensional projections in ORS Dragonfly, 
and Adobe Illustrator, which permitted precise location of 
measurement endpoints and calculation of linear distances. 
Angular measurements were extracted from digital pho-
tographs using the Measure Tool in Adobe Photoshop or 
by using semi-transparent protractors overlain on images in 
PowerPoint (Microsoft Office). Linear and angular meas-
urements of the inner ear were taken with the Amira 3D 
measurement tool. Total inner ear length and cochlear canal 
curvature follow Schultz et al. (2017). All linear measure-
ments are in millimeters (mm).

Computed Tomography and Imaging

Data and images for DMNH EPV.95284, DMNH.
EPV.130973, DMNH EPV.134082, DMNH EPV.136300, 
and UCMP 98083 were produced at the High-Resolution 
X-ray Computed Tomography Facility of the University of 
Texas at Austin (UTCT). Data and images for AMNH 16310 
and AMNH 16321 were produced in the Microscopy and 
Imaging Facility of the American Museum of Natural His-
tory (AMNH) in New York.

16-bit TIFF stacks of raw scan data were processed in 
ORS Dragonfly (v 4.0, 4.1, 2020.1) with the artifact cor-
rection Gradient-Domain-Fusion filter and the contrast 
enhancing CLAHE (Contrast Limited Adaptive Histogram 
Equalization) filter. These filtered image stacks were ren-
dered into surface meshes through dynamic threshold seg-
mentation and meshing tools using ORS Dragonfly versions 
4.0, 4.1, and 2020.1. Morphological smoothing and closing 
operations were applied to segmentations prior to meshing. 
All meshes were decimated by 50%. Meshes were smoothed 
with the Hamming Window Smoothing method, at 10–15 
iterations. UCMP 98083 inner ear images were smoothed 
with the Laplacian Smoothing method at 15 iterations. Sur-
face meshes were smoothed for final output in ORS Drag-
onfly 2020.1 and exported in the stereolithography (stl) file 
type. Final images were rendered in Blender 2.82 with the 
Cycles render engine and orthographic camera. The inner 
ear was reconstructed in Amira; label fields were imported 
into Dragonfly for final processing and imaging.

Basic individual scan parameters, which vary for each 
specimen and facility, are reported below, as are adjustments 
made to the datasets.

DMNH EPV.95284 (Fig. 4) – nearly complete cranium 
first scanned encased in phosphatic concretion at UTCT. 
Scan parameters: North Star Imaging (NSI) scanner. Fein 
Focus High Power (FFHP) source, 200 kV, 0.13 mA, alu-
minum filter, source to object 492.0 mm, source to detec-
tor 1316.851 mm, isometric voxel size = 90.9 μm, total 

slices = 1,927. After mechanical preparation, DMNH 
EPV.95284 was scanned again at UTCT. Scan parameters: 
NSI scanner. FFHP source, 180 kV, 0.15 mA, aluminum 
filter, source to detector 1317.262 mm, isometric voxel 
size = 82.7 μm, total slices = 1,925. Contrast between bone 
and sediment matrix was poor in both scans. CLAHE fil-
tering resulted in major striping artifacts in the dataset 
and failed to homogenize contrast levels across the image 
stack. Due to the inconsistent contrast levels, window lev-
eling had to be adjusted regularly during segmentation. 
Similarly, adjusting the Look Up Table (LUT) helped 
increase contrast levels.

DMNH EPV.134082 (Fig.  5) – posterior portion of 
cranium scanned at UTCT. Scan parameters: NSI scan-
ner. FFHP source, 200 kV, 0.17 mA, brass filter, source to 
detector 731.325 mm, isometric voxel size 73.7 µm, total 
slices = 1,752.

DMNH EPV.136300 (Fig. 6) – anterior portion of cra-
nium scanned at UTCT. Scan parameters: NSI scanner. 
FFHP source, 160 kV, 0.85 mA, aluminum filter, source 
to detector 733.22 mm, isometric voxel size = 50.3 μm, 
total slices = 1,892. Contrast levels were higher and more 
consistent than in any other scan of DMNH material. 
Contrast was improved by adjusting LUT and window 
leveling.

AMNH 16321 (Fig. 7) – fragmentary cranium scanned 
at AMNH Microscopy and Imaging Facility. Scan param-
eters: Phoenix scanner. FFHP source, 200 kV, 0.24 mA, 
copper + copper filters, source to detector 812.661 mm, 
isometric voxel size = 60.9 µm, total slices = 1,937.

UCMP 98083 (Fig. 8) – nearly complete cranium and 
both dentaries scanned at UTCT. Scan parameters: NSI 
scanner. FFHP source, 150 kV, 0.12 mA, aluminum fil-
ter, source to detector 730.451  mm, isometric voxel 
size = 51.7 μm, total slices = 1,888. Contrast between bone 
and sediment matrix was generally poor and inconsist-
ent across the image stack. Application of CLAHE filter 
resulted in striping artifacts and exacerbated inhomoge-
neity of the dataset. LUT and window leveling required 
regular adjusting.

DMNH EPV.130973 (Fig. 9a–c) – nearly complete left 
dentary scanned at UTCT. Scan parameters: NSI scanner. 
FFHP source, 140 kV, 0.25 mA, aluminum filter, source to 
detector 1317.167 mm, isometric voxel size = 62.5 μm, total 
slices = 1,941.

AMNH 16310 (Fig. 9d–f) – left dentary missing posterior 
portion scanned at AMNH Microscopy and Imaging Facility. 
Scan parameters: Phoenix scanner. FFHP source, 200 kV, 
0.24 mA, copper filter, source to detector 812.661 mm, iso-
metric voxel size = 60 µm, total slices = 1,727.
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Fig. 4  Rendering of 3D virtual model of nearly complete cranium 
of Taeniolabis taoensis, DMNH EPV.95284, based on µCT data, in 
a, left lateral; b, right lateral; c, dorsal; d, ventral; e, anterior; and f, 
posterior views. Abbreviations: bsp/psp, basisphenoid/presphenoid; 
ena, external nasal aperture; eoc, external occipital crest; eop, exter-
nal occipital protuberance; fm, foramen magnum; gf, glenoid fossa; 
I2, upper second incisor; ifs, interfrontal suture; ims, intermaxillary 
suture; ins, internasal suture; iof, infraorbital foramen; jf, jugular 

fossa; M1, upper first molar; M2, upper second molar; nc, nuchal 
(= lambdoidal) crest; oc, occipital condyle; or, orbit; P4, upper fourth 
premolar; pop, postorbital process; pp, paroccipital process; ppr, 
pterygopalatine ridge; pr, promontorium; ?rsf, possible foramen for 
ramus superior of stapedial artery; ?rsg, possible groove for ramus 
superior of stapedial artery; sc, sagittal crest; tr, temporal ridge; za, 
zygomatic arch. Scale bar = 5 cm 
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Institutional Abbreviations

AMNH, American Museum of Natural History, New York, 
New York; CCM, Carter County Museum, Ekalaka, Mon-
tana; DMNH, Denver Museum of Nature & Science, Den-
ver, Colorado; IRSNB M, Royal Belgian Institute of Natural 
Sciences, Brussels, Belgium; IVPP, Institute of Vertebrate 
Paleontology and Paleoanthropology, Beijing, China; KU, 
Biodiversity Institute & Natural History Museum, Univer-
sity of Kansas, Lawrence, Kansas; NMMNH, New Mexico 
Museum of Natural History and Science, Albuquerque, New 
Mexico; PSS-MAE, Paleontological and Stratigraphic Sec-
tion of the Geological Institute, Mongolian Academy of 
Sciences, Ulaan Baatar, Mongolia (Mongolian–American 
Museum of Natural History Expedition); UALVP, University 
of Alberta Laboratory of Vertebrate Paleontology, Edmon-
ton, Alberta; UCMP, University of California Museum of 
Paleontology, Berkeley, California; UTCT, High-Resolution 
X-ray Computed Tomography Facility, University of Texas, 
Austin, Texas; UMVP, University of Minnesota Vertebrate 
Paleontology collections, Minneapolis, Minnesota; V.J., 
Museum of the Geological Service, Lisbon, Portugal; YPM 
VPPU, Yale Peabody Museum of Natural History, Verte-
brate Paleontology Princeton University Collection, New 
Haven, Connecticut; ZPal, Institute of Palaeobiology, Acad-
emy of Sciences, Warsaw, Poland.

Anatomical Abbreviations

aI3, alveolus for upper third incisor; am, ampulla; ap, 
apex; aP4, alveolus for upper fourth premolar; asc, ante-
rior semicircular canal; bo, basioccipital; bof, basioc-
cipital fossa; bor, basioccipital ridge; bs, broken surface; 
bsp/psp, basisphenoid/presphenoid; bzr, broken zygo-
matic root; cc, crus commune; ci, crista interfenestra-
lis; cn, cochlear nerve; co, cochlear canal; cp, coronoid 
process; cri, canal for ramus inferior; crp, crista parot-
ica; di, deciduous lower incisor; dI2, deciduous upper 
second incisor; ecc, endocranial cavity; ena, external 
nasal aperture; eo, exoccipital; eoc, external occipital 
crest; eop, external occipital protuberance; fips, foramen 
for inferior petrosal sinus; fj, facet for jugal; fm, fora-
men magnum; fmV, foramen for mandibular division of 
trigeminal nerve; fnc, floor of nasal cavity; fps, frontal-
parietal suture; fr, frontal; fv, fenestra vestibuli; gf, gle-
noid fossa; i, lower incisor; I2, upper second incisor; I3, 
upper third incisor; if, incisive foramen; ifs, interfrontal 
suture; imr1, intramasseteric ridge 1; imr2, intramasse-
teric ridge 2; ims, intermaxillary suture; inp, internarial 
process; ins, internasal suture; iof, infraorbital foramen; 
ipms, interpremaxillary suture; ips, interpalatine suture; 
izr, intermediate zygomatic ridge; j, jugal; jf, jugular 

fossa; lf, lateral flange; lsc, lateral semicircular canal; 
m1, lower first molar; M1, upper first molar; m2, lower 
second molar; M2, upper second molar; mco, mandibu-
lar condyle; mcr, masseteric crest; mf, mental foramen; 
mfos, masseteric fossa; mfov, masseteric fovea; ml, mas-
seteric line; mn, mandibular notch; ms, mandibular sym-
physis; mss, maxillary-squamosal suture; mx, maxilla; 
n, nasal; nc, nuchal (= lambdoidal) crest; nf, nasal fora-
men or foramina; oc, occipital condyle; oml, origin of 
masseter lateralis; omspa, origin of masseter superficia-
lis pars anterior; omspp, origin of masseter superficialis 
pars posterior; on, odontoid notch; or, orbit; otf, orbito-
temporal fenestra; p4, lower fourth premolar; P4, upper 
fourth premolar; pa, parietal; pf, pterygoid fossa; plf, 
perilymphatic foramen; plg, perilymphatic groove; pmr, 
premaxillary ridge; pms, premaxillary-maxillary suture; 
pmx, premaxilla; pop, postorbital process; pp, paroccipi-
tal process; ppr, pterygopalatine ridge; pr, promontorium; 
ps, pterygoid shelf; psc, posterior semicircular canal; ptf, 
posttemporal foramen; ?rsf, possible foramen for ramus 
superior of stapedial artery; ?rsg, possible groove for 
ramus superior of stapedial artery; sc, sagittal crest; ses, 
supraoccipital-exoccipital suture; sf, stapedius fossa; so, 
supraoccipital; tg, temporal groove; tr, temporal ridge; vo, 
vomer or suture for vomer; vs, vestibule; za, zygomatic 
arch; zpm, zygomatic process of maxilla; zps, zygomatic 
process of squamosal.

Systematic Paleontology

MAMMALIA Linnaeus, 1758
ALLOTHERIA Marsh, 1880
MULTITUBERCULATA Cope, 1884a
CIMOLODONTA McKenna, 1975
TAENIOLABIDOIDEA Sloan and Van Valen, 1965
TAENIOLABIDIDAE Granger and Simpson, 1929
Williamson et al. (2016: 204) included only two genera 

in this family, Taeniolabis and a new genus, Kimbetopsalis, 
which was erected to receive a new species, K. simmonsae. 
The authors regarded K. simmonsae to be “the basal-most 
member of Taeniolabididae and.... a plausible progenitor for 
T. taoensis, which first appeared in the San Juan Basin within 
the next 200 Kyr.” Kondrashov and Lucas (2015: 133), how-
ever, opined that K. simmonsae was not sufficiently distinct 
from Taeniolabis to establish a new genus, stating that “the 
size and ratio differences are minor.” Whereas we concur 
that the differences in overall size and cusp numbers are not 
great, we provisionally retain the species in Kimbetopsalis 
pending analysis of newly discovered taeniolabidid speci-
mens from the Denver Basin that do not appear to be refer-
able to T. taoensis.
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TAENIOLABIS Cope, 1882b
The alpha taxonomic history of the genus Taeniolabis, 

erected by Cope (1882b), is somewhat complicated but was 

summarized by Simmons (1986, 1987), who synonymized 
several species with T. taoensis. Simmons, in addition to 
naming a new species, T. lamberti, concluded that there was 
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only one other valid species, T. taoensis, a species that had 
earlier been included in Polymastodon, which was explicitly 
recognized as the junior synonym of Taeniolabis by Matthew 
and Granger (1925).

Type Species Taeniolabis taoensis (Cope, 1882c)
Included Species T. taoensis (Cope, 1882c) and T. lam-

berti Simmons (1987). If Kimbetopsalis is a junior syno-
nym of Taeniolabis, as argued by Kondrashov and Lucas 
(2015), then there is possibly a third species of Taeniolabis, 
T. simmonsae.

Diagnosis The most recent diagnosis of Taeniolabis was 
provided by Simmons (1987: 797) and was restricted to 
dental characters, as follows: “Dimensions of i1, I2, and 
M2/m2 greater than in any other multituberculate. Seven or 
more cusps in the labial cusp row and six or more cusps in 
the lingual cusp row of m1. Four or more cusps in lingual 
cusp row of m2. Nine or more cusps in labial and lingual 
cusp rows of M1. Four or more cusps in medial cusp row 
of M2. Ratio of tooth length p4/m1 less than 0.40.” With 
the cranial material described herein, and because other 
taeniolabidoid taxa are also represented by cranial mate-
rial, we are in the position to revise the diagnosis for the 
genus more comprehensively. We defer doing so, however, 
until we have described and analyzed new taeniolabidid 
skull material from the Denver Formation that we currently 
regard as not referable to T. taoensis (Krause et al. in prep.) 
and until we can examine the many dental specimens of T. 
taoensis housed in other museums (to which access is cur-
rently restricted because of the pandemic).

TAENIOLABIS TAOENSIS (Cope, 1882c)
Holotype Specimen AMNH 3036, right maxillary 

fragment with M1–2 and fragments of skull (see clarifi-
cation in Simmons 1987 regarding composition of holo-
type). Maxillary fragment illustrated by Cope (1884a: 
fig. 3e, b: pl. XXIIIc, fig. 6). Cranial fragments illus-
trated by Gregory (1910: fig. 8) but mistakenly labeled 
as AMNH 3075.

Referred Specimens DMNH EPV.95284, nearly com-
plete cranium (Figs. 2a, b, and 4); DMNH EPV.134082, 
posterior portion of cranium (Figs. 2c, d, and 5); DMNH 
EPV.136300, anterior portion of cranium (Figs.  2e, f, 
and 6); and DMNH EPV.130973, nearly complete left den-
tary (Figs. 2g, h, and 9a–c). Dimensions (Tables 2 and 3) 
and cusp formulae (Table 4) of the molars in these speci-
mens fall within the ranges of variation for the San Juan 
Basin specimens measured and counted by Simmons 
(1987), the only exception being M1 lengths in DMNH 
EPV.95284 and DMNH EPV.136300, which fall less than 
1 mm below the rather narrow range of the San Juan Basin 
M1 lengths. We provisionally take these measurements and 
counts as providing confirmatory evidence for assignment 
of the DMNH specimens to T. taoensis.

Diagnosis “P4/p4, M1/m1, and length of lower tooth 
row larger than in any other multituberculate, including T. 
lamberti.... Anterior edge of coronoid process lies labial 
to posterior half of m1” (Simmons 1987: 799). As for the 
diagnosis of the genus, we defer revising the diagnosis of T. 
taoensis until we have more fully assessed new taeniolabidid 
material from the Denver Formation (Krause et al. in prep.).

Description

Cranium

The cranial material from the Corral Bluffs study area is the 
most complete for Taeniolabis taoensis. This material, coupled 
with that previously described from the San Juan Basin (with-
out the aid of µCT technology), allows us to provide descrip-
tions of most elements in more detail than possible heretofore. 
This is preceded by an overview of cranial size and shape and 
how the latter differs from those in previous reconstructions.

Cranial Size and Body Mass Estimates Various measurements 
of the available crania of T. taoensis are provided in Table 5. 
Employing overall cranial size (geometric mean of maximum 
cranial length and width) as seemingly the most practical 
metric for estimating body mass in multituberculates (Wilson 
et al. 2012; Lyson et al. 2019a), T. taoensis was estimated 
by Lyson et al. (2019a) to have had a body mass of 34.0 kg 
(95% confidence interval = 20.8–55.6 kg). The measurements 
and resulting estimate were based on DMNH EPV.95284, 
the most complete available cranium. We revise that esti-
mate here because of the discovery of DMNH EPV.136300 
(Fig. 6), which demonstrated for the first time that the pre-
maxilla extended farther anteriorly (approximately 7 mm) 
in T. taoensis than previously realized, and thus that the 

Fig. 5  Rendering of 3D virtual model of posterior portion of cra-
nium of Taeniolabis taoensis, DMNH EPV.134082, based on µCT 
data, in a, left lateral; b, right lateral; c, dorsal; d, ventral; e, ante-
rior; and f, posterior views. Abbreviations: bo, basioccipital; bsp/psp, 
basisphenoid/presphenoid; eoc, external occipital crest; eop, external 
occipital protuberance; fm, foramen magnum; fnc, floor of nasal cav-
ity; fps, frontal-parietal suture; fr, frontal; gf, glenoid fossa; ifs, inter-
frontal suture; ips, interpalatine suture; jf, jugular fossa; M1, upper 
first molar; M2, upper second molar; nc, nuchal crest; oc, occipital 
condyle; on, odontoid notch; P4, upper fourth premolar; pa, parietal; 
pp, paroccipital process; ppr, pterygopalatine ridge; ptf, posttemporal 
foramen; sc, sagittal crest; tr, temporal ridge; vo, vomer or suture for 
vomer; zpm, zygomatic process of maxilla; zps, zygomatic process of 
squamosal. Scale bar = 5 cm 

◂
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condylobasal length in DMNH EPV.95284 (Fig. 4) was 
underestimated. Revised (only condylobasal length) and 
other measurements for DMNH EPV.95284 are provided 
in Table 5, as are original measurements for AMNH 16321 

and UCMP 98083, the only other two specimens for which 
condylobasal length and bizygomatic breadth can be directly 
measured or calculated. Using the same regression equa-
tions as employed by Lyson et al. (2019a; see Krause et al.  

Fig. 6  Rendering of 3D virtual model of anterior portion of cranium 
of Taeniolabis taoensis, DMNH EPV.136300, based on µCT data, in 
a, left lateral; b, right lateral; c, dorsal; d, ventral; e, anterior; and f, 
posterior views. Abbreviations: aI3, alveolus for upper third incisor; 
ecc, endocranial cavity; ena, external nasal aperture; I2, upper second 

incisor; I3, upper third incisor; if, incisive foramen; inp, internarial 
process; ins, internasal suture; M1, upper first molar; M2, upper sec-
ond molar; n, nasal; or, orbit; P4, upper fourth premolar; pmr, pre-
maxillary ridge. Scale bar = 5 cm
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2014a for equations and comparative data set of over 400 
extant species belonging to 20 orders of therian mammals), 
the revised body mass estimate based on DMNH EPV.95284 
is 36.6 kg (cranial size = 153.3 mm; 95% confidence inter-
val = 22.4–59.9 kg). The body mass estimate based on cranial 

size of AMNH 16321 is slightly greater (39.7 kg; cranial 
size = 157.0 mm; 95% confidence interval = 24.2–65.1 kg), 
whereas that based on cranial size of UCMP 98083, the 
juvenile skull, is understandably much less (5.3 kg; cranial 
size = 87.2 mm; 95% confidence interval = 3.3–8.4 kg).

Fig. 7  Rendering of 3D virtual model of fragmentary cranium of Tae-
niolabis taoensis, AMNH 16321, based on µCT data, in a, left lateral; 
b, right lateral; c, dorsal; d, ventral; e, anterior; and f, posterior views. 
Abbreviations: gf, glenoid fossa; ims, intermaxillary suture; izr, inter-
mediate zygomatic ridge; M1, upper first molar; M2, upper second 
molar; mss, maxillary-squamosal suture; nc, nuchal (= lambdoidal) 

crest; nf, nasal foramen; oml, origin of masseter lateralis; omspa, ori-
gin of masseter superficialis pars anterior; omspp, origin of masseter 
superficialis pars posterior; or, orbit; pmr, premaxillary ridge; pop, 
postorbital process; sc, sagittal crest; tr, temporal ridge; za, zygomatic 
arch; zpm, zygomatic process of maxilla; zps, zygomatic process of 
squamosal. Scale bar = 5 cm 
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Fig. 8  Rendering of 3D virtual model of nearly complete skull of 
juvenile Taeniolabis taoensis, UCMP 98083, based on µCT data. Cra-
nium in a, left lateral; b, right lateral; c, dorsal; d, ventral; e, ante-
rior; and f, posterior views. Left dentary in g, lateral; h, medial; and 
i, dorsal (occlusal) views. Right dentary in j, lateral; k, medial; and l, 
dorsal (occlusal) views. Abbreviations: aI3, alveolus for upper third 
incisor; aP4, alveolus for upper fourth premolar; di, deciduous lower 
incisor; dI2, deciduous upper second incisor; ena, external nasal aper-
ture; eo, exoccipital; fm, foramen magnum; if, incisive foramen; ims, 
intermaxillary suture; ins, internasal suture; iof, infraorbital foramen; 

j, jugal; m1, lower first molar; M1, upper first molar; mcr, masseteric 
crest; mfos, masseteric fossa; ml, masseteric line; nf, nasal foram-
ina; omspa, origin of masseter superficialis pars anterior; p4, lower 
fourth premolar; P4, upper fourth premolar; pf, pterygoid fossa; pms, 
premaxillary-maxillary suture; ps, pterygoid shelf; ptf, posttempo-
ral foramen; ?rsf, possible foramen for ramus superior of stapedial 
artery; ?rsg, possible groove for ramus superior of stapedial artery; 
ses, supraoccipital-exoccipital suture; so, supraoccipital; za, zygo-
matic arch; zpm, zygomatic process of maxilla; zps, zygomatic pro-
cess of squamosal. Scale bar = 2 cm
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Fig. 9  Rendering of 3D virtual model of left dentaries of Taeniolabis 
taoensis, based on µCT data. a–c, DMNH EPV.130973; d–f, AMNH 
16310. a, d, lateral views; b, e, medial views; c, f, dorsal (occlusal) 
views. Abbreviations: cp, coronoid process (incomplete in both speci-
mens); i, lower incisor; imr1, intramasseteric ridge 1; imr2, intra-
masseteric ridge 2; m1, lower first molar; m2, lower second molar; 

mco, mandibular condyle; mcr, masseteric crest; mf, mental fora-
men; mfos, masseteric fossa; mfov, masseteric fovea; ml, masseteric 
line; mn, mandibular notch; ms, mandibular symphysis; p4, lower 
fourth premolar; pf, pterygoid fossa; ps, pterygoid shelf; tg, temporal 
groove. Round hole in masseteric fossa of a and pterygoid fossa in b 
is a preparation artifact. Scale bar = 2 cm 

Table 2  Measurements (in mm) of upper dentition in study sample of 
Taeniolabis taoensis compared to those in study sample of Simmons 
(1987). Measurements of UCMP 98083 from Greenwald (1988). All 

lengths (L) are mesiodistal; all widths (W) are buccolingual. Incisor 
measurements taken at or near alveolus. Left and right sides desig-
nated as (l) and (r), respectively

* Estimated measurement

I2L I2W I3L I3W P4L P4W M1L M1W M2L M2W

DMNH EPV.95284 (l) ––– ––– ––– ––– ––– ––– 21.4 10.9 13.6 11.4
DMNH EPV.95284 (r) ––– ––– ––– ––– ––– ––– 21.5 11.0 14.3 11.2
DMNH EPV.134082 (l) ––– ––– ––– ––– 6.8 5.2 22.8 11.4 14.4 11.8
DMNH EPV.134082 (r) ––– ––– ––– ––– 6.5 5.1 22.3 11.1 14.0 11.8
DMNH EPV.136300 (l) 11.5 8.1 5.9 3.9 7.7 5.5 21.1 11.3 ––– 12.6
DMNH EPV.136300 (r) 11.8 8.2 ––– ––– 7.9 5.6 21.2 10.9 ––– –––
AMNH 16321 (l) ––– ––– ––– ––– ––– ––– 24.2 11.3 14.5 12.4
AMNH 16321 (r) ––– ––– ––– ––– ––– ––– 23.6 11.0 14.9 12.1
UCMP 98083 (r) ––– ––– ––– ––– 7.2 5.6 22.8 11.5* ––– –––
Simmons (1987) N 0 0 0 0 5 5 22 22 11 11

OR ––– ––– ––– ––– 6.5–7.7 5.0–5.7 21.9–24.4 10.8–12.1 12.3–16.0 11.2–12.8
x̄  ––– ––– ––– ––– 7.1 5.3 23.0 11.6 14.4 12.0
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Cranial Shape Based on AMNH 3036, a partial cranium 
consisting of a few posterior fragments, the cranium of T. 
taoensis was originally reconstructed by W. D. Matthew (in 
Gregory 1910: fig. 8, who apparently mislabeled this speci-
men in the caption as AMNH 3075) as slender and elongate, 
with a narrow, pointed snout in dorsal view and a strongly 
arched (concave ventrally) diastema between the incisors and 
cheekteeth, a low braincase, and a distinct convexity above the 
orbit in side view. The discovery of AMNH 16321 resulted 
in major revisions to the dorsal outline and later reconstruc-
tions by Broom (1914: figs. 6, 8), Simpson (1926: fig. 2), 
and Granger and Simpson (1929: figs. 4–6) more accurately 

depicted a much shorter, broader cranium (almost as wide as 
long), with widely flaring zygomatic arches that, anteriorly, 
project almost directly laterally, and also a short, blunt snout. 
In lateral view, the cranium was reconstructed by these later 
authors with a large, relatively flat diastema, a very deep, 
strongly arched (convex dorsally, concave ventrally) zygo-
matic arch, and a strongly domed, relatively high braincase. 
The cranial reconstructions of Granger and Simpson (1929) 
became the standard depiction for T. taoensis and were fre-
quently duplicated or closely followed in later works (e.g., 
Simpson 1935: fig. 16; Matthew 1937: figs. 71–73; Simpson 
1937b: fig. 3; Romer 1966: fig. 309A; Sloan 1979: fig. 4, 1981: 
text-fig. 6.14; Krause 1982b: fig. 1, 1986: fig. 4; Kermack and 
Kermack 1984: fig. 8.13; Carlson and Krause 1985: fig. 1; 
Savage and Long 1986; Kielan-Jaworowska and Hurum 1997: 
figs. 10C, 11C; Kielan-Jaworowska et al. 2004: figs. 8.39I, 
8.40C; Rose 2006: fig. 4.8; Weil and Krause 2008: fig. 2.2A; 
Rougier et al. 2016: fig. 29; Adams et al. 2019: fig. 1d; Wible 
et al. 2019: figs. 21C, 22C, 23C). The largest change to the 
reconstructions of Granger and Simpson (1929) was made to 
the lateral view by Sloan (1979, 1981; followed by Wible et al. 
2019: fig. 21C), who concluded that the orbit was larger and 
more posteriorly situated, with the anterior part of the orbit 
occupied by a portion of the masseter muscle. Furthermore, 
Sloan (1979, 1981), unlike Broom (1914), Simpson (1926), 
and Granger and Simpson (1929), did not include a laterally 
visible jugal bearing a dorsally projecting postorbital process 
(marking the posterior limit of the orbit). 

The new material from Corral Bluffs reveals that several 
adjustments need to be made to the cranial reconstructions of 
Granger and Simpson (1929), who depicted the cranium in 
dorsal (fig. 5A), ventral (fig. 6), lateral (fig. 4), and posterior 
(fig. 5B) views; neither they nor any other workers illustrated 
an anterior view. Revised reconstructions of the cranium of 
T. taoensis in all five standard views (dorsal, ventral, lateral, 
anterior, and posterior) are provided in Fig. 10a–e. 

Dorsal View: (1) the premaxillae, with their anterodor-
sally projecting internarial processes, extend considerably 

Table 3  Measurements (in mm) of lower dentition in study sample of 
Taeniolabis taoensis compared to those in study sample of Simmons 
(1987). Measurements of UCMP 98083 from Greenwald  (1988). All 

lengths (L) are mesiodistal; all widths (W) are buccolingual. Incisor 
measurements taken at or near alveolus. Left and right sides desig-
nated as (l) and (r), respectively

* Estimated measurement

i1L i1W p4L p4W m1L m1W m2L m2W

DMNH EPV.130973 12.4 8.9 6.9 4.1 19.1 9.4 14.5 10.8
AMNH 16310 10.8 6.9 6.7 4.5 20.9 9.7 15.0 11.2
UCMP 98083 (l) ––– ––– 6.9* ––– ––– ––– ––– –––
UCMP 98083 (r) ––– ––– ––– 4.7* 20.5* 10.4* ––– –––
Simmons (1987) N 0 0 17 17 35 35 40 40

OR ––– ––– 5.9–7.4 3.9–5.5 18.7–21.4 9.4–11.4 12.5–16.6 9.9–13.5
x̄  ––– ––– 6.6 4.7 19.8 10.4 14.1 11.5

Table 4  Cusp formulae of upper and lower molars in study sample of 
Taeniolabis taoensis compared to those in study sample of Simmons 
(1987). Left and right sides designated as (l) and (r), respectively

a Williamson et  al. (2016: Table  1) list 12 maximum cusps in the 
medial row

M1 M2 m1 m2

DMNH 
EPV.95284 (l)

9?:9?:9? 1:4:6 ––– –––

DMNH 
EPV.95284 (r)

–:–:9? 1?:4?:6? ––– –––

DMNH 
EPV.134082 (l)

8:9:10 –:–:5 ––– –––

DMNH 
EPV.134082 (r)

8:9:10 1:4:5 ––– –––

DMNH 
EPV.136300 (l)

–:–:– 1:4:– ––– –––

DMNH 
EPV.136300 (r)

9:–:– 1?:–:– ––– –––

AMNH 16321 (l) 8:9:9 1:4:5 ––– –––
AMNH 16321 (r) 8:9:9 1:4:5 ––– –––
UCMP 98083 (l) ––– ––– ––– –––
UCMP 98083 (r) 8:9:– ––– 7?:6? –––
DMNH 

EPV.130973
––– ––– 7?:6? 4?:4?

AMNH 16310 ––– ––– 7:6 4:4
Simmons (1987) 8–11:9–10:9–11a 1:4–5:4–6 7–8:6–7 4–6:4–6
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farther anteriorly than previously known, thus completely 
obscuring observation of the upper central incisors (I2s) in 
this view and making the front of the snout more pointed 
than previously recognized (DMNH EPV.136300, Fig. 6c); 
(2) the angle between the snout and the root of the zygomatic 
arch is slightly more accentuated (DMNH EPV.136300, 
Fig. 6c); (3) the orbit is positioned farther posteriorly than 
reconstructed by Granger and Simpson (1929) but more 
anteriorly than reconstructed by Sloan (1981); see also 
“Lateral View” below; (4) the size (height) of the sagittal 
and nuchal (= lambdoidal) crests are taller and more ridge-
like than previously estimated (DMNH EPV.95284, Fig. 4c; 
DMNH EPV.134082, Fig. 5c); (5) the cranial vault is not 
evenly rounded but instead ends in a distinct peak where 
the sagittal and nuchal crests intersect (external occipital 
protuberance), which is farther posterior than previously 
reconstructed (DMNH EPV.95284, Fig. 4c); and (6) the 
occipital condyles are not as anteriorly positioned relative 
to the nuchal crests as previously reconstructed (DMNH 
EPV.95284, Fig. 4b, d; DMNH EPV.134082, Fig. 5a–d).

Ventral View: (1) the premaxillae extend farther anteri-
orly, beyond the level of the upper central incisors (DMNH 
EPV.136300, Figs. 6d and 11); (2) the I3s are preserved 
in situ for the first time (DMNH EPV.136300, left side, 

Figs.  6d and 11); (3) the incisive foramina are slightly 
smaller and slightly more lateral, closer to the alveoli of 
I3 (DMNH EPV.136300, Figs. 6d and 11); (4) the maxil-
lary portion of the palate is not as strongly domed (DMNH 
EPV.95284, Fig. 4d; DMNH EPV.136300, Figs. 6d and 11) 
as described by Granger and Simpson (1929); (5) the poste-
rior end of the palate ends farther anteriorly, roughly at the 
level of the middle (DMNH EPV.95284, Fig. 4d) or posterior 
end (DMNH EPV.134082, Fig. 5d) of M2, rather than well 
posterior to M2, and has a more bulbous, midline, posterior 
projection; (6) the sutures between the premaxillae and the 
maxillae on the palate are seen for the first time in DMNH 
EPV.136300 (Figs. 6d and 11); (7) the sutures between 
the maxillae and the palatines can be discerned in DMNH 
EPV.134082 (Fig. 5d) for the first time (these sutures were 
not rendered by Granger and Simpson 1929: fig. 6, but were 
added by Kielan-Jaworowska and Hurum 1997: fig. 11C, 
incorrectly); and (8) details of the mesocranium and basi-
cranium are revealed for the first time in DMNH EPV.95284 
(Figs. 4d and 14b), DMNH EPV.134082 (Figs. 5d, 14c), and 
UCMP 98083 (Figs. 8d, 14d). 

Lateral View: (1) the premaxillae, with their anterodor-
sally projecting internarial processes, extend farther anteri-
orly than previously known (DMNH EPV.136300, Fig. 6a, 

Table 5  Measurements (in mm) of crania in study sample of Taenio-
labis taoensis. Because of deformation, breakage, and/or poor surface 
preservation of all of the crania in the sample, all cranial measure-

ments over 50 mm are rounded to the nearest millimeter and must be 
regarded as estimates only. Left and right sides designated as (l) and 
(r), respectively

* Estimated because of incompleteness
a Measured as anteroposterior distance between aboral margin of occipital condyles and prosthion
b Measured as maximum mediolateral distance between lateral margins of zygomatic arches (doubled if measurable on only one side)
c Measured as dorsoventral distance from basion (midline of ventral margin of foramen magnum) to external occipital protuberance (= inion); 
intersection of left and right nuchal crests with sagittal crest)
d Measured as anteroposterior distance between anterior margin of orbit sensu lato (i.e., including orbital pocket) and prosthion
e Measured from mesial margin of P4 to distal margin of M2

DMNH
EPV.95284

DMNH
EPV.134082

DMNH
EPV.136300

AMNH
16321

UCMP
98083

Condylobasal  lengtha 161 ___ ––– 159 95.8
Bi-zygomatic  breadthb 146 ––– ––– 155 79.4
Occipital  heightc 54 64 ––– ––– –––
Snout  lengthd 68.0 ––– 59.2 64.4 35.4
Cheektooth row  lengthe ––– 41.9 (r) ––– 46.0 (l); 45.2 (r) –––
Depth of zygomatic arch 21.3 (r) ––– ––– 20.8 (l) 17.7 (r)
Width of zygomatic arch 8.6 (r) ––– ––– 9.4 (l) –––
Length of glenoid fossa ––– 24.7 (l) ––– 27.7 (l) –––
Width of glenoid fossa ––– 23.7 (l) ––– 25.2 (l) –––
Diastema between L and R I2 aveoli ––– ––– 9.4 ––– –––
Diastema between I2 and I3 ––– ––– 3.7 (l); 4.8 (r) ––– –––
Diastema between I3 and P4 ––– ––– 25.0 (l); 24.4 (r) 23.6 (l); 23.4* (r) –––
Minimum width between M1s 24.3 23.4 20.5 ––– –––
Foramen magnum height 13.3 15.4 ––– ––– –––
Foramen magnum width 15.7 19.1 ––– ––– –––
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Fig. 10  Reconstruction of the skull of Taeniolabis taoensis. Cra-
nium (based on DMNH EPV.95284, DMNH EPV.134082, DMNH 
EPV.136300, AMNH 16321, and UCMP 98083) in a, dorsal; b, ven-
tral; c, left lateral; d, anterior; and e, posterior views. Left dentary 

(based on DMNH EPV.130973, AMNH 745, AMNH 748, AMNH 
968, AMNH 16310, AMNH 27734, and UCMP 98083) in f, lateral; 
g, dorsal; and h, medial views. Scale bar = 3 cm 
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b); (2) the I3s are preserved in situ for the first time (DMNH 
EPV.136300, left side, Fig. 6a); (3) the orbit is more pos-
teriorly positioned than estimated by Granger and Simpson 
(1929: fig. 4) but not as anteriorly positioned as estimated 
by Sloan (1981: fig. 6.14); (4) the jugal cannot be seen in 
lateral view rising above the level of the zygomatic arch 
as in earlier reconstructions; (5) a lacrimal bone is entirely 
absent (both on the orbital rim and within the orbit (DMNH 
EPV.136300, Fig. 12); (6) the frontal contributes substan-
tially to the medial wall of the orbit, passing deep to the 
anterolateral extension of the parietal that passes forward to 
contact the nasal and maxilla (DMNH EPV.136300, Fig. 12); 
(7) the size (height) of the sagittal and nuchal crests are 
taller and more ridge-like than previously estimated (DMNH 
EPV.95284, Fig. 4a, b; DMNH EPV.134082, Fig. 5a, b); (8) 
the cranial vault is not evenly rounded posteriorly but instead 
ends in a distinct peak where the sagittal and nuchal crests 
intersect (external occipital protuberance), which is farther 
posterior than previously reconstructed (DMNH EPV.95284, 
Fig. 4a); and (9) the occipital condyles are not as anteriorly 
positioned relative to the nuchal crests as previously recon-
structed and can be seen in this view (DMNH EPV.95284, 
Fig. 4b; DMNH EPV.134082, Fig. 5a, b). 

Posterior View: (1) the nuchal crests are taller and more 
ridge-like than previously reconstructed, such that the dor-
sal aspect of the cranial cavity is barely visible (DMNH 
EPV.95284, Fig. 4f; DMNH EPV.134082, Fig. 5f); (2) the 
paroccipital processes are not enlarged to the extent that they 
extend ventrally below the level of the occipital condyles 
(DMNH EPV.95284, Fig. 4f; DMNH EPV.134082, Fig. 5f); 
(3) the foramen magnum is triangular rather than rounded 
in outline and is bordered dorsolaterally on each side by 
a prominent rim (DMNH EPV.95284, Fig.  4f; DMNH 
EPV.134082, Fig. 5f); (4) a large posttemporal foramen 
in the petrosal can be identified for the first time (DMNH 
EPV.134082, Fig. 5f); and (5) the occipital condyles are not 
as large and bulbous (DMNH EPV.95284, Fig. 4f; DMNH 
EPV.134082, Fig. 5f).

Nasals The nasals of Taeniolabis are extraordinarily long 
and broad elements that dominate the roof of the nasal cav-
ity and form the dorsal margin of the external nasal aperture. 
They are wider posteriorly than anteriorly. As described and/
or illustrated previously (Broom 1914; figs. 6, 8; Granger 
and Simpson 1929; figs. 4, 5A), each nasal articulates along 
strongly interdigitated sutures with the premaxillae and maxil-
lae ventrolaterally, the parietal posterolaterally, and the fron-
tal posteromedially. Interestingly, the midline suture with the 
contralateral nasal is also strongly interdigitated (rather than 
being planar) in at least AMNH 16321 (Figs. 3a, 7c); segments 
of this internasal suture can be discerned on the surface of 
DMNH EPV.95284 (Fig. 4c), DMNH EPV.136300 (Fig. 6c), 
and UCMP 98083 (Fig. 8c) but details cannot be distinguished. 

The medial aspects of the frontals project anteriorly to insert 
between the posterior ends of the nasals such that the nasal-
frontal suture on each side is, from medial to lateral, oriented 
transversely, then obliquely (anteromedial to posterolateral), 
and then transversely again, ending at the triple junction with 
an anterolateral extension of the parietal. 

The nasals are incomplete anteriorly in AMNH 16321 
(Figs. 3a, b and 7a–e) and were reconstructed in dorsal and 
lateral views by Broom (1914: figs. 6, 8), Simpson (1926: 
fig. 2), and Granger and Simpson (1929: figs. 4, 5A) to 
extend anteromedially to meet their counterparts in the mid-
line but to terminate at almost the same level as the premax-
illae. DMNH EPV.95284 (Fig. 4a–c) and especially DMNH 
EPV.136300 (Fig. 6a–c), which have relatively complete 
premaxillae, demonstrate for the first time that these earlier 
reconstructions are inaccurate. The relatively complete pre-
maxillae preserved in DMNH EPV.136300 (Fig. 6a–c) reveal 
the presence of strong internarial processes that extend the 
premaxillae considerably farther anteriorly than previously 
realized (see “Premaxillae” below). As such, the termination 
of the nasals anteriorly falls well short of the anterior extent 
of the premaxillae (see reconstructions in Fig. 10a, c). As 
seen in DMNH EPV.95284 (Fig. 4c), DMNH EPV.136300 
(Fig. 6c), and UCMP 98083 (Fig. 8c), the anterior shape of 
the nasals in dorsal view is more squared than estimated by 
Broom (1914: fig. 6), Simpson (1926: fig. 2), and Granger 
and Simpson (1929: figs. 5A). We do not see definitive 
evidence of sutures near the midline anteriorly that might 
indicate the presence of an internarial bar formed by the 
premaxillae and inserted between the anterior ends of the 
left and right nasals but also acknowledge that none of the 
available specimens preserves this area pristinely; we there-
fore provisionally regard an internarial bar to be absent in T. 
taoensis. A distinct notch in the lateral outline of the external 
nasal aperture occurs where the nasal and premaxilla meet 
(Fig. 10a, c). This is not the same structure identified as 
an “anterior nasal notch” by Lillegraven and Krusat (1991; 
see also Wible and Rougier 2000), which occurs along the 
anterior margin of the nasal, not at its lateral edge. 

Broom (1914) and Granger and Simpson (1929) did not 
record the presence of nasal foramina in AMNH 16321 but 
at least one large nasal foramen, now obscured by matrix 
and/or plaster on the original specimen (Fig. 3a) but visible 
on the µCT scans (Fig. 7c, e), is present on the right side; 
the canal leading from it projects posterointernally. Miao 
(1988: 18; see also Hurum 1994) stated that nasal foramina 
were present in a cranium of Taeniolabis “being studied 
by Simmons (personal communication).” This is presum-
ably UCMP 98083, which was illustrated in ventral (but not 
dorsal) view by Greenwald (1988: fig. 1A). We here also 
confirm the presence of nasal foramina in UCMP 98083 
(Fig. 8a, c, e). The available µCT scans reveal that there are 
at least five large foramina in the left nasal of UCMP 98083, 
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whereas only one is visible in the less well preserved right 
nasal. The foramina, which appear to pass internally into 
the nasal cavity, occur in the posterior half of each nasal and 
short neurovascular grooves extend generally anteriorly from 
the foramina toward the front or side of the snout. The single 
foramen visible on the right nasal is situated more posteri-
orly than any of those on the left. Four of the five foramina 
on the left are distributed along a more-or-less transverse 
line, with the fifth situated more anteriorly. We suspect that 
there are more foramina in the right nasal of UCMP 98083 
(as illustrated in Fig. 10a) but that they are obscured by the 
relatively high amount of breakage on that side. Nonetheless, 
it is apparent that pronounced asymmetry in the number and 
position of nasal foramina is present. We could not conclu-
sively confirm the presence of nasal foramina in any of the 
Corral Bluffs cranial specimens of T. taoensis but believe 
that this is owing to poor surface preservation.

Premaxillae The premaxillae were not well known previ-
ously, particularly anteriorly along the midline and on the 
palate. The sutures with the maxillae on the lateral aspects 
of the snout and with the nasals dorsally are as depicted by 
Broom (1914: figs. 6, 8) and Granger and Simpson (1929: 
figs. 4, 5A) in AMNH 16321. However, the premaxillae are 
fragmentary in this specimen and preclude evaluation of the 
presence or absence of the internarial process, the precise 
size, shape, orientation, and borders of the incisive foramina 
(anterior palatine foramina of Broom 1914; Granger and 
Simpson 1929), and the position and shape of the sutures 
with the maxillae on the palate. 

The premaxilla bears two incisors (I2 and I3) and has 
three processes –– facial (posterodorsal), palatal, and 
internarial –– the last of which was previously entirely 
unknown for Taeniolabis. The facial process on the side of 
the snout is more or less vertical in orientation, but gently 
convex laterally, and ascends to contact the nasal along a 
strongly interdigitated, roughly horizontal suture. As it 
ascends, the process does not change greatly in anteropos-
terior length. The posterior suture with the maxilla, also 
strongly interdigitated, is longer than that with the nasal, 
extends from anteroventral to posterodorsal in lateral view, 
and is slightly convex anteriorly. 

The palatal processes of the premaxillae are transversely 
domed, resulting in a gently concave palate, particularly ante-
riorly. The medial portion of the sutures between the palatal 
processes of the premaxillae and maxillae was previously 
unknown. We can confirm that, laterally, the sutures on AMNH 
16321 (Fig. 7d) are as depicted in Granger and Simpson (1929: 
fig. 6), passing posteromedially from the premaxillary ridge 
(crista premaxillaris of Kielan-Jaworowska et al. 2005) for 
a short distance toward the midline. We cannot trace this  
premaxillary-maxillary suture on the palate of AMNH 16321 
with confidence any farther toward the midline and therefore 

cannot determine if it intersects or passes posterior to the 
posterior border of the incisive foramen. Digital segmenta-
tion of DMNH EPV.136300, however, reveals that the suture 
passes directly medially from where it crosses the premaxil-
lary ridge to intersect the incisive foramen toward its posterior 
end (Fig. 11). The suture then passes directly medially from 
near mid-length on the medial aspect of the incisive foramen 
to meet its contralateral counterpart on the other side of the 
interpremaxillary suture. This differs from the reconstruction in 
Kielan-Jaworowska and Hurum (1997: fig. 11C), who drew the 
suture as touching the posterior border of the incisive foramen 
but not passing any farther medially. 

As definitively shown by DMNH EPV.136300, the inci-
sive foramina are generally as conjectured by Granger and 
Simpson (1929: fig. 6, dashed lines) from AMNH 16321 
but are smaller, more nearly oval (rather than reniform), 

Fig. 11  Rendering of 3D virtual model of left side of palate, in ven-
tral view, of Taeniolabis taoensis, DMNH EPV.136300, based on 
µCT data, illustrating premaxilla (light gray) and maxilla (dark gray) 
and the suture between them relative to the incisive foramen. Teeth 
are rendered in intermediate gray. Abbreviations: I2, upper second 
incisor; I3, upper third incisor; if, incisive foramen; ipms, interpre-
maxillary suture; M1, upper first molar; mx, maxilla; P4, upper fourth 
premolar; pms, premaxillary-maxillary suture; pmx, premaxilla; zpm, 
zygomatic process of maxilla. Scale bar = 1 cm 
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and slightly more lateral, closer to the alveoli of I3 than 
described and depicted by those authors. Although Broom 
(1914) explicitly stated that the size of the incisive foramina 
could not be determined in AMNH 16321 because of break-
age, Granger and Simpson (1929: 614) described them as 
“oval, about 15 mm. long, and quite lateral in position, just 
internal to  I3.” The best-preserved incisive foramen is on 
the left side of DMNH EPV.136300 (Figs. 6d and 11); it is 
elliptical in shape and measures 10.3 mm long and 3.4 mm 
wide, thus shorter than estimated and depicted by Granger 
and Simpson (1929: fig. 6). 

The alveolus of I3 lies completely within the premaxilla. 
Its anterior border is directly lateral to the anterior border 
of the incisive foramen and its lateral border is immedi-
ately medial to the premaxillary ridge (best seen in DMNH 
EPV.136300 [Fig. 6d] and AMNH 16321 [Fig. 7d]), which 
marks the boundary between the facial and palatal pro-
cesses of the bone. The premaxillary ridge is not sharp but is 
instead low and rounded (best seen on right side of AMNH 
16321; Fig. 7d). Wible et al. (2019) opined that the ridge is 
absent in Taeniolabis (and Ptilodus); we regard it as present 
but low and rounded and just not as sharp and crest-like as 
in some other multituberculates, although it also appears as 
quite low and rounded in forms like Catopsbaatar (Kielan-
Jaworowska et al. 2005: fig. 2C) and Guibaatar (Wible 
et al. 2019: fig. 3). Kielan-Jaworowska et al. (2005: 489) 
considered the ridge to be a probable synapomorphy of Dja-
dochtatherioidea, stating that “to our knowledge it does not 
occur in other multituberculates,” but its presence in Taen-
iolabis indicates that this is likely not the case. A premaxil-
lary ridge is also depicted by Miao (1988: fig. 18) as quite 
sharp in Lambdopsalis. The alveoli of I2 and I3 in DMNH 
EPV.136300 (Figs. 6d and 11) are separated by short dias-
temata (Table 5) that are less than the lengths of the alveoli 
of I2. These distances appear to be shorter on AMNH 16321 
but fracturing and plaster preclude accurate measurement on 
this specimen; plate XI in Broom (1914), which includes a 
photograph prior to reconstruction, suggests that the size of 
the diastemata are greater but this area is now damaged and 
less complete (compare Figs. 2b and 7d). 

The anterior portions of the premaxillae of Taeniolabis 
were previously unknown; reconstructions of this region 
(Broom 1914; fig. 6; Granger and Simpson 1929; figs. 5A, 
6), based on AMNH 16321, depicted a large empty space 
between the left and right I2s (see also Figs. 2a, b and 7c, d). 
The anterior parts of the premaxillae are, however, almost 
completely preserved in DMNH EPV.136300 (Figs. 6d 
and 11) and show, for the first time, that this space is occu-
pied by substantial anterodorsal projections, the internarial 
processes, formed by the premaxillae. In lateral view, the 
internarial processes extend even farther anteriorly than the 
anterior-most extent of the I2s (Fig. 6a, b, d). The tips of 
the processes are, unfortunately, missing due to breakage 

and/or post-depositional erosion, thus precluding observa-
tion of their full height. However, because we do not see 
evidence of internarial processes inserted between the 
anterior ends of the nasals, we believe that they terminated 
shortly above where they are broken away and that they did 
not form a complete internarial bar separating the external 
nasal aperture into left and right halves (see reconstruction 
in Fig. 10a, c, d). The extensive bases of the left and right 
internarial processes abut one another and are separated only 
by the interpremaxillary suture. In anterior view (Figs. 6e 
and 10d), the ventral surfaces of the premaxillae form a 
strongly arched (concave ventrally) surface between the left 
and right I2s.

Septomaxillae There is no evidence of septomaxillae in any of 
the new specimens of T. taoensis, confirming Broom’s (1914) 
earlier suspicion of their absence based on AMNH 16321.

Vomer We were unable to detect convincing evidence of the 
vomer in any of the available cranial specimens but regard 
this as simply owing to preservational issues and, in terms of 
µCT imaging, to the poor density contrast between bone and 
rock matrix, although there are indications of its presence in 
DMNH EPV.136300. There is, however, a prominent longitu-
dinal ridge, which may be paired, on the dorsal surfaces of the 
premaxillae and maxillae on DMNH EPV.134082 (Fig. 5c, 
e), which has the floor of the nasal cavity exposed. The ridge 
appears to be situated to the right of the midline but it may 
be a slightly displaced midline structure and may represent 
the base to which the vomer articulated. Other displaced bony 
remnants in DMNH EPV.134082 are preserved more posteri-
orly that could represent the actual vomer but it is impossible 
to determine.

Lacrimals The lacrimal of Taeniolabis was described as 
having a small dorsal exposure by Kielan-Jaworowska and 
Hurum (1997). However, the lacrimal bone was not identi-
fied in Taeniolabis by Broom (1914), Granger and Simpson 
(1929), or other earlier workers, with Broom stating (p. 128) 
that, “[I]f one occurs, it must be very small and situated low 
down within the orbit.” Indeed, although the anterior rim of 
the orbit is fragmented in AMNH 16321 and, whereas the 
nasomaxillary suture is abundantly clear, there is no trace of 
a suture in this region, thus tentatively confirming that the 
lacrimal did not have any facial exposure and indicating that 
the maxilla contributed exclusively to the formation of the 
anterior orbital rim. Similarly, none of the Corral Bluffs spec-
imens available to us reveals evidence of a lacrimal, either on 
the orbital rim or within the orbit. This is arguably the result 
of poor preservation of surface detail in these specimens 
but digital segmentation of the mid-region of the cranium 
of DMNH EPV.136300 (Fig. 12) did not reveal the preser-
vation of a lacrimal, either on the orbital rim or inside the 
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orbit. Furthermore, because we also do not see evidence of 
a lacrimal in UCMP 98083, we conclude that it was entirely 
absent in Taeniolabis.

Maxillae The maxilla of T. taoensis is a large element that 
houses a small, simple premolar (P4) and two, large, com-
plex molars (M1, M2) in its alveolar process. The left and 
right cheektooth rows are approximately parallel to one 
another but diverge slightly anteriorly.

The facial process of the maxilla articulates via inter-
digitated sutures anteriorly with the premaxilla and dor-
sally with the nasal, essentially as depicted by Broom 
(1914: figs. 6, 8) and Granger and Simpson (1929: figs. 4, 
5A). The facial process also extends posteromedially along 
and medial to the orbital rim to contact a long, anterolat-
erally directed projection of the parietal; this contact is 
possible, in part, because of the absence of an intervening 

facial process of the lacrimal. The contribution of the 
maxilla to the anterior orbital rim is more completely 
preserved in DMNH EPV.95284 (Fig.  4) and DMNH 
EPV.136300 (Fig. 6) than it is in AMNH 16321 (Fig. 7), in 
which much of the rim is broken away, but is best revealed 
by digital segmentation of the partially preserved ante-
rior orbital rim (zygomatic root) in DMNH EPV.136300 
(Fig. 12). This specimen demonstrates that the lacrimal is 
indeed absent and that the anterior orbital rim is composed 
solely by the maxilla. The only additional feature worthy 
of note on the facial process is a single, infraorbital fora-
men and a prominent groove extending anteriorly from it, 
situated directly anterior to the large root of the zygoma 
and well anterior to the level of P4.

Digital segmentation of the mid-region of the cranium in 
DMNH EPV.136300 demonstrates that the maxilla provides 
a vast contribution to the medial orbital wall, extending dor-
sally for a considerable distance from the alveolar process 
(Fig. 12). There, it contacts the nasal anterodorsally and the 
frontal dorsally, although the suture between the maxilla 
and frontal cannot be discerned in one area. Unfortunately, 
features that plausibly lie within or bordered by the max-
illa (e.g., maxillary and sphenopalatine foramina) on the 
medial wall of the orbit cannot be seen. Because a lacrimal 
is not present, the facial process of the maxilla contributes 
exclusively to the anterior and some of the dorsal part of the 
orbital rim, which is continued posteriorly by the parietal.

The facial process of the maxilla transitions into the 
zygomatic process but, in dorsal view, there is a promi-
nent angle between the longitudinal axes of the two that 
marks the anterior margin of the root of the zygoma. The 
included angle, measured along the external margins of the 
two processes, in the least deformed of the Corral Bluffs 
specimens, DMNH EPV.136300 (Fig. 6c, d), is approxi-
mately 123°, slightly sharper than rendered by Granger and 
Simpson (1929: fig. 5A; ~129°) and especially by Broom 
(1914; Fig. 6; 138°) based on AMNH 16321 (our meas-
urement of AMNH 16321 is roughly consistent with that 
obtained by Granger and Simpson). The anterior margin 
of the root of the zygoma is well anterior to P4 and the 
posterior margin begins roughly opposite the embrasure 
between P4 and M1.

The zygomatic process of the maxilla is extraordinarily 
deep and its dorsal surface forms the ventral margin of the 
orbit. The process extends posteriorly to contact the slightly 
less deep zygomatic process of the squamosal. The two pro-
cesses articulate on the zygomatic arch along a planar suture 
that, in lateral view, is restricted to the anterior half of the arch 
(i.e., the zygomatic process of the maxilla is much shorter than 
the zygomatic process of the squamosal) and extends from 
anterodorsal to posteroventral.

Fig. 12  Rendering of 3D virtual model of medial wall and rim of 
right orbit of Taeniolabis taoensis, DMNH.EPV.136300, based on 
µCT data. Position indicated in right lateral view of entire specimen 
in inset at lower right. Frontal is depicted in green, parietal in blue, 
nasal in red, maxilla in brown, and maxillary teeth (P4–M2) in gray. 
Region where discrimination between frontal and maxilla not possi-
ble shown with green and brown stripes and region where discrimi-
nation between nasal and maxilla not possible shown with red and 
brown stripes. Abbreviations: bzr, broken zygomatic root; fr, frontal; 
M1, upper first molar; M2, upper second molar; mx, maxilla; n, nasal; 
P4, upper fourth premolar; pa, parietal. Scale bar = 1 cm 
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Hopson (in Hopson et al. 1989) stated that the presence or 
absence of a jugal could not be determined in AMNH 16321. 
UCMP 98083 (Figs. 8d and 13) reveals the presence of an 
anterior fragment of the rudimentary jugal on the medial 
aspect of the zygomatic process of the maxilla (see “Jugals” 
below). This contrasts with the reconstructions by Broom 
(1914: figs. 6, 8) and Granger and Simpson (1929: figs. 4, 
5A), which depict (in dotted outlines) a much larger jugal, 
with at least part of it rising above the zygomatic processes 
of the maxilla and squamosal, bearing a postorbital process. 
UCMP 98083 indicates that the jugal would likely not be vis-
ible in lateral view (Fig. 8b).

An anterior zygomatic ridge on the lateral aspect of the 
zygomatic arch of the maxilla, marking the dorsal bound-
ary for the origin of masseter superficialis pars anterior, was 
described as present in AMNH 16321 by Kielan-Jaworowska 
et al. (2005: 509; based on observation of photographs in 
Broom 1914: pls. XI, XII). In addition, Yaoming Hu (pers. 
comm. to Kielan-Jaworowska et al. 2005: 509) was said to 
have identified an anterior zygomatic ridge in AMNH 16321. 
We are unable to confirm this identification on the original 
specimen; the right zygomatic arch is mostly missing but 
the left arch is quite well preserved, although fragmented 
with several small missing areas filled with plaster; com-
pare Fig. 3a, b with Fig. 7a, c, d). We also cannot identify 
curved ridges on what is preserved of the right zygomatic 
arch of UCMP 98083 (Fig. 8b, c). The lateral surface of the 
zygomatic process of the maxilla on both AMNH 16321 
and UCMP 98083 is essentially smooth (except for cracks) 
and gently convex. There is, however, a prominent depres-
sion, wide anteriorly and tapering and becoming indistinct 
posteriorly, on the ventral surface of this process in AMNH 
16321 (Fig. 7d), that, despite incompleteness and fracturing, 
appears to be present in UCMP 98083 (Fig. 8d) as well. We 
assume, therefore, that the masseter superficialis pars anterior 
originated from this depression rather than from the lateral 
surface of the process. The poor surface preservation of the 
Corral Bluffs specimens precludes independent confirmation 
of these observations.

Granger and Simpson (1929:614) described the maxil-
lary portion of the palate on AMNH 16321 “as greatly 
arched or domed, reaching its greatest height between the 
premolars.” This region of the palate in AMNH 16321 is 
reconstructed with large amounts of plaster (Fig. 3b; see 
Broom 1914: pl. XI and Fig. 7d for images of the specimen 
without plaster infillings). The DMNH specimens, espe-
cially DMNH EPV.136300 (Fig. 6d), which is the least 
deformed in this region, indicate that the maxillary portion 
of the palate, although arched/domed, is not as strongly 
concave as reconstructed in AMNH 16321. The greatest 
degrees of curvature of the palate appear to be farther pos-
terior, between the M1s, and far anteriorly, on the premax-
illae between the I2s.

On the palate, the full extent of the suture of the max-
illa with the premaxilla was digitally segmented in DMNH 
EPV.136300 and is shown to pass medially from the pre-
maxillary ridge and intersect the posterior margin of the 
incisive fossa (Fig. 11; see more detailed description in 
“Premaxillae” section above). Faint sutures between the 
maxillae and the palatines can be seen on only one speci-
men, DMNH EPV.134082 (Fig. 5d); the fact that they are 
more or less symmetrically developed lends credence to their 
identification. The combined sutures (described more fully 
in the “Palatines” section below), beginning opposite the 
distal quarter of M1, result in a shape similar to that of a 
bell, with the top of the bell situated anteriorly (see recon-
struction in Fig. 10b). We could not identify either major or 
minor palatine foramina but ascribe this to poor preservation 
rather than to true absence. Finally, whereas Broom (1914: 
128) identified a “small, oval” palatal vacuity, Granger and 
Simpson (1929: 614) opined that AMNH 3041 (a specimen 
not seen in the current study) “seems positively to indicate 
that palatal vacuities were not present,” but then, in a later 
paper, Simpson (1937b: 735) left some doubt, stating that 
“[t]here was probably no palatal vacuity” in T. taoensis. The 
Corral Bluffs specimens, particularly DMNH EPV.136300 
(Fig. 6d), demonstrate conclusively that palatal vacuities are 
absent.

Palatines The palatines appear to not have been preserved in 
AMNH 16321; they are now reconstructed in plaster (com-
pare Figs. 3b and 7d; see also Broom 1914: pl. XI), although 
Granger and Simpson (1929: fig. 6) drew some dashed lines 
indicating that the hard palate extended well posterior to the 
distal ends of M2. Distinct palatine-maxilla sutures were 
reconstructed by Kielan-Jaworowska and Hurum 1997: 
fig. 11C) to indicate that the palatines were, together, roughly 
bell-shaped with a sharply pointed posterior tip and extending 
from medial to M2 to, again, well posterior to M2 but we are 
unaware of any previously known specimens that demonstrate 
this size, position, and shape. 

The palatines are completely, although poorly, preserved 
in two of the Corral Bluffs specimens, DMNH EPV.95284 
(Fig. 4d) and DMNH EPV.134082 (Fig. 5d), and anterior 
parts of them are present in DMNH EPV.136300 (Fig. 6d). 
Although fractured and deformed, they are also preserved 
in UCMP 98083 (Fig. 8d). Of these specimens, only DMNH 
EPV.134082 reveals faint sutures with surrounding bones 
(reconstructed in Fig. 10b) and even these must be char-
acterized as somewhat uncertain. The anterior-most extent 
of the tentative suture with the maxilla is on the midline 
opposite the posterior quarter of M1. It extends laterally in 
a strong convexity and then posteriorly along a sinuous line 
until passing lateral to the pterygopalatine ridge and medial 
to the distal end of M2 and the retromolar extension of the 
maxilla. The fact that the maxillary-palatine sutures are 
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symmetrically present on both sides in DMNH EPV.134082 
provides some degree of confidence in their identification. It 
is clear that the central area of the palatines did not extend 
as far posteriorly as indicated in previous reconstructions 
and nor did they terminate medially in a very sharp point 
(Granger and Simpson 1929: fig. 6; Kielan-Jaworowska 
and Hurum 1997: fig. 11C; Wible et al. 2019: fig. 22C). 
Although the left and right palatines come together posteri-
orly to form a blunt, uvula-like tip that may have extended 
slightly past the level of the posterior margins of the left 
and right M2s, the main portions of the palatines did not. 
Also, although the posterior ends of the palatines appear 
to be slightly thickened toward the midline and potentially 
ventrally deflected slightly in DMNH EPV.134082 (Fig. 5d) 
and DMNH EPV.95284 (Fig. 4d), there is no convincing 
evidence for a large, strongly thickened, laterally expansive, 
markedly raised postpalatine torus as seen in several Late 
Cretaceous djadochtatherioids (see “Bony Palate” below). 
We therefore regard this feature to be absent in Taeniola-
bis, which is consistent with how it was scored by Rougier 
et al. (2016) and Wible et al. (2019). Finally, despite the 
new specimens, and µCT analysis of them as well as of pre-
viously known specimens, the positions of the major and 
minor palatine foramina cannot be discerned and whether 
or not the palatine has any exposure within the orbit also 
remains unknown.

Jugals Broom (1914: 128) reconstructed the jugal of Taenio-
labis in AMNH 16321, stating that the anterior portion “did 
not reach far round the anterior orbital margin” and “probably 
had a postorbital process,” and that the posterior portion was 
“perfectly preserved” and “merely a narrow splint of bone.” 
Hopson et al. (1989:206), as had Simpson (1937b) previ-
ously, however, concluded that the presence or absence of 
a jugal in AMNH 16321 “cannot be determined due to the 
poor preservation of the bone surface on the zygoma.” We 
essentially concur with these authors but do see a depression 
on the medial aspect of the squamosal portion of the left 
zygomatic arch, along the dorsal half, that could represent 
a “scar” for the posterior end of the jugal (Fig. 7d). More 
anteriorly, there is a faint outline of what might be a suture 
for the rest of the element extending onto the zygomatic pro-
cess of the maxilla. These traces are not convincing but are 
in approximately the same position as those depicted for the 
reconstructed zygomatic arch of Ptilodus depicted by Hopson 
et al. (1989: fig. 5); medial to the arch, along its dorsal aspect, 
and overlapping the maxilla-squamosal suture. Similarly 
suggestive, but not definitive, evidence of a jugal is present 
on the medial aspect of the right zygomatic arch of DMNH 
EPV.95284 (Fig. 4d). Digital segmentation of the right zygo-
matic arch of UCMP 98083, however, does reveal a fragment 
of bone that we tentatively interpret to be at least part of the 

anterior end of a jugal (Fig. 13). It sits within a shallow fossa 
on the medial aspect of the zygomatic arch but it is clearly 
incomplete, as indicated by broken surfaces. It likely would 
not have been visible in lateral view, at least not to the extent 
depicted by Broom (1914: fig. 8) and Granger and Simpson 
(1929: figs. 4, 5A), who showed it as a substantial element 
forming all of the ventrolateral rim of the orbit. 

The dorsal margin of the preserved left zygomatic arch 
of AMNH 16321 is fragmentary in the region where one 
might expect a postorbital process indicating the position 
for attachment of the ventral end of the orbital ligament and 
marking the lower posterior boundary of the orbit. Broom 
(1914: fig. 8) had speculatively illustrated the postorbital 
process on the jugal, roughly opposite the postorbital pro-
cess on the parietal. Although the zygomatic arches are not 
well preserved on DMNH EPV.95284 (Fig. 4), the narrowed, 
ridge-like dorsal edge may be preserved on the right side 
and, if so, indicates that the postorbital process is on the 
zygomatic process of the squamosal and slightly posterior 
to the position indicated by Broom; unfortunately, deforma-
tion and poor surface preservation of the specimen does not 
allow us to have confidence in that conclusion.

Fig. 13  Rendering of 3D virtual model of fragmentary jugal of Tae-
niolabis taoensis on medial aspect of right zygomatic arch of UCMP 
98083, based on µCT data. Fragmentary jugal depicted in blue, 
zygomatic process of squamosal in red, and rest of cranium in gray. 
Abbreviations: bs, broken surface; fj, facet for jugal; j, jugal (anterior 
fragment); M1, upper first molar; otf, orbitotemporal fenestra; P4, 
upper fourth premolar; zpm, zygomatic process of maxilla; zps, zygo-
matic process of squamosal. Scale bar = 1 cm 
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Frontals The frontals of T. taoensis were reconstructed by 
Broom (1914: fig. 6; followed by Granger and Simpson 1929: 
fig. 5A) in dorsal view, based on AMNH 16321, as small, 
flat, and unfused in the midline, with each having a long, 
straight medial margin, a shorter, slightly curved (concave 
posterolaterally) posterolateral margin, and an irregular mar-
gin anterolaterally that is still shorter. Overall, the frontals 
are in the shape of a stemmed arrowhead, with the acute tip 
directed posteriorly. The medial, posterolateral, and anterior/
anterolateral margins articulate with the contralateral frontal, 
the parietal, and the nasal, respectively. The posterolateral 
suture, especially on the left side, is prominently displayed on 
DMNH EPV.134082, where its contact with the parietal has 
been substantially displaced (Fig. 5c, e). There is no contact 
with a lacrimal bone because that element is absent in Taen-
iolabis (see “Lacrimals” above). 

Broom (1914: fig. 8; followed by Granger and Simpson 
1929: fig. 4) reconstructed the frontals as not contributing to 
either the dorsal orbital margin or to the medial orbital wall. 
Instead, the parietal was reconstructed as extending forward 
to contact the maxilla both above and within the orbit, thus 
contributing to the posterior part of the supraorbital margin 
(with the maxilla forming the anterior part) and also to the 
posterior part of the medial orbital wall. Digital segmen-
tation of the medial orbital wall in DMNH EPV.136300 
reveals that, although the parietal extends a process forward 
along the orbital rim to contact the nasal, it simply overlies 
the frontal in this area and the two main parts of the frontal, 
the dorsal frontal plate and the lateral orbital process, are 
connected deep to this parietal process (Fig. 12). Within the 
orbit, the frontal contacts the nasal anterodorsally and has a 
long, roughly horizontal contact ventrally with the maxilla, 
although parts of the intervening suture could not be fully 
discerned.

Parietal The parietal of Taeniolabis, in dorsal view, is 
expansive. In the middle portion of its anteroposterior 
extent, it lies on either side of the frontals, the contact being 
V-shaped and paralleled posterolaterally by the low, rounded 
temporal ridges. Farther anteriorly, the parietal extends as 
narrow processes lateral to the frontals that pass so far for-
ward that contact is made with the nasals anteromedially 
and, ultimately, with the facial processes of the maxillae 
anteriorly. Posterior to the acute V-shaped termination of 
the frontals, the parietal comprises the entire posterior por-
tion of the roof of the cranial cavity. Although the poste-
rior-most median portion of the parietal in AMNH 16321 
(Fig. 7c) is broken away, and although the left temporal ridge 
is more fragmentary than the right temporal ridge, the por-
tions that are preserved indicate that the temporal ridges 
converged ~32 mm from the back of the cranium but did 
not fully meet in the midline, thus forming a double-ridged 

sagittal crest, the long apices of the two, more-or-less paral-
lel crests being separated by ~6 mm. This double sagittal 
crest is not particularly tall. By contrast, the sagittal crest in 
DMNH EPV.95284 (Fig. 4a–c, e, f) is considerably longer 
(~ 45 mm), taller, and is a single, prominent midline fea-
ture. The sagittal crest in DMNH EPV.134082 (Fig. 5a–c, 
e, f) is not as well preserved but appears to more closely 
resemble that of DMNH EPV.95284 than that of AMNH 
16321 in length (~41 mm), prominence, and singularity. 
The nuchal crests are mostly broken away in AMNH 16321 
(Fig. 7) but they are almost complete in DMNH EPV.95284 
(Fig. 4) and DMNH EPV.134082 (Fig. 5), demonstrating 
that they were very prominent and sharp, flaring posteroven-
trolaterally (concave anteriorly) toward the squamosals, and 
overhang the concave occipital region. Unfortunately, the 
suture between the parietal and the squamosals cannot be 
identified with certainty in any of the available specimens 
and therefore it is impossible to know the relative contribu-
tions of each element to the nuchal crests. Similarly, the 
suture between the parietal and the occiput is obscured in 
all known specimens. 

DMNH EPV.95284 belies the conclusion of Simpson 
(1926: 233, 235) that “the sagittal and occipital [= lamb-
doid] crests are only moderately developed” in multituber-
culates and that “the temporal muscle was weak.” In this 
specimen (and DMNH EPV.134082, Fig. 5), these crests 
are very prominently developed. Gambaryan and Kielan-
Jaworowska (1995: 82) had earlier observed that the sagittal 
crest is “prominent” in Taeniolabis (and Lambdopsalis). 

Gambaryan and Kielan-Jaworowska (1995: 85) inferred 
the position of the postorbital process in Taeniolabis from 
illustrations in Broom (1914) as being “small and situated on 
the anterior part of the parietal.” We can confirm this posi-
tion and the fact that it is a swelling rather than a distinct, 
pointed process from direct observation of AMNH 16321 
(Fig. 7c) and DMNH EPV.95284 (Fig. 4c). This region is 
not well enough preserved on DMNH EPV.134082 to make 
similar assessments. Deformation of the cranium of DMNH 
EPV.95284 makes a conclusive determination of the size 
of the process difficult but, on the left side, it appears to be 
quite prominent.

Orbitosphenoids/Alisphenoids (and Anterior Lamina of the 
Petrosal) Sutures between the elements of the lateral wall 
of the braincase could not be distinguished in any of the 
specimens in our sample, including the extent of the orbi-
tosphenoid, alisphenoid, and anterior lamina of the petrosal 
(see “Petrosals” section below). Nevertheless, a few features 
are visible. A large foramen for the mandibular division of 
the trigeminal nerve is visible in UCMP 98083 (Fig. 14d). 
It is oval (anteroposteriorly longer than dorsoventrally tall). 
A possible foramen for the ramus superior of the stapedial 
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artery is visible roughly in the center of the lateral brain-
case wall in DMNH EPV.95284 (Fig. 4b) and UCMP 98083 
(Fig. 8b). A deep groove extends anterodorsally from it 
along the lateral braincase wall.

Basisphenoid/Presphenoid A subtle, low, rounded mid-
line ridge extending directly forward from the basioccipital 
ridge toward the posterior margin of the choanae can be seen 
in DMNH EPV.134082 (Figs. 5d and 14c) and, to a lesser 
extent, in DMNH EPV.95284 (Figs. 4d and 14b). We inter-
pret this ridge to be comprised of the basisphenoid and pres-
phenoid, as interpreted for other multituberculates (e.g., Miao 
1988; Wible and Rougier 2000), but, owing to poor surface 
preservation in these specimens, sutures delimiting either of 
these small elements are impossible to discern.

Pterygoids Sutures that would delimit the margins of the 
pterygoid also cannot be seen in any of the available cra-
nial specimens of T. taoensis but presence of the bone is 
indicated by tall, elongate, symmetrically curved (concave 
laterally) ridges that extend posteriorly from the end of the 
palate (reconstructed in Fig. 10b). Barghusen (1986) termed 
these structures ‘pterygopalatine ridges.’ More specifically, 
these ridges in Taeniolabis pass posteriorly from opposite 
the distolingual margin of M2 and then gently curve lat-
erally, diverging slightly from one another before merging 
seamlessly (i.e., without a discernible suture) in the region 
of the promontorium on the petrosal. Although relatively 
poorly preserved in DMNH EPV.95284 (Figs. 4d and 14b), 
the pterygopalatine ridges are reasonably well preserved in 
DMNH EPV.134082 (Figs. 5d and 14c), where the one on 

Fig. 14  Rendering of 3D virtual model of mesocranial and  basi-
cranial regions of Taeniolabis taoensis, based on µCT data, in ven-
tral view. a, DMNH EPV.95284, overview of cranium; b, DMNH 
EPV.95284, enlarged view of area outlined by rectangle in a; c, 
DMNH EPV.134082; d, UCMP 98083. Abbreviations: bof, basioc-
cipital fossa; bor, basioccipital ridge; bsp/psp, basisphenoid/presphe-
noid; ci, crista interfenestralis; cri, canal for ramus inferior; crp, crista 

parotica; fips, foramen for inferior petrosal sinus; fmV, foramen for 
mandibular division of trigeminal nerve; fv, fenestra vestibuli; jf, jug-
ular fossa; lf, lateral flange; oc, occipital condyle; plf, perilymphatic 
foramen; plg, perilymphatic groove; pp, paroccipital process; ppr, 
pterygopalatine ridge; pr, promontorium; sf, stapedius fossa. Scale 
bars in a, c = 5 cm, b = 2 cm, d = 1 cm 
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the left side seems to be the least disturbed by postmortem 
taphonomic processes (the anterior part of the right ridge 
is displaced medially into the basipharyngeal canal). It is 
assumed that these pterygopalatine ridges articulate dorsally 
and/or laterally with the alisphenoids and that they articu-
late with the presphenoid/basisphenoid duo medially but this 
cannot be documented in any of the available specimens. 
Because of the poor surface preservation of this region in 
all available specimens, there is also no distinct pterygoid 
hamulus in evidence.

Squamosals The right zygomatic arch of AMNH 16321, 
except for a small section anteriorly, contributed by the zygo-
matic process of the maxilla, is composed almost entirely 
of plaster and the left arch is fragmented, with several small 
missing gaps having been filled with plaster, but not signifi-
cantly deformed (compare Fig. 3a, b with Fig. 7). The zygo-
matic arches in DMNH EPV.95284 are preserved almost in 
their entirety (except for a short posterior section of the right 
arch) but are markedly bilaterally asymmetrical because of 
differential preservation and deformation (Figs. 2a, b and 4). 
Only the posterior half of the left zygomatic arch and very 
short anterior and posterior sections of the right zygomatic 
arch are preserved in DMNH EPV.134082 (Figs. 2c, d and 5), 
only the anterior roots of the arches are preserved in DMNH 
EPV.136300 (Fig. 6), and only an anterior portion of the right 
zygomatic arch is preserved in the juvenile cranium UCMP 
98083 (Greenwald 1988: fig. 1A; Fig. 8). Measurements of 
depth and width of the zygomatic arches, where available, are 
provided in Table 5. 

AMNH 16321 (Fig.  7a) and UCMP 98083 (Fig.  8b) 
exhibit an obliquely oriented suture (from anterodorsal to 
posteroventral) between the zygomatic process of the squa-
mosal and the zygomatic process of the maxilla, the suture 
ending posteroventrally at slightly less than midlength along 
the zygomatic arch. This is as depicted in lateral views by 
Broom (1914: fig. 8) and Granger and Simpson (1929: 
fig. 4), and in Figs. 7a, 8b, and 10c. The illustrations by 
Broom and by Granger and Simpson added a short dorsal 
section of the suture that turned posteriorly again, creat-
ing an asymmetrical V-shaped suture in lateral view. The 
dorsal margin of the zygomatic arch of AMNH 16321 is 
broken away anteriorly, precluding clear evidence for this, 
as well for a jugal that is depicted as rising above the level 
of the arch. UCMP 98083 (Fig. 8b) is inconclusive in dem-
onstrating the shape of the maxillary-squamosal suture but 
indicates that the jugal probably did not rise above the dorsal 
margin of the zygomatic arch. Only the ventral-most part of 
this suture is visible on the medial side; more dorsally, the 
suture appears to be obscured by the diminutive jugal (see 
“Jugals” section above). 

The cross-sectional shape of the zygomatic process of the 
squamosal is essentially that of a tall, isosceles triangle, the 

most acute angle of which is positioned dorsally. In lateral 
view, it is distinctly arched, convex dorsally and concave 
ventrally. Gambaryan and Kielan-Jaworowska (1995) identi-
fied intermediate and posterior zygomatic ridges (purport-
edly for the origins of masseter superficialis pars posterior 
and masseter medialis pars posterior, respectively), as seen 
on the squamosal of djadochtatherioid multituberculates, 
the anterior zygomatic ridge (purportedly for origin of mas-
seter superficialis pars anterior) being situated more ante-
riorly and confined to the lateral surface of the maxilla. As 
stated above (section on “Maxillae”), Kielan-Jaworowska 
et al. (2005), based on observation of photographs in Broom 
(1914: pls. XI, XII) and a personal communication from 
Yaoming Hu, identified anterior and intermediate zygomatic 
ridges in AMNH 16321 and thereby implied comparability 
to the situation in djadochtatherioids. Our examination of 
the left zygomatic arch of AMNH 16321 indicates that some 
qualification is necessary. An elongate, shallow, lenticular 
depression facing ventrolaterally (more ventrally than later-
ally) on the squamosal extends anteriorly from just lateral to 
the anterior end of the glenoid fossa to approximately mid-
length on the arch, anterior to the maxilla-squamosal suture. 
The lateral margin of this depression is likely equivalent to 
the intermediate zygomatic ridge of Gambaryan and Kielan-
Jaworowska (1995) but it is important to emphasize that the 
depression itself faces more ventrally than it does laterally 
(unlike in djadochtatherioids). Following Gambaryan and 
Kielan-Jaworowska (1995), the depression served as the 
site of origin for pars posterior of the superficial masseter. 
Medial to this depression is a shallow groove that, follow-
ing the inferences of Gambaryan and Kielan-Jaworowska 
(1995), may have served as the origin for masseter lateralis. 
It is relatively wide posteriorly, extending forward from just 
anterior to the glenoid fossa; the level of its anterior termina-
tion is not distinct. 

The glenoid fossa, best preserved on AMNH 16321 
(Fig. 7d) and DMNH EPV.134082 (Fig. 5d), is very large 
and somewhat tear-drop shaped (the sharp apex of the tear 
situated anterolaterally), being slightly longer anteroposte-
riorly than wide mediolaterally, although its anterior ter-
mination is not distinct (see estimated measurements in 
Table 5). Its longitudinal axis is not strictly anteroposterior 
but, instead, trends in a slightly anterolateral to posterome-
dial direction. The articular surface of the fossa is flat anter-
oposteriorly but shallowly concave from medial to lateral, 
with distinct rims both anteromedially and posterolaterally, 
as best seen in AMNH 16321 (Fig. 7d). 

As stated above (see “Parietal”), the suture between the 
parietal and the squamosals cannot be discerned in any of 
the available specimens but, farther laterally, immediately 
anterior to the very prominent nuchal crests, Granger and 
Simpson (1929: fig. 5A) identified a partial suture between 
the squamosal and the petrosal in dorsal view.
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Petrosals The description of the petrosal of T. taoensis 
is based on DMNH EPV.95284, DMNH EPV.134082, 
and UCMP 98083 (Fig. 14). Of those specimens, DMNH 
EPV.95284 is the most intact but the surface of the petrosal 
is altered because of postmortem taphonomic processes, 
and some finer structures are therefore difficult to discern. 
Furthermore, the density difference between sediment 
and bone is poor in this specimen and, as such, µCT data 
cannot aid significantly in identification of foramina or in 
tracing pathways of nerves and vessels. Although the exter-
nal surface of UCMP 98083 (Fig. 14d) preserves greater 
detail (e.g., muscular attachments, grooves, foramina) than 
DMNH EPV.95284 (Fig. 14b), the basicranium of this speci-
men is more deformed. The ventral surface of the petrosal 
of DMNH EPV.134082 (Fig. 14c) is highly altered, how-
ever similarities between DMNH EPV.134082 and DMNH 
EPV.95284, including, for example, the position of the 
jugular fossa and promontorium, are evident. The density 
difference between sediment and bone is likewise poor in 
DMNH EPV.134082, particularly on the left side. The con-
trast is slightly better on the right side, where the inner ear is 
discernible. Most of the petrosal of AMNH 16321 is recon-
structed in plaster and does not preserve actual morphology. 

In ventral view, the promontorium is anteromedially- 
posterolaterally oriented, elongate, and forms a distinct ridge 
that divides the middle ear cavity into two deeply excavated 
spaces (Fig. 14). The surface of the promontorium does not 
appear to bear any distinct grooves for the internal carotid 
or stapedial arteries. This is best seen in the partially pre-
served promontorium of UCMP 98083 (Fig. 14d). DMNH 
EPV.95284 (Fig. 14b) does not preserve any grooves either, 
although it should again be noted that the surfaces of the 
petrosal are preservationally altered, and it is possible that 
any grooves might have simply been obliterated in the pro-
cess. Much of the right promontorium is covered in matrix 
in DMNH EPV.134082 and that of the left is too poorly pre-
served to evaluate its surface morphology (Fig. 14c). 

Based on the µCT scans and preserved external mor-
phology of the specimens, it cannot be confirmed whether 
the perilymphatic duct exited the inner ear through a peri-
lymphatic groove from the perilymphatic foramen or was 
enclosed in a cochlear canaliculus (and that a true fenestra 
cochleae was present). In UCMP 98083 (Fig. 14d), a faint 
groove is visible on a block close to the perilymphatic fora-
men/fenestra cochleae, possibly representing a perilymphatic 
groove, but the block is separated from the petrosal and 
rotated out of position, and it is therefore unclear whether it 
truly connected to the perilymphatic foramen in life. Never-
theless, we tentatively refer to the foramen as the “perilym-
phatic foramen” in the description and comparison, as it is 
present in all multituberculates known to date. 

The shape and size of the fenestra vestibuli and perilym-
phatic foramen are not obvious in DMNH EPV.95284 and 

DMNH EPV.134082 and are obscured by a large fracture in 
UCMP 98083. The fenestra vestibuli appears large in UCMP 
98083, but the true size is difficult to estimate as the poste-
rior and anterior edges appear to be broken (Fig. 14d). Sepa-
rating the perilymphatic foramen and fenestra vestibuli is a 
short, narrow, and posteriorly trending bony ridge, the crista 
interfenestralis. Medial to the crista interfenestralis and 
extending along the whole length of the promontorium is a 
deeply excavated jugular fossa. The jugular fossa is some-
what teardrop-shaped, with a larger and rounded posterior 
edge and a narrower anterior edge. The outline and size of 
the fossa is best seen on the right side of DMNH EPV.95284. 
Although the position of the fossa is also recognizable in 
DMNH EPV.134082 (Fig. 14c), its size appears to be con-
siderably exaggerated by erosion. The broken fragment next 
to the perilymphatic foramen obscures the posterior aspect 
of the right jugular fossa in UCMP 98083, but the anterior 
aspect is visible and confirms the shape seen in the DMNH 
specimens (the left jugular fossa is not visible). There are 
several small openings in the lateral wall of the jugular fossa 
(along the posteromedial edge of the promontorium). Based 
on the poor quality of preservation, it is unclear if these 
represent exposed emissary veins that drained medially into 
the inferior petrosal sinus or actual foramina for veins that 
drained medially from the inferior petrosal sinus into the 
jugular fossa (Fig. 14d). 

The crista interfenestralis is continuous with the paroc-
cipital process posteriorly dividing the rear of the middle 
ear cavity (divided post-promontorial tympanic recess). 
The space lateral to the crista interfenestralis and promon-
torium is likewise deeply excavated and extends slightly far-
ther anteriorly than the jugular fossa (DMNH EPV.95284, 
Fig. 14b). Laterally, a prominent crista parotica defines the 
border of the lateral space, best seen in DMNH EPV.95284 
(Fig. 14b), UCMP 98083 (Fig. 14d), and on the right side 
of DMNH EPV.134082 (Fig. 14c). At the posterior aspect 
of the lateral space, along a slightly elevated shelf, is an 
elongate fossa for the stapedius muscle (Fig. 14b, d). The 
stapedius fossa is best seen in UCMP 98083 and is barely 
visible in the DMNH specimens. The stapedius fossa does 
not seem to extend onto the lateral aspect of the crista inter-
fenestralis as in Kryptobaatar and Guibaatar (Wible and 
Rougier 2000; Wible et al. 2019). The posterior wall of the 
lateral space is formed by the base of the paroccipital pro-
cess. The paroccipital process is distinct, small, and rounded, 
extending ventrally only slightly past the surface of the pet-
rosal. This is much smaller than reconstructed by Granger 
and Simpson (1929: fig. 5B), who illustrated it extending 
ventral to the level of the occipital condyles. 

The crista parotica is anteromedially confluent with a broad 
and low lateral flange. The lateral flange is medially inflected 
and contacts the promontorium anteriorly (Fig. 14b–d). At 
the anterior tip of the lateral flange is a small foramen that 
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could represent the canal for the ramus inferior of the stape-
dial artery (Fig. 14b, d). However, the foramen could not be 
traced through the µCT scans and its course is uncertain. 

Several other foramina should pierce the crista parotica 
and lateral flange but are not visible on the external surface 
or in the µCT scans of any of the specimens, including the 
foramen for the ramus superior of the stapedial artery, tym-
panic aperture of the prootic canal (for the prootic sinus), 
and the secondary facial foramen (for the facial nerve). This 
is clearly due to poor preservation and does not represent 
absence of the foramina as those foramina (or a combina-
tion of them) are generally present in multituberculates 
(see “Comparisons and Discussion”). Lateral to the crista 
parotica lies the epitympanic recess. The fossa incudis, for 
the crus breve of the incus, is not preserved in any of the 
specimens. In other multituberculates the posterior aspect 
of the epitympanic recess houses a narrow fossa incudis 
(Kryptobaatar, Wible and Rougier 2000; cf. Tombaatar, 

Ladevèze et al. 2010; Mangasbaatar, Rougier et al. 2016). 
Anterior to the epitympanic recess, in what possibly repre-
sents the anterior lamina, appears to be a large foramen that 
opens endocranially into the cavum epiptericum. The open-
ing is best visible in UCMP 98083 (fmV in Fig. 14d), and 
appears to be a single large foramen, but due to poor preser-
vation we cannot rule out that it is a fossa with two distinct 
foramina. We interpret this foramen to be an opening for 
the mandibular division of the trigeminal nerve. Finally, in 
occipital view, the posttemporal foramen, which we assume 
lies within the petrosal, is large; it is best preserved on the 
left sides of DMNH EPV.134082 (Fig. 5f) and UCMP 98083 
(Fig. 8f). It is surrounded by a funnel-shaped entryway, the 
posttemporal fossa. 

The following description of the inner ear of Taen-
iolabis is primarily based on UCMP 98083, the best- 
preserved specimen for this region in the sample (Fig. 15; 
measurements in Table 6). Much of the inner ear is intact in 

Fig. 15  Rendering of 3D virtual model of inner ears of Taeniola-
bis taoensis, UCMP 98083, based on µCT data. a, position of right 
(green) and left (blue) inner ears in ventral view of cranium; right (b–
f) and left (g–k) inner ear in b, g, ventral; c, h, dorsal; d, i, lateral; e, 
j, medial views; and f, k, anterior views. Abbreviations: am, ampulla; 

ap, apex; asc, anterior semicircular canal; cc, crus commune; cn, 
cochlear nerve (yellow); co, cochlear canal; fv, fenestra vestibuli; lsc, 
lateral semicircular canal; psc, posterior semicircular canal; vs, vesti-
bule. Scale bar in a = 10 mm, in b–k = 5 mm 
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UCMP 98083 (aside from parts of the semicircular canals), 
but the endocast is infilled with sediment that has nearly the 
same density as the bone, which makes differentiation of the 
endocast difficult in some areas (e.g., cochlear canal on the 
left, semicircular canals on the right). Overall, the cochlear 
canal and vestibule can be better differentiated on the right 
side, whereas the semicircular canals are more visible on 
the left side. Some information can be gleaned from DMNH 
EPV.95284. The density difference between bone and sedi-
ment infill of the endocast is worse than in UCMP 98083, but 
still allowed for tracing a very coarse outline of the right and 
left inner ears. The outline, however, might not as reliably 
present true morphology. The right inner ear is discernible 
in DMNH EPV.134082. The density contrast is much poorer 
on the left side where only the vestibule and parts of the 
semicircular canals are visible. The inner ear is not preserved 
among the basicranial fragments present in AMNH 16321.

The cochlear canal is only gently curved laterally in dor-
sal or ventral view (49°). The basal portion of the canal 
is directed anteromedially, then curves to an anterolat-
eral direction (Fig. 15). The slender cochlear canal gently 
changes from a relatively round cross section at the apex to 
a more oval cross section at the base, with a width and height 
of 1.8 mm and 2.0 mm at mid-length. The right cochlear 
canal measures 7.8 mm in length (measured from the apex 
to the contact of the vestibule and cochlear canal). The left 
cochlear canal is slightly longer (8.7 mm), however its out-
line is less visible in the µCT scans and we believe that the 
7.8 mm measured on the right is a more accurate representa-
tion of the morphology. The cochlear canal constitutes about 
8.1% of cranial length in the juvenile UCMP 98083. The 
apex of the cochlear canal is only very gently expanded, pos-
sibly indicating the presence of a lagena macula (Fig. 15). A 
separate canal for the lagenar nerve could not be discerned in 
the µCT scans. This does not necessarily imply the absence 
of such a canal because the density contrast in the specimen 
is simply not sufficient to clearly delimit whether a lagenar 
nerve canal was present or not. The cochlear nerve passes 
into the cochlear canal through what appears to be a single 
foramen along the dorsal aspect of the canal. Lack of con-
trast makes it unclear whether any bony support structures 
for the cochlear nerve or hearing membrane existed. Given 
that the cochlear nerve passes through a single foramen in 
most multituberculates (Meng and Wyss 1995; Fox and 
Meng 1997; Ladevèze et al. 2010; Luo et al. 2016; Csiki-
Sava et al. 2018; Wible et al. 2019), it is plausible that the 
failure to see such structures in UCMP 98083 and DMNH 
EPV.134082 might represent actual absence of a cribriform 
plate and primary or secondary bony laminae. 

The vestibule of Taeniolabis is large, with a volume of 
253–270  mm3. It is smooth and rounded and does not pro-
vide any indications for the boundaries of the utricle or sac-
cule. The vestibular nerve could not be traced reliably in 

the µCT scans and can thus not aid in the identification of 
the saccule or utricle. Of note is that the fenestra vestibuli 
opens into the vestibule, indicating that the scala vestibuli is 
incorporated into the inflation of the vestibule. The ampullae 
are slightly rounded and, in parts, difficult to differentiate 
from the enlarged vestibule. 

The semicircular canals are better differentiated on the 
left side of UCMP 98083; although also present on the right 
side, the sediment infill on the right (Fig. 15b–f) is nearly the 
same density as the bony labyrinth and the canals could not 
be as reliably traced as on the left (Fig. 15g–k). The radius 
of curvature of the three semicircular canals is fairly similar, 
with the posterior canal being slightly the largest (Table 6). 
The difference in radius of curvature between the posterior 
canal and the lateral and anterior canals is greater on the left 
than on the right, which might be driven by a fracture in the 
left posterior semicircular canal. The left posterior semicir-
cular canal exhibits a peculiar bend, but the corresponding 
part on the right could not be traced and it is unclear what 
the actual morphology might have looked like. The anterior 
and posterior semicircular canals meet to form a long and 
robust crus commune. A secondary crus commune is absent; 
the lateral and posterior semicircular canals do not merge but 
remain separate, leading to two ampullae.

Interparietal Discrimination of sutures in the occipital 
region is insufficient on any of the available specimens to 
resolve whether or not an interparietal (or, more finely, a 
postparietal and left and right tabulars) is preserved.

Table 6  Measurements of inner ear in Taeniolabis taoensis (UCMP 
98083). Cochlear canal length measured from tip of apex to border 
of vestibule and cochlear canal. Total inner ear length and cochlear 
canal curvature follows Schultz et  al. (2017). Abbreviations: ASC, 
anterior semicircular canal; LSC, lateral semicircular canal; PSC, 
posterior semicircular canal

Left Right

ASC height 5.7 mm 5.3 mm
ASC width 7.9 mm 6.6 mm
PSC height 6.1 mm 5.8 mm
PSC width 6.4 mm 6.5 mm
LSC height 4.4 mm 3.8 mm
LSC width 5.7 mm 5.6 mm
Crus commune length 5.1 mm 4.8 mm
ASC radius of curvature 3.4 3.0
PSC radius of curvature 3.5 3.1
LSC radius of curvature 3.1 3.1
Cochlear canal length 8.7 mm 7.8 mm
Cochlear canal curvature ––– 49°
Vestibular volume 253  mm3 270  mm3

Total inner ear length ––– 18.7 mm
Total cranial length 95.8 mm 95.8 mm
Cochlear canal/cranial length 9.1% 8.1%
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Occipital The boundaries of the various components of the 
occipital bone (supraoccipital, paired exoccipitals, basioc-
cipital) cannot be observed on any of the adult cranial speci-
mens preserving the occipital region in our sample (DMNH 
EPV.95284, DMNH EPV.134082, AMNH 16321) simply 
because the sutures necessary to do so are either fused or 
obscured, with or without the aid of µCT imagery. There is, 
however, suggestive evidence of the ventral aspects of the 
sutures between the supraoccipital and left and right exoc-
cipitals in the juvenile cranium of UCMP 98083 (Fig. 8f). 
These slant from dorsolateral to ventromedial and indicate 
that the supraoccipital contributed to a small median portion 
of the dorsal margin of the foramen magnum. The dorsal 
boundary of the supraoccipital, presumably with the parietal, 
cannot be discerned. 

It is not possible to know how much of the nuchal region 
of the cranium is contributed by the occipital (in addition 
to, potentially, the parietal, interparietal, petrosal, and squa-
mosal), again because sutures are not visible, even in UCMP 
98083. Furthermore, because of the poor surface preserva-
tion of the Corral Bluffs specimens and incomplete preser-
vation, fragmentation, and/or deformation of the San Juan 
Basin specimens, other osteological features expected to be 
found in, or bordering on, the occipital cannot be differenti-
ated. Despite these limitations, some major features of the 
occipital region of T. taoensis can be described for the first 
time. 

The occipital region is tall and, assuming that an interpa-
rietal is not present (see reviews of distribution among fossil 
and extant mammaliaforms in Koyabu et al. 2012; Krause 
2014b), ends dorsally in prominent nuchal crests. Whether 
or not the occipital bone extends to actually participate in 
the nuchal crests cannot be discerned but it does so, or nearly 
so, in all multituberculates for which this region is known 
(see “Comparisons and Discussion”). The nuchal crests 
themselves are very prominent, joining with the equally 
prominent sagittal crest of the parietal in a triple junction to 
form a salient, peaked external occipital protuberance. This 
therefore differs strongly from the reconstructions by Broom 
(1914: fig. 8) and Granger and Simpson (1929: fig. 4), at 
least in lateral view, where the posterodorsal outline of the 
cranium appears more evenly rounded (convex posterodor-
sally). Furthermore, the position of the external occipital 
protuberance is farther posterior than depicted by Broom 
(1914: fig. 6) and Granger and Simpson (1929: fig. 5A). 
The nuchal area dorsal and lateral to the foramen magnum, 
between it and the prominent nuchal crests, is concave. 
Overall, because the occipital condyles lie slightly posterior 
to the level of the external occipital protuberance, the nuchal 
area is slightly slanted from anterodorsal to posteroventral 
in lateral view. 

The occipital condyles, previously unknown in T. taoen-
sis, are preserved in DMNH EPV.95284 (Figs. 4b, d, f 

and 14b) but are best preserved in DMNH EPV.134082 
(Figs. 5a–d, f and 14c). They project posteriorly, slightly 
beyond a transverse line formed by the nuchal crests, which 
is farther posterior than speculatively reconstructed by 
Broom (1914: fig. 6) and especially Granger and Simpson 
(1929: figs. 5A, 6). The condyles themselves, in posterior 
view, occupy the lower third of the area surrounding the 
foramen magnum and are large and rounded posteriorly 
and ventrally. In ventral view, the condyles are separated by 
a broad, V-shaped (approximately 90º) odontoid (= inter-
condyloid) notch. In posterior view, the foramen magnum, 
as preserved in DMNH EPV.95284 (Fig. 4f) and DMNH 
EPV.134082 (Fig. 5f), is triangular in shape, slightly wider 
than tall (Table 5), with each of the two dorsolateral sides of 
the triangle being straight, posteriorly projecting crests. The 
foramen appears to be more rounded laterally in the juve-
nile UCMP 98083 (Fig. 8f). The foramen itself is directed 
straight posteriorly. A linear, vertically oriented projection 
of bone midway between the dorsal margin of the foramen 
magnum and the external occipital protuberance on DMNH 
EPV.95284 (Fig. 4f) represents a remnant of the external 
occipital crest. The crest is more faintly visible in DMNH 
EPV.134082 (Fig. 5f), AMNH 16321 (Fig. 7f), and UCMP 
98083 (Fig. 8f). 

The basioccipital, on the ventral surface immediately 
anterior to the foramen magnum, is poorly preserved in all 
of the specimens. The best indication of its morphology is 
preserved in DMNH EPV.134082, where a low, midline 
ridge, with two shallow fossae on either side of it, extends 
anteriorly for a short distance (Fig. 14c). Farther laterally, 
the basioccipital contributes a significant medial border of 
the jugular fossae. A faint, transverse suture anterior to the 
low, midline ridge and two shallow fossae flanking it may 
mark the position of the spheno-occipital synchondrosis in 
DMNH EPV.134082.

Dentary

The dentary of T. taoensis has been described and/or illustrated 
by Cope (1884a: fig. 3a–d; 1884b: pl. XXIIIc, fig. 1, 1a–c 
[specimen number not provided]), Osborn and Earle (1895: fig. 
IA, C [specimen number not provided]), Gregory (1910: fig. 8 
– AMNH 748 and AMNH 968), Broom (1914: fig. 8 and pl. 
XI – AMNH 748), Simpson (1926: fig. 5D [specimen number 
not provided]); Granger and Simpson (1929: fig. 4 – AMNH 
16310; condyle based on AMNH 745; reproduced or redrawn 
in Matthew 1937: fig. 71; Simpson 1937a: fig. 3A; Simpson 
1937b: fig. 3D; Sloan 1981: fig. 6.14; Kielan-Jaworowska and 
Hurum 1997: fig. 12 [coronoid process based on holotype den-
tary of T. lamberti, CCM 70–110]; Kielan-Jaworowska et al. 
2004: fig. 8.40C; Weil and Krause 2008: fig. 2.2A; Rougier 
et al. 2016: fig. 31; Wible et al. 2019: fig. 21C), Greenwald 
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(1988: fig. 1B, C – UCMP 98083), Gurovich (2006: fig. 4.7 
[specimen number not provided]), and Kondrashov and Lucas 
(2015: fig. 4 – NMMNH P-8631). The following descriptions 
and comparisons are based primarily on first-hand examina-
tion of DMNH EPV.130973 (Figs. 2g, h, 9a–c) and AMNH 
16310 (Figs. 3c, d and 9d–f), complemented with observations 
from µCT-scanned images of the juvenile dentaries of UCMP 
98083 (Fig. 8g–l; see also Greenwald (1988: fig. 1B, C) and 
photographs of AMNH 745 (Fig. 3e, f), AMNH 748 (Fig. 3g, 
h), AMNH 968, and AMNH 27734 (Fig.  3i–n). DMNH 
EPV.130973 (Figs. 2g, h and 9a–c) is among the most complete 
dentaries known for T. taoensis and is missing only the dorsal 
portions of the coronoid process, the terminus of the mandibu-
lar condyle, and a few inconsequential fragments elsewhere; 
its surface preservation, however, is not as pristine as that of 
AMNH 16310 (Figs. 3c, d and 9d–f). The horizontal ramus of 
AMNH 16310 is complete and very well preserved but only 
the anterior half of the ascending ramus is preserved; as such, 
much of the coronoid process, much of the pterygoid and mas-
seteric fossae, and all of the mandibular condyle are missing. 
Both dentaries of UCMP 98083 (Fig. 8g–l) are preserved but 
both are missing large portions (particularly posteriorly), have 
numerous cracks, and are considerably deformed. AMNH 745, 
AMNH 748, AMNH 968, and AMNH 27734 reveal more of 
the coronoid process and mandibular condyle than is preserved 
in DMNH EPV.130973, AMNH 16310, and UCMP 98083. 
Combined, these specimens permit a full reconstruction of 
the dentary of T. taoensis (Fig. 10f–h) and indicate significant 
changes to the size, shape, and position of the coronoid process 
and mandibular condyle.

The prior descriptions and illustrations of the dentary 
have revealed or confirmed that the horizontal ramus houses 
i1, p4, and m1–2; that there is a long diastema between i1 
and p4; and that the ramus is short and deep (see Table 7 for 
measurements). The horizontal rami are also extraordinar-
ily thick mediolaterally and meet anteriorly at an included 
angle of approximately 40–45º (precise measurement is not 
possible because of the difficulty of orienting specimens 
consistently and because the symphysis is unfused; see also 
fig. 1C in Osborn and Earle 1895). Given that the cheektooth 
row is set obliquely relative to the longitudinal axis of the 
dentary, and given the inferred palinal direction of the power 
stroke of the chewing cycle, the left and right rows would 
have been roughly parallel in life.

In lateral view, the ventral margin of the dentary is sinu-
ous (most strongly developed in AMNH 16310; Figs. 3c, d 
and 9d, e): convex anteriorly in the region of the incisor root 
(ventral to the diastema), concave ventral to m1, and convex 
posteriorly (ventral to the masseteric fossa). The posterior 
convexity extends posterodorsally in a smooth arc toward 
the condyle in DMNH EPV.130973 but has a bend that is 
variably expressed in AMNH 745, AMNH 748, AMNH 968, 
and AMNH 27734. The ventral surface below the masseteric 

fossa is notable in being wide (widest at midlength and 
tapering anteriorly and posteriorly), flat, and strongly tilted 
in the coronal plane from ventrolateral to dorsomedial. The 
dorsal margin of the horizontal ramus is strongly concave 
in the region of the diastema, with the section above the 
incisor root being at an approximate right angle to the sec-
tion anterior to the root of p4. On the lateral aspect of the 
dentary, a single mental foramen is present, situated anterior 
to and below the nadir in the arc of the dorsal margin of the 
diastema. The foramen is small; the canal immediately deep 
to it, measured in AMNH 16310, is only approximately, on 
average, 1.15 mm in diameter, which seems extraordinarily 
small for such a large animal.

The masseteric fossa is defined by anterodorsal and 
anteroventral margins (variably expressed as ridges) and 
extends anteriorly onto the horizontal ramus in the adult 
specimens in the sample, converging to a rounded point 
below p4. In the left dentary of UCMP 98083 (Fig. 8g), 
which represents a juvenile individual, this point appears 
to be slightly more posteriorly positioned, ventral to the 
anterior part of m1, but it is below p4 on the right (Fig. 8j). 
The names applied to the anteroventral margin of the mas-
seteric fossa were reviewed by Gambaryan and Kielan-
Jaworowska (1995); we follow those authors in referring to 
it as the masseteric crest even though it presents as a low 
rounded ridge in T. taoensis. Passing posteriorly, where it 
intersects the ventral margin of the dentary in lateral view, 
the masseteric crest becomes the masseteric line, which 
continues posteriorly and then posterodorsally to form 

Table 7  Measurements (in mm) of adult dentaries in study sample 
of Taeniolabis taoensis (juvenile dentaries of UCMP 98083 too frac-
tured and deformed for reliable measurement)

* Estimated because of incompleteness
a Measured from mesial margin of incisor alveolus to posterior end of 
mandibular condyle
b Measured from distal margin of incisor alveolus to mesial margin of 
p4 alveolus
c Measured from mesial margin of incisor alveolus to distal end of m2
d Measured as vertical depth from alveolar margin of m1 to ventral 
margin of dentary (on lateral side)
e Measured as transverse width below mesial portion of m1
f Measured from mesial margin of p4 to distal margin of m2

DMNH 
EPV.130973

AMNH 16310

Total length of  dentarya 117* –––
Diastema between i and  p4b 27.3 23.5
Length of horizontal  ramusc 72.5 68.8
Depth of horizontal  ramusd 40.0 35.8
Horizontal ramus length/depth 1.81 1.92
Width of horizontal  ramuse 14.6 14.9
Length of cheektooth  rowf 36.5 38.2
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the ventral and posteroventral borders of the masseteric 
fossa. Both DMNH EPV.130973 (Fig. 9a) and AMNH 
16310 (Fig. 9d) reveal a gently curved ridge, convex ante-
riorly, inside the masseteric fossa that begins dorsally at 
the approximate level of the embrasure between m1 and 
m2. There appears to be good evidence for this ridge in 
the photographs of AMNH 748 (Fig. 3g) and AMNH 968 
(not illustrated) as well, but it is less clear in those of 
AMNH 745 (Fig. 3e) and AMNH 27734 (Fig. 3i). When 
present, the ridge descends through the masseteric fossa 
and becomes less distinct as it continues ventrally to ulti-
mately intersect the masseteric line close to where the lat-
ter transitions to the masseteric crest. We refer to this fea-
ture as ‘intramasseteric ridge 1.’ The depression anterior 
to the ridge, bounded anteriorly by the convergence of the 
anterodorsal and anteroventral (masseteric crest) margins 
is the masseteric fovea (fovea massetericus of Gambaryan 
and Kielan-Jaworowska 1995). In other words, the mas-
seteric fovea is the anterior-most component of the masse-
teric fossa (which is not the case for all multituberculates 
– see “Comparisons and Discussion” below). It is likely 
that intramasseteric ridge 1 represents the dividing line 
between portions of the masseter muscle. Gambaryan and 
Kielan-Jaworowska (1995) regarded the fovea as serving as 
the insertion area of masseter medialis pars anterior (ante-
rior deep masseter of Sloan 1979 but also known as the 
infraorbital portion of zygomaticomandibularis Druzinsky  
et  al. 2011), whereas the rest of the masseter muscle 
inserted posterior to the fossa. Farther posteriorly, at least 
as seen in DMNH EPV.130973 (Fig. 9a), the masseteric 
fossa is divided by another ridge, here termed ‘intramas-
seteric ridge 2,’ which ascends from the masseteric line 
where it changes directions from the ventral to the poster-
oventral boundary of the massteric fossa. The ridge appears 
to become less distinct dorsally but this observation is 
based on DMNH EPV.130973, which exhibits some break-
age in the area (Fig. 9a). This ridge presumably marks 
yet another division of the masseter muscle. Based on 
DMNH EPV.130973 (Fig. 9a) and AMNH 27734 (Fig. 3i) 
in particular, we infer that the masseteric fossa (and the 
dentary as a whole) was shorter posteriorly than recon-
structed by earlier workers (e.g., Granger and Simpson  
1929: fig. 4A), in part because the mandibular condyle 
was not suspended on a long, posterodorsally projecting 
condylar process.

Kielan-Jaworowska et al. (2005) inferred the presence 
of a masseteric protuberance in Taeniolabis taoensis based 
on illustrations in Granger and Simpson (1929: fig. 4) 
and Simmons (1987: fig. 4.4). In AMNH 16310, DMNH 
EPV.130973, and UCMP 98083, all of which preserve good 
surface detail in this region, however, the masseteric crest, 
defining the anteroventral border of the masseteric fossa, 
does not end abruptly anteriorly in an enlargement similar 

to that identified as a protuberance in forms like Catops-
baatar (Kielan-Jaworowska et al. 2005: figs. 7;  9B1) or 
Djadochtatherium (Kielan-Jaworowska and Hurum 1997: 
fig. 5A). Indeed, the anteroventral margin of the masseteric 
fossa becomes less distinct as it passes anteriorly. We also 
see no evidence of a protuberance in the photographs of 
AMNH 745, AMNH 748, AMNH 968, or AMNH 27734. 
Finally, it must be noted that Fig. 4.4 in Simmons (1987) is 
of the holotype dentary (CCM 70–110) of T. lamberti (not 
T. taoensis) and the anteroventral margin of the masseteric 
fossa is broken posteriorly, thus precluding determination 
of relative prominence along the margin and confident 
appraisal of the presence or absence of a masseteric protu-
berance; we suspect it did not exist in that species either.

On the medial side of the horizontal ramus, the mandibu-
lar symphysis is unfused (contra Weil and Krause 2008). 
It occupies much of the area ventral to the diastema and is 
comma-shaped with the head of the comma positioned ante-
riorly and the tail trailing posteriorly along the ventral aspect 
of the ramus; this is most pristinely preserved and best seen 
on AMNH 16310 (Fig. 9e). AMNH 16310 exhibits a distinct 
ridge passing posteroventrally from the dorsal portion of 
the symphysis, ending below the mesial portion of m1; this 
ridge is much less distinct on DMNH EPV.130973 (Fig. 9b). 
In coronal section, the medial side of the horizontal ramus 
below the cheek teeth is gently concave (AMNH 16310) to 
almost flat (DMNH EPV.130973), bounded inferiorly by a 
ridge that becomes stronger as it passes posteriorly to form 
the ventral border of the pterygoid fossa, the pterygoid shelf, 
on the ascending ramus. As measured on the medial side of 
both DMNH EPV.130973 and AMNH 16310, the occlusal 
plane of the molars lies at an angle of approximately 20° 
relative to the ventral surface of the dentary; this is consid-
erably higher than scored for Taeniolabis in recent phylo-
genetic analyses by, for example, Kielan-Jaworowska and 
Hurum (2001: char. 35, “11–17 degrees”), Mao et al. (2016: 
char. 7, “11–17 degrees”), and Wible et al. (2019: char. 73, 
“equal to or less than 10°”).

The pterygoid fossa, more complete on DMNH 
EPV.130973 (Fig. 9b) than on AMNH 16310 (Fig. 9e), is 
massive and deeply excavated laterally and anteriorly, pro-
viding a huge insertion area for the medial pterygoid mus-
cle. Its anterior border is very distinct and gently convex 
anteriorly, merging ventrally with a very strong pterygoid 
shelf (pterygoid crest of Simpson 1926), which bounds the 
entire ventral aspect of the fossa. The pterygoid shelf itself is 
very wide but narrows as it ascends posterodorsally toward 
the posterior margin of the mandibular condyle, just as the 
pterygoid fossa becomes shallower posteriorly. The man-
dibular foramen, for passage of the inferior alveolar nerve, 
could not be identified in any of the specimens available 
to us, either on the specimens themselves or through µCT 
imagery. It is likely to have been positioned as in T. lamberti, 
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on the anterior wall of the pterygoid fossa at a level below 
m2 (see Simmons 1987).

The size and shape of the mandibular condyle and its 
position relative to the rest of the dentary have not been 
well documented previously. It is not preserved on any of 
the specimens we were able to examine firsthand (DMNH 
EPV.130973, AMNH 16310) or through µCT imagery 
(UCMP 98083) but is preserved on the specimens for which 
we have photographs (AMNH 745, AMNH 748, AMNH 
968, AMNH 27734), courtesy of AMNH curator Jin Meng, 
and therefore can now be documented more fully. The con-
dyle is best preserved on AMNH 27734 and is illustrated 
here in four views (Fig. 3k–n). The condyle was not as large 
and globular or with as long a neck as reconstructed by past 
authors (e.g., Osborn and Earle 1895; fig. 1A, C; Gregory 
1910; fig. 8; Granger and Simpson 1929; fig. 4A), and cer-
tainly not as much as reconstructed in plaster on AMNH 
16310 (Fig. 3c, d). In dorsal view (Fig. 3m), the condyle is 
lenticular in shape, strongly convex posteriorly and gently 
concave anteriorly, with the ridge passing anteriorly to form 
the mandibular notch doing so from the medial side of the 
condyle. In posterior view (Fig. 3n), the condyle extends 
only a short distance onto the posterior surface and has a dis-
tinctly convex ventral margin. The lateral and medial views 
(Fig. 3k, l) document a short and unconstricted condylar 
neck and a gently convex dorsal surface that becomes more 
convex posteriorly. The mandibular notch, in side view, is 
evenly rounded (concave dorsally) extending forward from 
the condyle and merging with the posterior margin of the 
coronoid process (Fig. 3i, j).

The coronoid process is incomplete in all specimens 
known to us; it was reconstructed as very low by Cope 
(1884a: fig. 3a, b; 1884b: pl. XXIIIc, fig. 1, 1a), who 
also incorrectly reconstructed a distinct angular process, 
as very tall and recurved by Osborn and Earle (1895: 
fig. 1A), and as moderately tall and recurved by Broom 
(1914: fig. 8) and Granger and Simpson (1929: fig. 4A). 
The process is, however, nearly complete and well pre-
served in AMNH 27734 (Fig. 3i, j), missing only some 
fragments along the posterior edge; it is the only speci-
men preserving the full anterior margin and dorsal tip. 
This specimen demonstrates that the coronoid process, 
while moderately tall, was likely not recurved, at least not 
strongly. The anterior base of the process is also at least 
partially preserved in DMNH EPV.130973 (Figs. 2g, h 
and 9a, b), AMNH 745 (Fig. 3e, f), AMNH 748 (Fig. 3g, 
h), AMNH 968, and AMNH 16310 (Figs. 3c, d and 9d, 
e). In lateral view, the anterior base arises opposite the 
posterior portion of m1 (i.e., m2 not visible in this view; 
DMNH EPV.130973, AMNH 748, AMNH 16310) or 
the anterior portion of m2 (AMNH 968, AMNH 27734). 
Acknowledging that there is also variability depending 
upon how the dentary is oriented, this is in slight contrast 

to Simmons (1987) who observed that it arises only oppo-
site m1 and used it as a diagnostic feature differentiat-
ing T. taoensis from T. lamberti, in which, in the holo-
type and only known specimen preserving the dentary, it 
arises opposite the anterior part of m2; there appears to 
be more intraspecific variation in this feature than previ-
ously known. The process extends posterodorsally from 
the anterodorsal margin of the masseteric fossa, and pro-
duces a broad, shallow, U-shaped temporal groove (sulcus 
temporalis of Gambaryan and Kielan-Jaworowska 1995) 
between it and the buccal alveoloar margin of m2. The 
dorsal apex of the coronoid process is peaked, and the 
anterior and posterior edges descend more or less sym-
metrically from that peak, although the anterior edge is 
longer and less vertical. Although the posterior edge of the 
coronoid process is not preserved in AMNH 27734, it has 
been reconstructed in plaster to descend and then merge 
in a concave, rounded outline with the mandibular notch 
that seems natural (Fig. 3i–l). This shape was used in the 
reconstruction of the dentary in Fig. 10f, h.

Comparisons and Discussion

Comparisons with the craniomandibular morphology 
of other multituberculate taxa are warranted because of 
the new anatomical information provided for our subject 
taxon, Taeniolabis taoensis, but also because many new 
cimolodontan multituberculate taxa have been described, 
many of them represented by skull material, since the last 
major descriptions of T. taoensis material (Broom 1914; 
Granger and Simpson 1929). This includes specimens 
of other taeniolabidids, consisting of a dentary of Taen-
iolabis lamberti (see Simmons 1987) and a few cranial 
fragments of Kimbetopsalis simmonsae (see Williamson 
et al. 2016). But more detailed comparisons are possi-
ble with cranial specimens of the family most closely 
related to taeniolabidids, lambdopsalids, in part because 
of new material of Sphenopsalis (Mao et al. 2016) but, 
most significantly, nearly complete skull material of the 
type genus and best-known representative, Lambdopsalis 
(Miao 1988). Of particular importance also is the recent 
discovery of a nearly complete skull (and partial post-
cranial skeleton) of Yubaatar, regarded as the immediate 
outgroup of Taeniolabidoidea (Xu et al. 2015). In addi-
tion, a plethora of skull material of many new genera 
and species of cimolodontan multituberculates has been 
discovered in the Late Cretaceous of Asia and Europe, 
primarily in the form of djadochtatherioids and kogaio-
nids, respectively. The former has been described in con-
siderable detail (e.g., Kielan-Jaworowska 1970a, 1970b, 
1971, 1974; Kielan-Jaworowska and Dashzeveg 1978; 
Kielan-Jaworowska et  al. 1986, 2005; Hurum 1994, 
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1998a, b; Gambaryan and Kielan-Jaworowska 1995; 
Hurum et al. 1996; Rougier et al. 1996b, 1997, 2016; 
Kielan-Jaworowska and Hurum 1997, 2001; Wible and 
Rougier 2000; Ladevèze et al. 2010; Wible et al. 2019) 
but only preliminary details of the latter have been pub-
lished to date (Rădulescu and Samson 1996, 1997; Smith 
and Codrea 2015; Csiki-Sava et al. 2018).

Cranial Size and Body Mass Estimates

The cranium of Taeniolabis taoensis is the largest known 
among multituberculates. There are no other multitubercu-
lates that are known, even from fragmentary remains, that 
might have approached the size of T. taoensis, which we 
estimate from cranial size relative to a large sample of extant 
therian mammals to have had a body mass of approximately 
35–40 kg (see “Description”). For the comparisons below, 
except for the closely related taeniolabidid Kimbetopsalis 
simmonsae, which is not known from the lower dentition 
but reported to be ~21% smaller than T. taoensis (based on 
length of M1; Williamson et al. 2016), we primarily use size 
of m1 because it is the only element in common to compare 
with most other large multituberculates.

The length and width of T. taoensis m1s are 
18.7–21.4 mm and 9.4–11.4 mm (n = 35), respectively, 
and the length and width of its M1s are 21.9–24.4 mm 
and 10.8–12.1 mm (n = 22), respectively (Simmons 1987; 
table 2), thus establishing it as the largest known multituber-
culate, Cenozoic or Mesozoic, from anywhere. The only m1 
assigned to the congeneric T. lamberti is 16.0 mm long and 
8.0 mm wide (Simmons 1987: table 3). Bubodens magnus, 
known from a single m1, is the largest known Mesozoic 
multituberculate from North America (Wilson 1987), but 
the length (12.8 mm) and width (6.0 mm) of the tooth are 
less than two-thirds the average dimensions of the m1s of T. 
taoensis. B. magnus is considerably larger than the largest 
known Mesozoic multituberculate from Eurasia, Yubaatar 
zhongyuanensis (m1 length = 9.2 mm; width = 3.6 mm) (Xu 
et al. 2015), which is less than half the size of T. taoen-
sis. Boffius splendidus is the largest known Cenozoic mul-
tituberculate from Europe (M1 length = 15.2–15.3 mm; 
width = 8.7–9.0 mm; m1 width = 9.6–10.0 mm) (Vianey-
Liaud 1979; De Bast and Smith 2017: table 1 [m1 measure-
ments for IRSNB M2195 not used because they pertain to 
m1 of the palaeoryctid Belgoryctes thaleri; T. Smith, pers. 
comm. – see De Bast and Smith 2017: table 4]) and Sphe-
nopsalis nobilis is the largest known Cenozoic multitubercu-
late from Asia (m1 length = 13.6 mm; width = 7.3 mm) (Mao 
et al. 2016); both are, on average, considerably smaller than 
T. taoensis. All of the multituberculates, purported or sub-
stantiated, from Gondwanan landmasses are much smaller 
than any of the above forms (see review in Krause et al. 
2017).

Cranial Shape

The most apt descriptor of the cranium of T. taoensis is 
“robust,” evoking comparisons with those of extant Austral-
ian wombats (Vombatus ursinus) or North American beavers 
(Castor canadensis). It is almost as wide as long (Table 5) 
and is, in general, of very heavy construction, with massive, 
squared zygomatic arches, a short, blunt snout, and promi-
nent sagittal and nuchal crests indicating bulky masticatory 
and cervical musculature (Fig. 10). By contrast, the crania 
of other multituberculates are, in general, relatively gracile 
(see comparison figures including some of the most recently 
described cimolodontan taxa in Csiki-Sava et  al.  2018: 
suppl. fig. 8; Wible et al. 2019: figs. 21–23). The cranial 
shape of Lambdopsalis most resembles that of Taeniolabis, 
the primary differences being the relative narrowness (in 
dorsal or ventral view) and shallowness (in lateral view) 
of the snout and the presence of inflated vestibular appara-
tuses on either side of the occipital condyles that superfi-
cially resemble tympanic bullae; these apparatuses are not 
present in T. taoensis.

Snout Region

Snout Shape The snout of T. taoensis, relative to those of 
other multituberculates, is short and broad, although the 
anterior extension of the premaxilla revealed by DMNH 
EPV.136300 (Fig. 6) changes these proportions somewhat 
relative to earlier reconstructions (e.g., contrast dorsal views 
by Broom 1914: fig. 6; Granger and Simpson 1929: fig. 5A 
with that of the revised reconstruction in Fig. 10a). The 
strongest contrast in snout shape is with the long, narrow, 
tapered snouts of the European Late Cretaceous kogaio-
nids (see Csiki-Sava et al. 2018: suppl. fig. 8D–F for dorsal 
reconstructions of Kogaionon, Barbatodon, and Litovoi). 
Taeniolabis and its close relative Lambdopsalis (Miao 
1988: fig. 12) are noteworthy in that the sides of the snout, 
in dorsal view, are relatively parallel and are distinctively 
set off from the rest of the cranium by strong indentations 
at the roots of the zygomatic arches. The latter feature is 
also seen in at least some of the kogaionids, most notably 
in Kogaionon (Csiki-Sava et al. 2018: suppl. fig. 8D). A 
strong indentation is also apparent on an incomplete max-
illa (UALVP 28212) of the basal taeniolabidoid Valenop-
salis illustrated by Fox (2005: pl. 6, fig. 11). By contrast, 
the snouts of the ptilodontoids Ptilodus (Simpson 1937b: 
fig. 5), Ectypodus (Sloan 1979; fig. 1; Gingerich et al. 1983; 
fig. 2A), and Filikomys (Weaver et al. 2021: fig. 1, Extended 
Data fig. 4) and a variety of djadochtatherioids (see Wible 
et al. 2019: fig. 23) have a much smoother transition in this 
region whereas those of the microcosmodontid Microcosmo-
don (Fox 2005: pl. 1, figs. 1, 2), the eucosmodontid Stygimys 
(Sloan and Van Valen 1965: fig. 4), and the cimolomyid 
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Meniscoessus (Archibald 1982: fig. 27a) seem to be inter-
mediate in this regard.

Bony Composition of Snout The snout of T. taoensis 
receives contributions from the nasals, premaxillae, and 
maxillae only. Despite the report of a septomaxilla in a spec-
imen (V.J. 451–155) of the paulchoffatiid Pseudobolodon 
by Hahn and Hahn (1994), this could not be confirmed by 
Wible and Rougier (2000) or Rougier et al. (2016); as such, 
this element appears to be absent in all multituberculates, 
and we confirm its absence in T. taoensis as well. 

There is also no evidence for facial exposure of the lacri-
mal in Taeniolabis; indeed, the bone appears to be entirely 
absent (Fig. 12), as has also been reported for the lambdop-
salid Lambdopsalis (Miao 1988). The lack of facial expo-
sure on the snout in taeniolabidoids stands in contrast to the 
condition in djadochtatherioids, which have a prominent, 
generally subrectangular facial exposure of the lacrimal, 
consistently articulating with the maxilla anteroventrally, 
the nasal anteromedially, and the frontal posterolaterally 
(Wible et al. 2019: fig. 23D–K). Extensive facial exposure 
of the lacrimal is also apparently present in the eobaatarid 
Sinobaatar (Hu and Wang 2002; Kusuhashi et al. 2009) and 
in the cimolomyid Meniscoessus (Weil and Tomida 2001). 
The lacrimal in the stem taeniolabidoid Yubaatar is reported 
to have “a narrow exposure on the skull roof” (Xu et al. 
2015: 6) and, although not reconstructed as present in the 
kogaionid Barbatodon by Smith and Codrea (2015: fig. 2N, 
O), Csiki-Sava et al. (2018: suppl. appendix p. 49) scored 
the facial process of the lacrimal as “very small and arcu-
ate” in both Barbatodon and Litovoi (although it was not 
depicted in their cranial reconstructions of the two genera 
[suppl. fig. 8E, F]). A facial process of the lacrimal was 
also not reconstructed for Kogaionon by either Kielan-
Jaworowska et al. (2004: fig. 8.42A1) or Csiki-Sava et al. 
(2018: suppl. fig. 8D). As such, the condition in kogaionids 
is unclear. Simpson (1937b: 740) stated that “there is no 
suggestion of facial exposure of a lacrimal” in the ptilodon-
tid Ptilodus and depicted it as absent (figs. 4, 5) and yet it 
was scored as “small and arcuate” by Kielan-Jaworowska 
and Hurum (2001) and subsequent workers; this appears to 
be in error. Presence of the lacrimal on the face was indi-
cated as “uncertain” in the microcosmodontid Microcosmo-
don (Fox 2005: 15), and it is not depicted in the drawings 
of the neoplagiaulacid Ectypodus by Sloan (1979: fig. 1) 
and Gingerich et al. (1983: fig. 2A). Concerning relatively 
early-branching forms, Kielan-Jaworowska et al. (2004: 266) 
stated that, although the lacrimal was reconstructed as small 
in paulchoffatiids by Hahn (1969, 1978b), it is “very poorly 
preserved, and one cannot depend on the reliability of this 
reconstruction.” This may be underscored by the fact that 
Simmons (1993: char. 55) scored the facial process of the 
lacrimal in Paulchoffatia (now Meketichoffatia; Hahn 1993) 

as “large.” Mao et al. (2016: char. 93; and derivative charac-
ter matrices) scored a facial process of the lacrimal as “large, 
roughly rectangular” in the paulchoffatiid Rugosodon but 
its condition appears to be unknown (Yuan et al. 2013). In 
conclusion, given the complete absence of the facial process 
of the jugal in Lambdopsalis, Taeniolabis, and Ptilodus (and 
possibly other forms), it appears that the character states 
frequently used to describe facial exposure of the lacrimal 
should be separated into two characters, with the first docu-
menting presence versus absence and the second document-
ing size and shape (“small and arcuate” versus “large and 
roughly rectangular”). 

The nasal bones of Taeniolabis are very large, both broad 
and long, and are not confined to the roof of the snout; 
instead, they extend well posterior to the anterior margins of 
the orbit. In all other cimolodontan multituberculates except 
Lambdopsalis (Miao 1988: fig. 12), Yubaatar (Xu et al. 
2015: fig. 3b), and perhaps Ectypodus (Sloan 1979: fig. 1), 
the posterior margin of the nasals lies level with or anterior 
to the anterior margin of the orbitotemporal fenestra. 

The facial (posterodorsal) process of the premaxilla 
in Taeniolabis does not insert between the nasal and the 
maxilla as sharply as it does in most djadochtatherioids 
(Sloanbaatar being a possible exception; see Wible et al. 
2019: fig. 21) and at least some kogaionids (Barbatodon 
and Litovoi; Csiki-Sava et al. 2018: suppl. fig. 8E, F). Rela-
tive to other multituberculates, the premaxilla in Taeniolabis 
houses a massive central incisor (I2), which has been related 
to an enhanced gnawing function and concomitant reduction 
of shearing lower premolars (e.g., Simpson 1937a; Bohlin 
1945; Gambaryan and Kielan-Jaworowska 1995; Weil and 
Krause 2008; Weaver and Wilson 2020). 

The facial process of the maxilla in Taeniolabis is unre-
markable other than the fact that it contributes, in the 
absence of a facial process of the lacrimal, to the entire 
anterior orbital rim. It does not exhibit the lateral bulging 
described for djadochtatherioids such as Catopsbaatar, 
Djadochtatherium, Kryptobaatar, Mangasbaatar, and Tom-
baatar, a condition that Rougier et al. (2016) and Wible 
et al. (2019) attributed to possession of an enlarged maxil-
lary sinus.

Tip of Snout and External Nasal Aperture The external nasal 
aperture of T. taoensis, although not illustrated previously 
in anterior view, is profoundly different than previously 
known, primarily because of the presence, as revealed by 
DMNH EPV.136300 (Fig. 6a–e), of a prominent internarial 
process on the premaxilla and more anteriorly extended 
nasals (Fig. 10a–d). Although the dorsal ends of the left 
and right internarial processes are not preserved in DMNH 
EPV.136300, we tentatively infer from their shape that 
they ended in blunt tips (much as in the gondwanatherian 
Vintana see Krause 2014a: fig. 1d; 2014b: fig. 5B, C, the 
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marsupialiform Didelphodon see Wilson et al. 2016: fig. 1a, 
b, d, f, g, h), or the “Gurlin Tsav deltatheroidan” Szalay and 
Trofimov 1996: fig. 22; G. Rougier, pers. comm.) and did not 
extend posterodorsally to insert between the anterior ends 
of the left and right nasals, for which we do not see direct 
evidence in the form of sutures near the midline. 

An internarial bar, formed by a complete internarial pro-
cess (variously also called the internasal, prenasal, dorsal, or 
ascending process) dividing the external nasal aperture into 
left and right halves is found in tetrapods ancestrally and, 
despite being rarely preserved in fossils, is known to have 
been retained in a variety of non-mammaliamorph cyno-
donts (e.g., Beishanodon, Dadadon, Galesaurus, Menadon, 
Riograndia, tritylodontids) as well as in some early-branching 
mammaliamorphs such as Sinoconodon, Morganucodon, Had-
rocodium, Haldanodon, Necrolestes, and probably Docodon 
(Kemp 1982; Hopson and Barghusen 1986; Rowe 1986, 1988; 
Sues 1986; Lillegraven and Krusat 1991; Flynn et al. 2000; 
Wible and Rougier 2000, 2017; Bonaparte et al. 2001; Luo 
et al. 2001; Kammerer et al. 2008; Gao et al. 2010; Rougier 
et al. 2015; Pusch et al. 2019). Rowe (1988: 251) declared the 
internarial process to be “absent in adult Monotremata, Mul-
tituberculata, and Theria, rendering the external nares conflu-
ent in postnatal ontogeny.” 

Miao (1988), however, inferred the presence in Lamb-
dopsalis of an internarial process on each premaxilla that 
extended posterodorsally to insert between the anterior ends 
of the left and right nasals, thus forming an internarial bar 
and dividing the external nares. Although not completely 
preserved on any specimen, Miao’s evidence included, in 
addition to internarial processes projecting dorsally at the 
anterior ends of the palatal processes of the premaxillae 
between the left and right I2s, a triangular piece of bone 
(or the suture for it) insinuated between the anterior ends 
of the left and right nasals in four specimens. He identified 
these triangular pieces of bone as premaxillae and inferred 
that they were dorsal (and posterior) extensions of the inter-
narial processes. He also suggested that an internarial bar 
may have been present in Chulsanbaatar. Hurum (1994) 
found no evidence for an internarial process in Chulsan-
baatar (or Nemegtbaatar). Wible and Rougier (2000) also 
concluded that there was no evidence for an internarial bar 
in Chulsanbaatar, nor, in fact, in the more plesiomorphic 
paulchoffatiids Pseudobolodon and Kuehneodon. They also 
expressed doubt about its existence in Lambdopsalis, noting 
that the specimens of Lambdopsalis purported to preserve an 
internarial process insinuated between the nasals are quite 
different between specimens in this regard and that the “pro-
cess” may simply be broken parts of the nasals. We share 
these doubts.

Nasal Foramina Taeniolabis, as revealed by UCMP 98083 
(Fig. 8), possesses nasal foramina that are asymmetrically 

developed in number and position. Krause et al. (2014b) 
summarized the occurrence of nasal foramina in multitu-
berculates: present in the paulchoffatiid Pseudobolodon 
(but not Kuehneodon); the “plagiaulacidan” Glirodon; the 
djadochtatherioids Catopsbaatar, Chulsanbaatar, Dja-
dochtatherium, Kamptobaatar, Kryptobaatar, Nemegt-
baatar, Sloanbaatar, and Tombaatar; the lambdopsalid 
Lambdopsalis; the kogaionid Kogaionon; and the ptilo-
dontid Ptilodus. Nasal foramina have also been found in 
the eobaatarid Sinobaatar (Kusuhashi et al. 2009: figs. 9, 
11), the ptilodontoid Filikomys (in a specimen originally 
attributed to Cimexomys by Montellano et al. 2000: fig. 1A), 
the djadochtatheriids Mangasbaatar (Rougier et al. 2016: 
fig. 19) and Guibaatar (Wible et al. 2019: figs. 2, 20A), the 
kogaionid Barbatodon (Smith and Codrea 2015: fig. 2A, 
although perhaps not as symmetrically portrayed as in the 
reconstructions in fig. 2N and Csiki-Sava et al. 2018: suppl. 
fig. 8E), and the stem taeniolabidoid Yubaatar (Xu et al. 
2015: fig. 3b). The nasal foramina are asymmetrical in 
some taxa but are more frequently developed in symmetri-
cal pairs. Miao (1988:18) suggested that nasal foramina 
may be a multituberculate synapomorphy (see also Hurum 
1994) but their presence in non-mammaliamorph cynodonts 
and early-branching mammaliamorphs (e.g., Sinoconodon, 
Morganucodon, Kermack et al. 1981; contra scoring in Mao 
et al. 2016 and derivative character matrices, Haldanodon) 
probably indicates a plesiomorphic condition for multitu-
berculates. Nasal foramina are also known in the gondwa-
natherians Vintana (one on each side) and Adalatherium 
(~10 on each side) (Krause et al. 2014b, 2020b). They are 
absent in Cifelliodon and, to date, have not been recorded 
in euharamiyidans (Huttenlocker et al. 2018; Krause et al. 
2020b).

Infraorbital Foramina Taeniolabis has but one infraorbital 
foramen, completely bounded by the maxilla; in this sense, it 
is typical of other cimolodontan multituberculates. Multiple 
infraorbital foramina are not uncommon in Mesozoic mam-
maliamorphs (see reviews in Krause et al. 2014b, 2020b) 
and are also present in a range of relatively early-branching 
multituberculates, including various paulchoffatiids (Hahn 
1985; the condition in Rugosodon, Yuan et  al. 2013  is 
unknown, contra Mao et al. 2016 and derivative character 
matrices), the allodontid Ctenacodon (Kielan-Jaworowska 
et al. 1987; Engelmann 2004), the “plagiaulacidan” Gliro-
don (Engelmann and Callison 1999), and the arginbaatarid 
Arginbaatar (Kielan-Jaworowska et al. 1987), thus likely 
establishing the plesiomorphic condition. Multiple infraor-
bital foramina have been documented in only a few cimolo-
dontans: Meniscoessus (Clemens 1973; Archibald 1982; 
Weil, pers. comm. in Fox 2005 reported one or two in the 
genus), Lambdopsalis (Miao 1988; usually single but one 
specimen exhibits two), Catopsbaatar (Kielan-Jaworowska 
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et al. 2005; can have one to three foramina), Mangasbaatar 
(Rougier et al. 2016), Guibaatar (Wible et al. 2019), and 
?Liaobaatar (Kusuhashi et al. 2020).

Bony Palate

Incisor Positions The positions of the upper incisors of Taenio-
labis (Figs. 6d and 11; Table 5) are similar to those of Lambdop-
salis (Miao 1988: fig. 18) and Catopsalis (Middleton 1982: pl. 1, 
fig. 3) in that the alveolus for I3 lies almost directly posterior to 
the much larger one for I2 and is closely approximated to it. In 
all three forms, I2 is much larger than I3, although the disparity 
in size is considerably greater in Taeniolabis. Furthermore, the 
alveolus of I3 in Taeniolabis and Lambdopsalis is positioned just 
inside of the lateral margin of the premaxilla; in other words, just 
inside of the premaxillary ridge. By contrast, I3 in djadochtathe-
rioids is well separated from I2 by a very sizable anteroposte-
rior diastema and is positioned well medial to the lateral margin 
of the premaxilla (Wible et al. 2019: fig. 22D–K); this condi-
tion also obtains in the eucosomodontid Stygimys (Sloan and 
Van Valen (1965: fig. 4) and to a slightly lesser degree in the 
cimolomyid Meniscoessus (Archibald 1982: fig. 27). The con-
dition in the ptilodontid Ptilodus (Simpson 1937b: fig. 6), the 
ptilodontoid Filikomys (Weaver et al. 2021), and the eobaatarid 
Sinobaatar (Kusuhashi et al. 2009: figs. 5, 10, 12, 14, 15) is 
different still in that I3 is separated from I2, but not to as great a 
degree as in djadochtatherioids but greater than in Taeniolabis 
and Lambdopsalis, and I3 is positioned at the lateral margin of 
the premaxilla. I3 is also laterally positioned in the microcosmo-
dontid Microcosmodon (Fox 2005: pl. 1, fig. 1; pl. 3, fig. 3) and 
the kogaionids Barbatodon (Smith and Codrea 2015: fig. 2G, 
O) and Litovoi (Csiki-Sava et al. 2018: fig. 1B, C); it is not far 
separated from I2 in these genera and the size disparity between 
I2 and I3 appears to be not as great as in other cimolodontans, 
including Taeniolabis and Lambdopsalis. The size disparity 
between I2 and I3 is even less in the lambdopsalid Sphenopsalis, 
in which the two teeth are described as “subequal”; both lie at 
the margin of the premaxilla (Mao et al. 2016: fig. 3). Whereas 
I3 lies wholly within the premaxilla in other cimolodontans for 
which the condition is known, Sphenopsalis and Tombaatar 
(Rougier et al. 1997) are unusual in that the posterior part of 
the alveolus is composed of the maxilla. Finally, I3 in the taen-
iolabidoid Prionessus, although not illustrated, is described as 
positioned at the lateral margin of the palate and as being much 
smaller than I2 (Meng et al. 1998).

Incisive Foramina The incisive foramina of Taeniolabis 
are, like those of Lambdopsalis (Miao 1988: figs. 3, 18), 
Stygimys (Sloan and Van Valen 1965: fig. 4), Meniscoessus 
(Archibald 1982: fig. 27a; Weil and Tomida 2001), Micro-
cosmodon (Fox 2005: pl. 2: fig. 1), and Prionessus (Meng 
et al. 1998; not illustrated), of moderate size, considerably 
larger than those of djadochtatherioids (Wible et al. 2019: 

fig. 22D–K; char. 47) but relatively smaller than those of 
Ptilodus (Simpson 1937b: fig. 6) and Sphenopsalis (Mao 
et al. 2016: fig. 3). Ptilodus exhibits an associated palatal 
fossa, which is unknown in non-ptilodontoid cimolodontans 
(except possibly in the kogaionid Kogaionon [Rădulescu and 
Samson 1996: fig. 1] but it has yet to be well documented), 
posterior to the incisive foramen. Ectypodus has been scored 
as possessing a large foramen and palatal fossa (Simmons 
1993: char. 57; Rougier et al. 1997: char. 57) but the line 
drawing by Sloan (1979: fig. 1) leaves some of these details 
unclear. Similarly, the incisive foramina of the ptilodontoid 
Filikomys are scored as present and limited posteriorly by 
the maxilla but other details (e.g., size, shape, presence/
absence of palatal fossae) are lacking (Weaver et al. 2021). 
Also, the precise size and shape of the incisive foramina in 
eobaatarids and kogaionids await documentation. Among 
the genera considered to have incisive foramina of moder-
ate size, the foramina are anteroposteriorly elongate but of 
variable width, those of Meniscoessus and perhaps Stygimys 
(perimeter is fragmentary) being relatively wide compared 
to those of Taeniolabis, Lambdopsalis, and Microcosmodon. 

Digital segmentation of DMNH EPV.136300 has revealed 
conclusive evidence that the incisive foramina are bounded 
posteriorly by the maxillae in Taeniolabis (Fig. 11). Miao 
(1988: 5) described the posterior edges of the incisive foram-
ina in Lambdopsalis as “close to and anterior to the premax-
illo-maxillary suture.” This would indicate that the incisive 
foramina lie entirely within the premaxillae. However, the 
stereophotographs of IVPP V 5429 provided by Miao (1988: 
fig. 3) and the reconstruction in his fig. 17, indicate that the 
posterior boundaries of the incisive foramina in Lambdop-
salis were probably formed by the maxillae, as scored by 
Mao et al. (2016), Rougier et al. (2016), Csiki-Sava et al. 
(2018), and others. The incisive foramen is also bounded 
posteriorly by the maxilla in the paulchoffatiid Meketichof-
fatia (Hahn 1969: fig. 10), the “plagiaulacidan” Glirodon 
(Engelmann and Callison 1999), the ptilodontid Ptilodus 
(Simpson 1937b: fig. 6), the neoplagiaulacid Ectypodus 
(Sloan 1979: fig. 1), the microcosmodontid Microcosmodon 
(Fox 2005), the cimolomyid Meniscoessus (Archibald 1982: 
fig. 27a), the lambdopsalid Sphenopsalis (Mao et al. 2016: 
fig. 3), the eucosmodontid Stygimys (Sloan and Van Valen 
1965: fig. 4), the kogaionids Litovoi and Kogaionon (Csiki-
Sava et al. 2018: char. 95), and all djadochtatherioids except 
perhaps Catopsbaatar and Sloanbaatar. The condition in 
both Catopsbaatar and Sloanbaatar seems unclear. The pre-
maxillary-maxillary suture in Catopsbaatar is described as 
actually reaching the incisive foramen and extending “trans-
versely along its posterior boundary” (Kielan-Jaworowska 
et al. 2005: 494), suggesting that the maxilla potentially 
forms the posterior border of the incisive foramen; the 
foramen (labeled as its synonym, the ‘palatine fissure’) is 
illustrated in stereo-photographs (fig. 4E) and appears to be 
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as described. However, the incisive foramen is consistently 
reconstructed as anterior to the suture (Kielan-Jaworowska 
and Sloan 1979: fig. 1B; Kielan-Jaworowska and Hurum 
1997: fig. 11I; Kielan-Jaworowska et al. 2004: fig. 8.38I, 
2005: fig. 8) and is scored by various workers as lying 
entirely within the premaxilla (e.g., Kielan-Jaworowska 
and Hurum 2001; Rougier et al. 2016; Csiki-Sava et al. 
2018; Weaver et al. 2021). The situation in Sloanbaatar is 
also not clear. Kielan-Jaworowska (1971: 20) states that the 
premaxillary-maxillary suture “almost reaches the palatine 
fissure,” which, as explained by Wible and Rougier (2000), 
is another term for the incisive foramen. Curiously, however, 
Kielan-Jaworowska (1971: 25) also states that the “incisive 
foramen is absent” (in both Sloanbaatar and Kamptobaatar). 
Also, whereas Kielan-Jaworowska (1971: fig. 9; see also 
Kielan-Jaworowska and Hurum 1997: fig. 11F; Kielan-
Jaworowska et al. 2004: fig. 8.38F) illustrates the palatine 
fissure immediately anterior to the premaxillary-maxillary 
suture, Wible et al. (2019: fig. 22F) appear to illustrate the 
suture intersecting the posterior border of the foramen. This 
perhaps suggests that there is not conclusive evidence for 
any multituberculate possessing an incisive foramen lying 
entirely within the premaxilla although we must emphasize 
that we have not observed the relevant specimens of either 
Catopsbaatar or Sloanbaatar firsthand. Finally, the incisive 
foramen of Sphenopsalis is unusual in not only being large 
but in being bounded almost entirely by the maxilla, with 
only its anterior-most edge formed by the premaxilla (Mao 
et al. 2016: fig. 3).

Palatal Vacuities Although only a small portion of the pal-
ate is preserved in AMNH 16321 (Fig. 7d; Broom 1914: 
pl. XI), palatal vacuities have been scored as absent in Tae-
niolabis by several authors (e.g., Simmons 1993; Rougier 
et al. 1997, 2016; Kielan-Jaworowska and Hurum 2001; Mao 
et al. 2016; Csiki-Sava et al. 2018), presumably based on 
the reconstruction and statements by Granger and Simpson 
(1929: fig. 6), but as unknown by Wible et al. (2019). The 
more complete palatal material from Corral Bluffs (DMNH 
EPV.95284, Fig. 4d; DMNH EPV.134082, Fig. 5d; DMNH 
EPV.136300, Fig. 6d) conclusively confirms their absence. 

In addition to Taeniolabis, palatal vacuities are, or appear 
to be, absent in the paulchoffatiids Meketichoffatia (Hahn 
1969: Fig. 9) and Kuehneodon (Hahn 1969: fig. 20a), the 
“plagiaulacidan” Glirodon (Engelmann and Callison 1999: 
figs. 14, 15), the eobaatarid Sinobaatar (Kusuhashi et al. 
2009), the lambdopsalids Lambdopsalis (Miao 1988: figs. 3, 
13, 18) and Sphenopsalis (Mao et al. 2016), the ?taeniolabi-
doid Prionessus (Matthew et al. 1928), the microcosmodon-
tid Microcosmodon (Fox 2005: pl. 1, fig. 1), the kogaionid 
Kogaionon (Rădulescu and Samson 1996: fig. 1), and the 
djadochtatherioids Catopsbaatar (Kielan-Jaworowska et al. 
2005: figs. 1–5, 8), Chulsanbaatar (Kielan-Jaworowska 

1974: fig. 5), Kamptobaatar (Kielan-Jaworowska 1970a: 
pl. XVI, fig. 1e), Kryptobaatar (initially reported as present 
by Kielan-Jaworowska 1970a but later shown to be absent 
by Kielan-Jaworowska and Dashzeveg 1978; see also Smith 
et al. 2001; fig. 5; Wible and Rougier 2000: figs. 4, 15, 34; 
Rougier et al. 2016: fig. 26), Mangasbaatar (Rougier et al. 
2016: figs. 3–5, 17, 20), Tombaatar (Rougier et al. 1997: 
figs. 1, 4), and probably Guibaatar (Wible et al. 2019: 
fig. 20). Pentacosomodon was scored as lacking palatal 
vacuities by Mao et al. (2016) but we know of no specimen 
that documents this condition. 

Palatal vacuities have been described, scored, and/
or illustrated in a number of cimolodontan multitubercu-
lates, including the ptilodontid Ptilodus (Simpson 1937b: 
fig. 6), the neoplagiaulacid Ectypodus (Sloan 1979: fig. 1), 
the ptilodontoid Filikomys (Weaver et al. 2021), the eucos-
modontid Stygimys (Sloan and Van Valen 1965: fig. 4), the 
cimolomyids Meniscoessus (Archibald 1982: fig. 27a) and 
possibly Essonodon (Archibald 1982: fig. 32), the stem 
taeniolabidoid Yubaatar (Xu et al. 2015: fig. 3a), and sev-
eral djadochtatherioids: Bulganbaatar (Kielan-Jaworowska 
1974: fig. 4a), Nemegtbaatar (Kielan-Jaworowska 1974: 
fig. 4b), and Sloanbaatar (Kielan-Jaworowska 1970a: pl. 
XII, fig. 2b), with the latter purportedly having two pairs of 
vacuities. Two pairs are mistakenly scored for Meniscoes-
sus, Nemegtbaatar, and Stygimys by Mao et al. (2016; and 
derivative character matrices); it appears that the choanal 
opening was interpreted as the anterior rim of a second set 
of vacuities in these cases, as well as possibly in Yubaatar, 
which was described as having only one pair but scored as 
polymorphic with one or two pairs (Xu et al. 2015: char. 81).

Postpalatine Torus A postpalatine torus is variably devel-
oped as a ventrally projecting bulge or distinctive, raised 
plate at the posterior ends of the palatine bones in several 
Late Cretaceous djadochtatherioids (e.g., Catopsbaatar, 
Chulsanbaatar, Guibaatar, Kamptobaatar, Kryptobaatar, 
Mangasbaatar, Nemegtbaatar, Sloanbaatar, Tombaatar –– 
see Rougier et al. 2016: char. 44 [Nessovbaatar was scored 
as possessing a postpalatine torus but this was presumably 
in error because the taxon is not yet represented by cranial 
material]; Wible et al. 2019: chars. 49, 50). A postpala-
tine torus has also been identified in the microcosmodon-
tid Microcosmodon (Fox 2005: pl. 1, fig. 1) as well as in 
the kogaionids Kogaionon (Rădulescu and Samson 1996: 
fig. 1) and Litovoi (Csiki-Sava et al. 2018) but not described 
or illustrated in detail; none is mentioned for Barbatodon 
(Smith and Codrea 2015). In contrast, a postpalatine torus 
is not described or apparent in the illustrations for Ptilodus 
(Simpson 1937b: fig. 6) or Meniscoessus (Archibald 1982: 
fig. 27a). Illustration of the palatal surface of Ectypodus 
by Sloan (1979: fig. 1) leaves presence or absence of a 
torus ambiguous. There is variability in how this character 
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is coded, and how it is scored for some taxa, but it was 
scored as “absent or very faint” by Rougier et al. (2016) 
and as “absent” by Wible et al. (2019) in both Taeniola-
bis and Lambdopsalis. The Corral Bluffs material (DMNH 
EPV.95284, fig. 4d; DMNH EPV.134082, fig. 5d), even 
with poor surface preservation, confirms that a postpalatine 
torus is probably not present in Taeniolabis. The condition 
in Lambdopsalis, however, seems uncertain; Miao (1988:38) 
described the posterior part of the palatine as “greatly thick-
ened into a torus.” This does not comport with illustrations 
in Miao (1988: figs. 3, 13, 14, 18) or with observations of 
original specimens (Rougier, pers. comm.) and, as a result, 
the torus was scored as either absent or very faint by Rougier 
et al. (2016) and Wible et al. (2019).

Zygomatic Arch

Composition The zygomatic arch in Taeniolabis and other 
multituberculates is formed by the zygomatic processes 
of the maxilla and squamosal, which meet anterior to arch 
midlength and which are joined along an oblique suture that 
ascends anterodorsally (Figs. 7a, c, 8b, c and 10a, c, d). A 
small jugal also contributes to the arch (Figs. 8d and 13), 
probably overlapping the maxillary-squamosal suture on the 
medial aspect of the arch (toward the top). Where known, the 
jugal is reduced to a slender, splint-like element on the medial 
aspect of the zygomatic arch in multituberculates, buttressing 
the suture between the zygomatic processes of the maxilla and 
squamosal (Hopson et al. 1989; but see Fox 2005 for inter-
pretation that the multituberculate ‘jugal’ is a neomorphic 
ossification). Although small and rarely preserved, the jugal 
has been identified in several cimolodontan multituberculates 
including the Paleogene ptilodontoids Ptilodus and Ectypodus 
(Hopson et al. 1989) and the Late Cretaceous djadochtathe-
rioids Nemegtbaatar, Chulsanbaatar, Kryptobaatar, and 
Guibaatar (Kielan-Jaworowska et al. 1986; Hopson et al. 
1989; Wible and Rougier 2000; Wible et al. 2019), and pos-
sibly in Catopsbaatar (Kielan-Jaworowska et al. 2005). Facets 
for a jugal are also reported in the Late Jurassic paulchoffati-
ids Kuehneodon and Pseudobolodon (Hahn 1987; Hopson 
et al. 1989). Perhaps of most relevance because of phyloge-
netic position, however, is the discovery of a relatively large, 
plate-like jugal on the medial aspect of the zygomatic arch 
(overlapping the zygomatic processes of the maxilla and squa-
mosal) of Yubaatar (Xu et al. 2015: fig. 3) from the late Late 
Cretaceous of China. Yubaatar was recovered as the outgroup 
to Taeniolabididae + Lambdopsalidae by Xu et al. (2015) and 
Csiki-Sava et al. (2018). 

The diminutive size of the jugal in multituberculates 
contrasts strongly with its much larger size in most other 
cynodonts and especially with its massive size in the gond-
wanatherians Vintana and Adalatherium (Krause et  al. 
2014a, 2014b, 2020a, 2020b). In Vintana it is particularly 

large, larger than in any known Mesozoic mammaliamorph, 
primarily because of the presence of a deep, scimitar-like 
flange. In both forms, the jugal contributes to the anteroven-
trolateral portion of the orbit and extends posteriorly to a 
level opposite the posterior margin of the glenoid fossa, but 
does not contribute to the fossa. Among euharamiyidans, a 
jugal has been recorded for Vilevolodon (Luo et al. 2017: 
Extended Data fig. 1e), Maiopatagium (Meng et al. 2017: 
Extended Data fig. 3a–d), Arboroharamiya (Han et al. 2017: 
fig. 2), and Shenshou (Huttenlocker et al. 2018). In Vilevolo-
don it is long (at least two-thirds the length of the zygoma), 
extending anteriorly to contact the facial process of the max-
illa and forming a part of the anterior orbit and posteriorly 
to border on, but not contribute to, the glenoid fossa on the 
squamosal. The jugal in Maiopatagium is incomplete pos-
teriorly but reconstructed as also contacting the facial pro-
cess of the maxilla anteriorly. The jugal of Arboroharamiya, 
although illustrated as present, was neither described nor 
scored. The jugal of Shenshou was scored as being long 
(Huttenlocker et al. 2018: char. 482).

Zygomatic Ridges Curved ridges on the lateral surfaces of 
zygomatic arches, marking the boundaries for the origins of 
various parts of the masseter muscle, are well known in Late 
Cretaceous Asian djadochtatherioids. Identified as ‘zygo-
matic ridges,’ they have been described, illustrated, and/or 
scored for Bulganbaatar, Catopsbaatar, Chulsanbaatar, 
Djadochtatherium, Guibaatar, Kamptobaatar, Kryptobaatar, 
Mangasbaatar, Nemegtbaatar, and Sloanbaatar (Kielan-
Jaworowska 1971; Simmons 1993; Gambaryan and Kielan-
Jaworowska 1995; Rougier et al. 1997; 2016; Wible and Rou-
gier 2000; Smith et al. 2001; Kielan-Jaworowska et al. 2004, 
2005; Wible et al. 2019). Three sets of zygomatic ridges were 
identified by Gambaryan and Kielan-Jaworowska (1995): (1) 
‘anterior’ for attachment of pars anterior of the superficial 
masseter muscle, (2) ‘intermediate’ for attachment of pars 
posterior of the superficial masseter, and (3) the smaller, 
much less distinct ‘posterior’ for attachment of pars posterior 
of the medial masseter. Gambaryan and Kielan-Jaworowska 
(1995; see also Kielan-Jaworowska et al. 2004, 2005) con-
tended that separation of the origin of the superficial masse-
ter into two parts was unique among mammals and reported 
evidence (much of it based on published illustrations) for the 
presence of zygomatic ridges (particularly the anterior ridge) 
in a host of other multituberculates, including what were then 
classified as “taeniolabidoids” (in addition to djadochtathe-
rioids, these included Stygimys, Taeniolabis, Lambdopsalis, 
and Meniscoessus) and “plagiaulacoids” (e.g., Ctenacodon, 
Meketichoffatia, Pseudobolodon, Monobaatar, Arginbaatar, 
Kielanodon, Renatodon, Glirodon), as well as ptilodontoids 
(Ptilodus, Prochetodon, Mesodma, Ectypodus, Parectypodus) 
and the kogaionid Kogaionon. They therefore argued for the 
ubiquity and uniqueness of ridges on the lateral (rather than 
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ventral) aspect of the zygomatic arches of multituberculates 
and that their presence was an autapomorphy for the entire 
clade. 

A full survey of the zygomatic arches of multituberculates 
to determine presence or absence of zygomatic ridges was 
not possible for this study; such a survey, in our opinion, 
would require firsthand observation of what can be relatively 
subtle features. Nonetheless, zygomatic ridges appear to be 
prominent in eucosmodontids, based on published illustra-
tions. A strong anterior zygomatic ridge is depicted in a 
reconstruction of the maxilla (based on UMVP 1481–1483) 
of Stygimys (Sloan and Van Valen 1965: fig. 4); it begins just 
above P1 and below the infraorbital foramen and arches pos-
terodorsally onto the zygomatic arch. The anterior edge of a 
prominent anterior zygomatic ridge also appears to be devel-
oped above P2 and below the infraorbital foramen in a frag-
mentary maxilla (AMNH 16534) of Eucosmodon (Granger 
and Simpson 1929: fig. 17A). Outside of djadochtatheri-
ans and eucosmodontids, however, evidence for zygomatic 
ridges is less clear and somewhat controversial. The ubiquity 
of these zygomatic ridges on the lateral (rather than the ven-
tral) surface of the zygomatic arches of multituberculates has 
been questioned by Fox (2005), who contested the observa-
tions of Gambaryan and Kielan-Jaworowska (1995) concern-
ing the presence of zygomatic arches in various “plagiaula-
coids” (e.g., paulchoffatiids, Monobaatar, Arginbaatar) and 
reported their clear absence in several cimolodontans (Vale-
nopsalis, Cimolodon, Ptilodus, Ectypodus, Neoplagiaulax, 
Microcosmodon) based on firsthand observation of speci-
mens. Examining some of the same illustrations examined 
by these authors, we have similar reservations and can also 
confirm that zygomatic ridges, as defined by Gambaryan and 
Kielan-Jaworowska (1995), are not present in Taeniolabis 
(see sections on “Maxillae” and “Squamosals” above). We 
therefore tentatively concur with Simmons (1993), Rougier 
et al. (1997), and Fox (2005) that zygomatic ridges are not 
ubiquitous among Multituberculata and cannot be regarded 
as an autapomorphy for the clade, that they are present in 
only relatively derived multituberculates, and therefore that 
the absence of zygomatic ridges appears to be the plesiomor-
phic condition for Multituberculata.

Cranial Roof

Composition The cranium of T. taoensis is roofed by the 
nasals anteriorly, the parietal posteriorly, and the frontals cen-
trally, with some relatively minor dorsolateral contributions 
by the premaxillae and maxillae anteriorly. This is the only 
taeniolabidid species for which the composition of the cranial 
roof is well known. Although all or most of the frontals are 
likely preserved in one of the cranial fragments comprising the 
holotype (NMMNH P-69902) of Kimbetopsalis simmonsae, 

sutures are not visible (Williamson et al. 2016: fig. 1). From 
what is illustrated (Williamson et al. 2016: fig. 1A), there are 
no obvious differences from the frontals of T. taoensis. 

The frontals of Lambdopsalis, as reconstructed by Miao 
(1988: fig. 12; see also Wible et al. 2019: fig. 23B) in dorsal 
view, appear to be very similar to those of Taeniolabis in 
being small and having the same general shape and sutural 
contacts. The frontals in known specimens of Sphenopsalis 
are incomplete but, in dorsal view, are scored as “deeply 
inserted between the nasals” anteriorly and appear to be less 
acutely pointed than in Taeniolabis and Lambdopsalis pos-
teriorly (Mao et al. 2016: char. 90, fig. 9B). The frontals of 
Yubaatar have a squared anterior process inserted between 
the nasals and a strongly pointed posterior process that 
resembles that of Taeniolabis and Lambdopsalis (Xu et al. 
2015: fig. 3b). The mid-portion of the frontal in Yubaatar 
differs from that in Taeniolabis and Lambdopsalis in that 
it extends laterally to contribute to the orbital rim (without 
dorsal overlap from the parietal). 

In dorsal view, the frontals of djadochtatherioids have 
a long anterior process inserted between the nasals (Wible 
et al. 2019: fig. 23D–K) that is more acutely pointed than 
the broad, blunt incursion in taeniolabidoids, as repre-
sented by Taeniolabis (Fig. 10a) and Lambdopsalis (Miao 
1988: fig. 12), or in the stem taeniolabidoid Yubaatar (Xu 
et al. 2015: fig. 3b). The frontals also appear to be pointed 
anteriorly in the eobaatarid Sinobaatar (Kusuhashi et al. 
2009: fig. 11). Ptilodontoids do not appear to have a con-
sistent pattern in this regard. In the ptilodontid Ptilodus, 
the frontals combine to form a short, pointed anterior incur-
sion between the nasals (but the frontonasal suture is more 
complicated laterally) (Simpson 1937b: fig. 5) whereas in 
Ectypodus it is the nasals that are inserted between the left 
and right frontals, at least as depicted in a simple outline 
drawing by Sloan (1979: fig. 1). Kogaionids also exhibit a 
variable pattern, with Kogaionon (Rădulescu and Samson 
1996: fig. 1) and Barbatodon (Smith and Codrea 2015: 
fig. 2N) having a mediolaterally more-or-less straight fron-
tal-nasal suture whereas that of Litovoi (Csiki-Sava et al. 
2018: suppl. figs. 7A, B, 8F) is depicted as gently curved, 
convex anteriorly. 

Posteriorly, the frontals in Taeniolabis (Fig. 10a), Lamb-
dopsalis (Miao 1988: fig. 12), and Yubaatar (Xu et al. 2015: 
fig. 3b), as well as in the ptilodontoids Ptilodus (Simpson 
1937b: fig. 5) and Ectypodus (Sloan 1979: fig. 1), are pos-
teriorly pointed and inserted deeply into the parietal along 
the midline. This is also the case reported or depicted for 
the cimolomyid Meniscoessus (Weil and Tomida 2001) 
and the kogaionids Barbatodon (Smith and Codrea 2015: 
fig. 2N) and Litovoi (Csiki-Sava et al. 2018: suppl. figs. 7A, 
B, 8F); the suture in Kogaionon is relatively convoluted and 
less pointed (Rădulescu and Samson 1997: fig. 1). By con-
trast, the posterior insertion of the frontals into the parietal 
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is generally much more rounded, essentially U-shaped, in 
djadochtatherioids (Wible et al. 2019: fig. 23D–K). 

The long process of the parietal that extends forward, 
lateral to the dorsal exposure of the frontal, to contact the 
nasal in Taeniolabis (Fig. 10a) is also seen in Lambdopsalis 
(Miao 1988: fig. 12), although such contact is less in the 
latter. Naso-parietal contact was also scored as present in 
Yubaatar by Xu et al. (2015: suppl. info. p. 4, char. 92) but 
is probably in error because such contact is elsewhere listed 
as absent (suppl. info. p. 18, char. 92) and their fig. 3b shows 
the frontal intervening between the two elements. Among 
cimolodontans, therefore, naso-parietal contact in Taenio-
labis and Lambdopsalis appears to be a unique condition 
but Wible and Rougier (2000) have also reported such con-
tact in several specimens of the paulchoffatiids Kuehneodon 
and Pseudobolodon. It appears to be absent, however, in the 
“plagiaulacidan” Glirodon (Engelmann and Callison 1999: 
figs. 1, 2).

Postorbital Process Gambaryan and Kielan-Jaworowska 
(1995: 45) concluded that the postorbital process in mul-
tituberculates “is situated on the parietal and the orbit is 
very large.” The position was regarded as different than in 
most therians in being in a relatively posterior position and 
not on the frontal (Novacek 1986). There are, however, some 
exceptions among placental mammals. For instance, some 
ctenodactyloid rodents bear a postorbital process on the pari-
etal (Wible et al. 2005) and, as noted by Gambaryan and 
Kielan-Jaworowska (1995) and Wible and Rougier (2000), 
some hyracoids have a postorbital process that receives con-
tributions from both the frontal and parietal (reviewed by 
Barrow et al. 2012). Wible and Rougier (2000: 82) elabo-
rated, in part based on more recent discoveries, that there 
are three positions of the postorbital process in multitu-
berculates: (1) “on the frontal and inconspicuous” (e.g., 
various paulchoffatiids, Ptilodus, Ectypodus), (2) “on the 
parietal and short” (e.g., Chulsanbaatar, Kamptobaatar, 
Nemegtbaatar), and (3) “on the parietal and long” (e.g., 
Catopsbaatar, Kryptobaatar). Rougier et al. (2016) added 
Djadochtatherium, Mangasbaatar, and Tombaatar to those 
taxa with long postorbital processes on the parietal. Wible 
et al. (2019) indicated that the postorbital process was prob-
ably on the parietal in Guibaatar as well. Weil and Tomida 
(2001) described the postorbital process of Meniscoessus as 
unique among multituberculates in being comprised of both 
the frontal and parietal. Despite the relatively far posterior 
position in multituberculates, Wible and Rougier (2000) 
presumed (contra Miao 1988), as do we, that the process 
in multituberculates marks the upper boundary between the 
orbit and the temporal fenestra, as it does in therians. 

The composition of the postorbital process in Lambdop-
salis has been controversial. Miao (1988) identified it as 

on the frontal, but lateral to where the parietal meets the 
nasal. Gambaryan and Kielan-Jaworowska (1995), based on 
a personal communication from Jin Meng) disagreed, and 
concluded that it was formed by the parietal. Based on this 
controversy, Rougier et al. (2016) and Wible et al. (2019) 
equivocated about the composition of the postorbital pro-
cess in Lambdopsalis. A specimen of Lambdopsalis (IVPP 
V7151.50) reexamined by Mao Fangyuan (personal commu-
nication, September 2020) confirms the conclusion that the 
postorbital process is indeed on the parietal. In addition, she 
has concluded, based on comparisons with the new material 
of Lambdopsalis, that the postorbital process in specimen 
IVPP V19029 of Sphenopsalis is also on the parietal. This 
pattern is then comparable to that in Taeniolabis (Figs. 4, 
7, and 10) and the stem taeniolabidoid Yubaatar (Xu et al. 
2015: fig. 3b).

Orbit

Bony Composition Composition of the anterior and medial 
walls of the orbit, as well as the lateral wall of the brain-
case, remains poorly known for most multituberculates 
other than djadochtatherioids. The lacrimal contributes to 
the orbital wall, including the orbital pocket (see below) 
in those djadochtatherioids for which it has been able 
to be distinguished (e.g., Nemegtbaatar – Hurum 1994; 
Kryptobaatar – Wible and Rougier 2000; Mangasbaatar 
– Rougier et al. 2016; Guibaatar – Wible et al. 2019). 
It is, however, a minor component relative to the frontal 
and maxilla. Kielan-Jaworowska et al. (2004: 266) stated 
that “[T]he lacrimal has not been found in any Tertiary 
multituberculate, including Ptilodus (Simpson, 1937a; 
Krause, 1982a) and Lambdopsalis (Miao, 1988)” (contra 
Crompton et al. 2018: fig. 1). We have concluded the same 
for Taeniolabis; it is absent (see Fig. 12 and “Lacrimals” 
above). Outside of Djadochtatherioidea, lacrimals have 
been identified in the Late Cretaceous North American 
cimolodontans Meniscoessus (Weil and Tomida 2001) and 
Filikomys (Weaver et al. 2021: char. 93) but contributions 
of the element to the orbital wall have not been recorded. 
Similarly, as elaborated above (see “Bony Composition of 
Snout”), although facial exposure of the lacrimal is scored 
as present in kogaionids (Csiki-Sava et al. 2018: char. 93), 
its condition within the orbit remains unknown. The pres-
ence or absence of a lacrimal in the microcosmodontid 
Microcosmodon could not be ascertained (Fox 2005). The 
Late Cretaceous stem taeniolabidoid Yubaatar, however, is 
reported to have a lacrimal that “occupies the anteromedial 
corner of the orbit” (Xu et al. 2015: 6). 

Whether or not the perpendicular lamina of the pala-
tine contributes to the medial orbital wall is unknown in 
Taeniolabis, simply because the sutures to evaluate the 
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condition cannot be conclusively discerned in any of the 
available specimens. Although uncertainty exists, the pala-
tine is thought to be absent from the medial orbital walls 
of paulchoffatiids (Hahn 1987; Hurum 1994), Lambdop-
salis (Miao 1988), Chulsanbaatar (Hurum 1994), Tom-
baatar (Rougier et  al. 1997), Kryptobaatar (Wible and 
Rougier 2000), Microcosmodon (Fox 2005), Catopsbaatar 
(Kielan-Jaworowska et al. 2005), Mangasbaatar (Rougier 
et al. 2016), and Guibaatar (Wible et al. 2019), seemingly 
replaced by expansion of the maxilla. The palatine was 
described or reconstructed as present in the orbits of Ectypo-
dus (Sloan 1979), Kamptobaatar (Kielan-Jaworowska 1971), 
and Nemegtbaatar (Hurum 1994, 1998a) but its presence 
in these taxa has been refuted, or at least questioned, by 
Rougier et al. (1997, 2016), Wible and Rougier (2000), and 
Wible et al. (2019). Nemegtbaatar appears to be the only 
possible remaining exception but, at the present time, Miao’s 
(1988) hypothesis that the absence of orbital exposure of the 
palatine is a synapomorphy of Multituberculata appears to 
remain viable (see also Wible 1991; Crompton et al. 2018). 

We tentatively conclude that, lacking definitive evidence 
for contributions from the lacrimal and palatine to the orbital 
wall in Taeniolabis, the wall, at least anteriorly, was likely 
composed of only the frontal and maxilla. In addition, the 
parietal formed a small posterior section of the supraorbital 
rim by way of the long process that extends forward on the 
cranial roof, lateral to (and overlapping) the frontal and the 
posterior end of the nasal, to contact the maxilla.

Position and Size Sloan (1981: fig. 6.14) concluded that the 
anterior margin of the orbit in Taeniolabis was placed too 
far anteriorly in earlier reconstructions, level with the mesial 
edge of M1 by Broom (1914: fig. 8) and level with the 
mesial edge of P4 by Granger and Simpson (1929: fig. 4). 
Sloan positioned it much farther posteriorly, level with the 
middle of M1 (see also Wible et al. 2019: fig. 21C). Corre-
spondingly, he also estimated that the orbit was much larger 
(35 mm in diameter) than reconstructed by earlier work-
ers and thereby suggested nocturnal or crepuscular habits 
for Taeniolabis. Using the distance from the anterior edge 
of I2 and the anterior edge of P4 as a guide to standard-
ize anteroposterior length, both the left and right sides of 
DMNH EPV.136300 (Fig. 6a, b) and the left side of DMNH 
EPV.95284 (Fig. 4a) demonstrate that this posterior shift by 
Sloan (1981) was probably excessive and that the anterior 
margin of the orbit lies approximately level with the mesial 
edge of M1 (see revised position in Fig. 10a–c), the same 
level as reconstructed by Broom (1914). 

Correspondingly, although there is no indication of a pos-
torbital process on the zygomatic arch of Taeniolabis (contra 
Broom 1914: figs. 6, 8; Granger and Simpson 1929: figs. 4, 
5A, 6), the presence of a protuberant postorbital process on 

the parietal sets limits on the posterior border of the eye-
ball and its associated structures. Sloan (1981: Fig. 6.14) 
depicted this process as posterior to the level of the distal 
end of the cheektooth row and also posterior to the posterior-
most extent of the maxillary-squamosal suture on the zygo-
matic arch. This placement is incorrect. DMNH EPV.95284 
(Fig. 4), DMNH EPV.134082 (Fig. 5), and AMNH 16321 
(Fig. 7) exhibit direct or indirect evidence demonstrating 
that the postorbital process lies at a level farther anteriorly, 
opposite M2 (or even the distal end of M1) and opposite 
the approximate middle of the oblique maxillary-squamosal 
suture, almost as far anteriorly as originally reconstructed 
by Granger and Simpson (1929; figs. 4, 5A) but not as far as 
reconstructed by Broom (1914: fig. 8). 

None of the available specimens has a pristinely pre-
served orbit, the DMNH specimens all exhibiting consid-
erable distortion and AMNH 16321 exhibiting breakage 
around the periphery of the orbital rims. The least damaged 
orbit is on the left side of AMNH 16321 (Fig. 7) where the 
maximum orbital diameter anterior to the postorbital process 
is only about 25 mm, almost 30% smaller than estimated 
by Sloan (1981). Based on available evidence, we conclude 
that the orbit of Taeniolabis was farther forward and much 
smaller than in Sloan (1981: fig. 6.14) reconstruction. In 
this context, we also agree with Gambaryan and Kielan-
Jaworowska’s (1995: 65) assessment that the anterior margin 
of the orbit and the postorbital process are positioned more 
anteriorly in both Taeniolabis (Fig. 10c) and Lambdopsalis 
(Miao 1988: fig. 17) than in djadochtatherioids (Wible et al. 
2019: fig. 21D–J).

Orbital Pocket The concept of an “orbital pocket” in mul-
tituberculates began with Sloan’s (1979) reconstruction of 
the jaw musculature in the neoplagiaulacid Ectypodus. It 
was seemingly predicated on the observation that there was a 
space anterior to the eyeball and its adnexa (e.g., extraocular 
muscles, fat, lacrimal gland, nerves, vessels) that could not 
have been occupied by those structures, as has also been 
speculated for the extinct South American marsupialiform 
Argyrolagidae (Simpson 1970). Sloan (1979: 495) asserted 
that this pocket, “in front of the orbit and the temporal 
muscle,” was the site of origin for the anterior deep mas-
seter muscle. From his reconstruction (fig. 3B), it is clear 
that Sloan meant a pocket in front of the eyeball but still 
within (not in front of) the osseous orbital cavity. But he 
also appears to have envisioned the muscle overlapping the 
anterior edge of the eyeball superficially (and the temporalis 
muscle overlapping the posteroventral edge superficially), 
which is unlikely. Another difficulty with Sloan’s recon-
struction, as noted by Gambaryan and Kielan-Jaworowska 
(1995), is that the eye is placed opposite the postorbital 
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process rather than anterior to it. Gambaryan and Kielan-
Jaworowska (1995) formally designated the orbital pocket 
(theca orbitalis) and identified it in djadochtatherioids as 
serving as the origin for pars anterior of the medial masse-
ter muscle (anterior deep masseter muscle of Sloan 1979), 
which inserted into the masseteric fovea on the dentary. 

Kielan-Jaworowska (1971) had earlier identified a fossa 
in the same general area in the djadochtatherioid Kampto-
baatar, later named the “orbitonasal fossa” by Kielan-
Jaworowska et al. (1986), who speculated that it contained 
a gland. Rougier et al. (1997) identified the orbital pocket 
and orbitonasal fossa as the same space (i.e., that the two 
structures were synonymous) but Gambaryan and Kielan-
Jaworowska (1995: 52) indicated that there was both an 
orbital pocket, containing pars anterior of the medial mas-
seter muscle, and an orbitonasal fossa (found in Kampto-
baatar, Sloanbaatar, and other djadochtatherioids), possibly 
containing a gland lying “at the posterodorsal end” of the 
orbital pocket (see also Wible and Rougier 2000; Kielan-
Jaworowska et al. 2004). 

Gambaryan and Kielan-Jaworowska (1995) indicated that 
the anterior part of the medial masseter “rarely” originates 
from the orbital pocket in therian mammals and cited, as 
the only extant example, bathyergid hystricomorph rodents 
(blesmols or African mole-rats). Cox and Faulkes (2014) 
and Cox et al. (2020) identified the masticatory muscle 
of bathyergids in this region as the infraorbital portion of 
the zygomaticomandibularis (= pars anterior of the medial 
masseter of Gambaryan and Kielan-Jaworowska 1995 and 
other workers but other names have also been applied; see 
nomenclature in Druzinsky et al. 2011), originating from the 
anterior wall of the orbit and the zygomatic process of the 
maxilla. In most bathergyids, the muscle’s origin is confined 
to these areas but in two forms, Cryptomys and Fukomys, a 
small slip passes through the infraorbital foramen to origi-
nate on the rostrum. 

Wible and Rougier (2000) and Wible et  al. (2019) 
reviewed the distribution of the orbital pocket in multitu-
berculates, stating that it had been observed in a number 
of djadochtherioids (e.g., Catopsbaatar, Chulsanbaatar, 
Guibaatar, Kamptobaatar, Kryptobaatar, Mangasbaatar, 
Nemegtbaatar, Sloanbaatar, and Tombaatar) as well as in 
the neoplagiaulacid Ectypodus (Sloan 1979), the taeniola-
bidid Taeniolabis (Sloan 1981), and the lambdopsalid Lamb-
dopsalis (Gambaryan and Kielan-Jaworowska 1995: 65; the 
evidence for its “reduced” existence in Lambdopsalis was in 
the form of a personal communication from Desui Maio). 
It was stated to be absent in the paulchoffatiids Meketichof-
fatia and Pseudobolodon by Wible and Rougier (2000) and 
none has been reported in the Kogaionidae (Rădulescu and 
Samson 1997; Smith and Codrea 2015; Csiki-Sava et al. 
2018), the microcosmodontid Microcosmodon (Fox 2005), 

the ptilodontid Ptilodus (Simpson 1937b; Krause and Wall 
1992), or, to our knowledge, any other multituberculate. 

Sloan (1981) opined that the space identified as the 
orbit by Broom (1914) and Granger and Simpson (1929) 
in Taeniolabis is actually the pocket for the origin of the 
anterior deep masseter muscle (= anterior part of medial 
masseter = infraorbital part of zygomaticomandibularis). 
While we cannot rule out the existence of an orbital pocket 
in Taeniolabis, the evidence for one is much less clear than 
in djadochtatherioids. In djadochtatherioids, this pocket is 
deep anterodorsally, has a well-developed roof formed by 
the frontal, lacrimal, and maxilla, is open ventrally, and is 
demarcated posteriorly by a more-or-less vertical ridge, 
the orbital ridge on the medial wall. The prominence of 
the orbital roof is particularly evident in ventral views of 
the cranium (compare those of the djadochtatherioids with 
those of the ptilodontoids and taeniolabidoids depicted by 
Wible et al. 2019: fig. 22). Such a prominent roof is not 
present in Taeniolabis (which does not have a lacrimal) and 
an orbital ridge cannot be identified in the available sample. 
We therefore conclude that, if an orbital pocket did exist in 
Taeniolabis, it was much smaller than stated by Sloan (1981) 
and certainly much smaller and shallower (relatively) than in 
djadochtatherioids. Whether the orbital cavity, if it existed, 
contained a muscle of mastication or a gland (other than the 
lacrimal gland) or both we do not know. Finally, the infraor-
bital foramen in Taeniolabis is of only modest proportions 
and therefore it seems unlikely that any part of the infraor-
bital portion of zygomaticomandibularis passed through it, 
as speculated by Sloan and Van Valen (1965) for Stygimys 
(but see Gambaryan and Kielan-Jaworowska 1995 for con-
trasting opinion).

Lateral Braincase Wall

Composition Unfortunately, sutures in the lateral braincase 
wall in the available specimens of Taeniolabis cannot be 
identified, thus rendering moot any possible comparisons 
concerning relative contributions with other multitubercu-
lates. The situation is further exacerbated by the fact that 
sutures in the lateral wall of the braincase are indeed gener-
ally very difficult to identify and poorly known in multitu-
berculates (Kielan-Jaworowska et al. 2004; Crompton et al. 
2018).

Foramina Similarly, foramina in the lateral wall of the 
braincase are exceedingly difficult to discern in the avail-
able specimens of Taeniolabis, with the exception of a pos-
sible foramen (and groove) for the ramus superior of the 
stapedial artery in DMNH EPV.95284 and UCMP 98083 
(?rsf and ?rsg in Figs. 4b and 8b, respectively) and what 
appears to be a single large foramen for the mandibular 
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division of the trigeminal nerve in UCMP 98083 (fmV in 
Fig. 14d). Typically, multituberculates have two foramina 
for the mandibular division of the trigeminal nerve in the 
anterior lamina and/or petrosal, which, following Simpson 
(1937b) and Wible and Rougier (2000), are identified as 
the foramen ovale inferium and the foramen masticatorium. 
This is the case for the paulchoffatiids Kuehneodon and 
Pseudobolodon, the ptilodontoids Ptilodus and Mesodma, 
and the djadochtatherioids Catopsbaatar, Chulsanbaatar, 
Kamptobaatar, Kryptobaatar, Nemegtbaatar, Sloanbaatar, 
and cf. Tombaatar (Wible and Hopson 1995; Wible and 
Rougier 2000; Ladevèze et al. 2010). Two foramina are 
also described for Lambdopsalis, but they are said to be 
in the alisphenoid (Miao 1988). Four foramina are noted 
for Mangasbaatar, of which three are considered to rep-
resent the foramen masticatorium (Rougier et al. 2016). 
The condition in Taeniolabis appears to be most similar 
to Guibaatar (Wible et al. 2019), with a single large fora-
men, although, as has been noted for Guibaatar, we cannot 
exclude the possible presence of a bony bar separating the 
foramen.

Mesocranium

Ridges and Troughs Posterior to the Choanae Based on 
descriptions and illustrations in the literature, there appear to 
be several documented patterns of ridges and troughs in the 
ventral part of the mesocranium (in the basipharyngeal canal 
lying posterior to the choanae and anterior to the basioccipi-
tal) of multituberculates: (1) the Late Jurassic paulchoffatiid 
Pseudobolodon and the Paleocene ptilodontid Ptilodus have 
paired, longitudinally oriented pterygopalatine ridges (sensu 
Barghusen 1986) medial to the ventral margin of the alis-
phenoid and lateral to the vomer, presphenoid, and basisphe-
noid in the midline, with the resulting lateral pterygopalatine 
trough being substantially narrower and less deep than the 
medial trough (Hahn 1981; Wible and Rougier 2000); (2) Late 
Cretaceous djadochtatherioids such as Bulganbaatar (Kielan-
Jaworowska 1974), Catopsbaatar (Kielan-Jaworowska et al. 
2005), Chulsanbaatar (Kielan-Jaworowska 1974; Kielan-
Jaworowska et al. 1986), Kamptobaatar (Kielan-Jaworowska 
1970a, 1970b, 1971), Kryptobaatar (Wible and Rougier 
2000), and Nemegtbaatar (Kielan-Jaworowska 1974; Kielan-
Jaworowska et al. 1986) also have a medial and a lateral 
pterygopalatine trough on each side but they are much more 
equal in development (Kielan-Jaworowska 1971; Kielan-
Jaworowska et al. 1986; Wible and Rougier 2000); (3) the Late 
Cretaceous djadochtatheriids Guibaatar (Wible et al. 2019) 
and Mangasbaatar (Rougier et al. 2016), lacking a promi-
nent vomer in the mesocranium, have only a single medial 
basipharyngeal channel, bounded by the left and right ptery-
gopalatine ridges; and (4) the Paleocene Lambdopsalis does 
not have pterygopalatine ridges and there is therefore only a 

single trough between the lateral wall of the basipharyngeal 
canal and the midline crest formed by the vomer, presphenoid, 
and basisphenoid (Miao 1988). Although this region is not 
particularly well preserved and does not show any sutures in 
any of the specimens of Taeniolabis, it appears to resemble the 
condition in Lambdopsalis in this regard. Kielan-Jaworowska 
(1970b, 1974) and Kielan-Jaworowska and Hurum (1997) 
have emphasized the significance of the position of the ptery-
goid bones, medial to the lateral walls of the basipharyngeal 
canal, as a possible multituberculate synapomorphy but this 
condition does not appear to apply to Lambdopsalis and Tae-
niolabis. Wible and Rougier (2000) and Rougier et al. (2016) 
discussed possible functions of the pterygopalatine troughs.

Basicranium

Petrosal The promontorium in Taeniolabis is tubular, slender, 
and anteromedially-posterolaterally oriented, as it is in other mul-
tituberculates (Miao 1988; Wible and Rougier 2000; Ladevèze 
et al. 2010; Rougier et al. 2016; Wible et al. 2019). Taeniola-
bis does not appear to bear any distinct grooves for the internal 
carotid or stapedial arteries on the promontorium, although this 
might be owing to poor surface preservation. Several multitu-
berculates exhibit a Y-shaped pattern of grooves on the prom-
ontorium for the internal carotid artery passing anteriorly and 
the stapedial artery passing posteriorly toward the fenestra ves-
tibuli. This pattern is clearly identifiable in the djadochtatheri-
oids Kryptobaatar (Wible and Rougier 2000), cf. Tombaatar 
(Ladevèze et al. 2010), and Mangasbaatar (Rougier et al. 2016), 
as well as in the ptilodontoid Ectypodus (Sloan 1979). In addi-
tion, Wible and Hopson (1995) and Kielan-Jaworowska et al. 
(1986) reconstructed the stapedial artery as crossing the promon-
torium posterolaterally from the internal carotid artery toward the 
fenestra vestibuli in Valenopsalis joyneri (previously a species of 
Catopsalis – see Williamson et al. 2016). A groove for the proxi-
mal stapedial artery is also indicated along the lateral aspect of 
the promontorium passing toward the fenestra vestibuli in Litovoi 
(Csiki-Sava et al. 2018: fig. S6); a transpromontorial groove for 
the internal carotid is not illustrated. Miao (1988: 30) described a 
groove for the stapedial artery “along the lateral side of the prom-
ontorium” passing anteromedially from the posteromedial rim of 
the fenestra vestibuli. In contrast, the transpromontorial groove 
for the internal carotid artery and the groove for the stapedial 
artery are absent in Guibaatar (Wible et al. 2019). Only a slight 
indentation on the ventral margin of the fenestra vestibuli as well 
as the presence of a foramen medial to the crista parotica indicate 
the presence of the stapedial artery in Guibaatar. Absence of a 
stapedial groove is also noted for paulchoffatiids (Lillegraven 
and Hahn 1993). 

Similar to the condition in other multituberculates, the 
lateral flange contacts the promontorium medially in Taen-
iolabis; it is however unclear whether the medially inflected 
lateral flange houses a separate canal for the ramus inferior 
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of the stapedial artery and/or the post-trigeminal vein. A 
small foramen is present at the contact between the lateral 
flange and promontorium, but its course cannot be traced. 
In most multituberculates, the stapedial artery is recon-
structed to branch into a superior ramus, passing through 
the crista parotica, and an inferior ramus passing anteriorly 
within the lateral space with the facial nerve (between the 
lateral flange and promontorium). A canal for the ramus 
inferior (canal for ?maxillary artery of Kielan-Jaworowska 
et al. 1986; post-trigeminal canal of Rougier et al. 1996a) 
within the medially inflected lateral flange has been identi-
fied in the ptilodontoid cf. Mesodma (Kielan-Jaworowska 
et al. 1986; Wible and Hopson 1995), the taeniolabidoids 
cf. “Catopsalis/Valenopsalis” (Kielan-Jaworowska et al. 
1986; Wible and Hopson 1995) and Lambdopsalis (Miao 
1988), the djadochtatherioid Kryptobaatar (Wible and 
Rougier 2000), and the cimolomyid ?Meniscoessus (Luo 
1989). In contrast, the ramus inferior and post-trigeminal 
vein are reconstructed to pass with the facial nerve through 
the secondary facial foramen endocranially into the cavum 
supracochleare and cavum epiptericum in Guibaatar (Wible 
et al. 2019). 

In addition to variation in pathways for the canal for 
the ramus inferior, various patterns exist for passage of 
the ramus superior of the stapedial artery, prootic sinus 
(tympanic aperture of the prootic canal), and facial nerve 
(secondary facial foramen) among multituberculates. 
Several other foramina merge in three different patterns: 
(1) the prootic canal and ramus superior foramen are 
confluent (cf. Mesodma – Wible and Hopson 1995; cf. 
“?Catopsalis/Valenopsalis” – Wible and Hopson 1995; 
Kryptobaatar – Wible and Rougier 2000; Mangasbaatar 
– Rougier et al. 2016), (2) the prootic canal and second-
ary facial foramen are confluent (cf. Tombaatar – Ladevèze 
et al. 2010), or (3) all are separated (?Meniscoessus – Luo 
1989; Chulsanbaatar – Wible and Rougier 2000; Guibaatar 
– Wible et al. 2019). Because of poor preservation in the 
available specimens, the pattern is unclear in Taeniolabis. 
The jugular fossa is large in Taeniolabis. 

The jugular fossa is scored as ‘large and deep’ in all Dja-
dochtatherioidea for which this feature is known, as well as 
in Lambdopsalis (Rougier et al. 2016; Wible et al. 2019). 
Although the poor preservation of the Taeniolabis speci-
mens prevents a precise reconstruction of the boundaries 
of the fossa, it is clear that it was likewise large and deep. 
In contrast, Wible and Rougier (2000) described the jugular 
fossa as shallow but not necessarily small in the ptilodon-
toids Ptilodus and Ectypodus, with it being scored as ‘small 
and shallow’ in Ptilodus by Rougier et al. (2016) and in 
the basal multituberculate Pseudobolodon by Wible et al. 
(2019). 

The paroccipital process is small and knob-like in Tae-
niolabis, much smaller and less bulbous than speculatively 

reconstructed by Granger and Simpson (1929: fig. 5B). Miao 
(1988: 70) described the paroccipital process in Lambdop-
salis as “distinct” and “rounded” but Wible and Rougier 
(2000: 94) characterized it as “triangular and posterolaterally 
expanded.” A triangular paroccipital process is noted for 
Meketichoffatia (V.J. 446–155), Chulsanbaatar, Kampto-
baatar, Kryptobaatar, Nemegtbaatar, and Sloanbaatar 
whereas it is described as finger-like in Ectypodus, and as 
expanded posterolaterally in Pseudobolodon (V.J. 450–155) 
and Ptilodus (Wible and Rougier 2000). Similar to their 
positions in some djadochtatherioids (e.g., Kryptobaatar – 
Wible and Rougier 2000; Mangasbaatar – Rougier et al. 
2016; Guibaatar – Wible et al. 2019), the crista interfenes-
tralis and crista parotica contact the paroccipital process in 
Taeniolabis.

Inner Ear Even with the increasing use of µCT scanning, 
publications based on virtually reconstructed endocasts of 
multituberculate inner ears, capable of capturing the external 
and internal morphology of the petrosal in great detail, are 
still relatively sparse. The most detailed description based on 
a µCT scan of the inner ear of the djadochtatherioid cf. Tom-
baatar was published by Ladevèze et al. (2010), but the reso-
lution of the scan and preservation of the specimen left open 
several questions about morphology. A more recent study by 
Csiki-Sava et al. (2018: suppl. fig. 6) provided images and 
a brief description of the inner ear of the kogaionid Litovoi 
but did not provide the detail sufficient for a full compari-
son with those of other multituberculates. An image of a 
3D reconstructed inner ear of the cimolomyid Meniscoes-
sus is included in Luo et al. (2016: fig. 6.9), in addition to 
a description based on low-resolution CT scans by Luo and 
Ketten (1991), and a published abstract by Weil and Tomida 
(2017). Conference abstracts based on 3D reconstructed 
inner ears have also been published for the paulchoffatiid 
Pseudobolodon (Schultz and Martin 2015) and the neopla-
giaulacid Neoplagiaulax (Kotrappa and Farke 2015). To 
date, the most detailed descriptions of multituberculate inner 
ear morphology are based on fragmented petrosal morphol-
ogy, histological thin sections, or x-ray or low-resolution 
CT scanning, including those of the closely related taenio-
labidoid Lambdopsalis (Miao 1988; Meng and Wyss 1995), 
several paulchoffatiids (Lillegraven and Hahn 1993), the dja-
dochtatherioids Chulsanbaatar and Nemegtbaatar (Hurum 
1998b), and three not further specified multituberculate pet-
rosals from the Hell Creek Formation (Fox and Meng 1997). 
As such, the inner ear of Taeniolabis (Fig. 15), even though 
not pristinely preserved, provides valuable insight into the 
inner ear morphology of multituberculates. 

All multituberculates known to date exhibit a cochlear 
canal that is only gently bent laterally, if at all. Impact-
ing a comparison in degree of curvature of the cochlear 
canal among multituberculates is a paucity of accurate and 
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comparable measurements. In many cases, comparisons are 
solely reliant on qualitative descriptions of very small dif-
ferences in degree of bending. For example, Miao (1988) 
described the cochlear canal as “straight” in Lambdopsalis, 
confirmed by Luo and Ketten (1991), whereas Meng and 
Wyss (1995: 142) stated that it “bends slightly laterally.” 
Based on the images provided by Meng and Wyss (1995: 
fig. 2b), we concur that the cochlear canal appears to slightly 
bend laterally in Lambdopsalis, perhaps a little less so than 
that in Taeniolabis (49°). A “rod-like and straight” mor-
phology was noted by Luo and Ketten (1991: 225) for Vale-
nopsalis and ?Meniscoessus, but Luo et al. (2016: fig. 6.9) 
illustrated, with higher-resolution imaging, a slight bend-
ing in the 3D reconstruction of the Meniscoessus coch-
lear canal. This is supported by Weil and Tomida (2017), 
who described the cochlear canal as “curved.” A “slightly 
curved” cochlear canal has also been previously mentioned 
for Ptilodus (Simpson 1937b: 751), the unidentified mul-
tituberculates from Hell Creek (Fox and Meng 1997: 274), 
and cf. Tombaatar (Ladevèze et al. 2010: 325). Whether the 
cochlear canal is straight or slightly bent or variable in dja-
dochtatherioids is uncertain. Hurum (1998b: 83) described 
the cochlear canal as “straight” in Nemegtbaatar and Chul-
sanbaatar, although a very slight lateral bend can be seen 
in at least Chulsanbaatar (ZPal MgM-I/157), but high- 
resolution µCT reconstructions would be necessary to more 
accurately measure the degree of curvature in those forms. 
More recently, the djadochtatheriid Guibaatar was described 
as having a cochlear canal that is “subtly more curved later-
ally” than in Nemegtbaatar and Chulsanbaatar (Wible et al. 
2019: 293). The degree of curvature is greater in the koigao-
nid Litovoi (76° based on measurements of Csiki-Sava et al. 
2018: suppl. fig. 6d) and even greater in the paulchoffatiid 
Pseudobolodon (180°; Schultz and Martin 2015). Although 
some variation in the degree of curvature of the cochlear 
canal appears to be present in multituberculates, the cochlear 
canal appears to be much less curved in multituberculates 
than in gondwanatherians (210°, Hoffmann and Kirk 2020), 
basal cladotherians (> 270°, Rougier et al. 1992; Ruf et al. 
2009; Luo et al. 2011, 2012; Harper and Rougier 2019), 
monotremes (> 140°, Schultz et al. 2017), and docodontans 
(Ruf et al. 2013; Panciroli et al. 2018), but is greater than in 
the eutriconodontan Priacodon and the stem therian Höövör 
petrosals (Harper and Rougier 2019). The relatively gentle 
bending of the cochlear canal in some derived multituber-
culates might be an apomorphic feature of these groups as 
lateral bending to a greater degree (< 140°) is common in 
mammaliaforms and appears to also be present in the most 
basal multituberculates, paulchoffatiids. 

The cochlear canal takes up 8.1–9.1% of cranial length 
in Taeniolabis (based on the juvenile specimen UCMP 
98083, Fig. 15), which is shorter than in Lambdopsalis 
(13.4%; Meng and Wyss 1995), but comparable in length 

to Valenopsalis (8.1%; Luo and Ketten 1991), ?Meniscoes-
sus (7.3%; Luo and Ketten 1991), and the djadochtatheri-
oids Nemegtbaatar (6.7%; Hurum 1998b), Chulsanbaatar 
(9.5%; Hurum 1998b), and cf. Tombaatar (9.5%; Ladevèze 
et al. 2010). In comparison to other Mesozoic cynodonts, 
the cochlear canals in multituberculates are relatively longer 
compared to cranial length (e.g., 2.6–6.3% of cranial length 
in basal non-mammalian cynodonts; Graybeal et al. 1989; 
Luo and Ketten 1991; Luo et al. 1995). 

It is unclear whether the cochlear canal in multituber-
culates contained a lagena macula similar to that of extant 
monotremes. Several multituberculates exhibit a slightly 
expanded apex of the cochlear canal but none of them shows 
any signs of a separate canal for the lagenar nerve. A gen-
tle expansion of the apex is present in Taeniolabis. Miao 
(1988) did not discuss the presence or absence of a lagena 
in the closely related Lambdopsalis, but Meng and Wyss 
(1995: 142) described the basal part of the cochlear canal 
as “slightly narrower” than the anterior part; they did not, 
however, specifically tie this to the presence of a lagena. 
However, the cochlear canal in Lambdopsalis appears to be 
gently enlarged to a similar degree as in Taeniolabis (Meng 
and Wyss 1995: fig. 2c). In Valenopsalis and ?Meniscoes-
sus, the apex of the cochlear canal does not appear to be 
inflated in the reconstructions provided by Luo and Ketten 
(1991: fig. 3a, b), but Weil and Tomida (2017) noted an 
inflated apex for Meniscoessus, which is corroborated by the 
reconstruction provided in Luo et al. (2016: fig. 6.10). The 
early studies by Luo and Ketten (1991) and Luo et al. (1995) 
employed relatively coarse CT data, which might have not 
provided the high resolution necessary to detect such an 
inflation. Presence of a lagena has also been suggested based 
on apical inflation in one of the unidentified multitubercu-
lates (UALVP 26039) from the Hell Creek Formation (but 
not in UALVP 34144 and UALVP 26037; Fox and Meng 
1997), the paulchoffatiid Pseudobolodon (Schultz and Mar-
tin 2015), the djadochtatherioid cf. Tombaatar (Ladevèze 
et al. 2010), and the kogaionid Litovoi (Csiki-Sava et al. 
2018), whereas the cochlear canal has been described as 
straight and not showing “any signs of a lagena” in Chulsan-
baatar and Nemegtbaatar (Hurum 1998b: 83). 

Whether a bony support system for the cochlear nerve 
(e.g., cribriform plate, primary bony lamina, secondary bony 
lamina, osseous ganglion canal) was present in Taeniola-
bis is uncertain due to poor preservation in the available 
specimens. The cochlear nerve appears to enter the cochlear 
canal through a single foramen, but the contrast between the 
sediment infill and bone is so poor in all of the specimens 
that it is impossible to differentiate any internal morphol-
ogy of the cochlear canal. However, presence of a single 
cochlear foramen would be consistent with other descrip-
tions of multituberculate inner ears. Most multituberculates 
described to date lack a cribriform plate and the cochlear 
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nerve enters through a single foramen (e.g., Meng and Wyss 
1995; Fox and Meng 1997; Ladevèze et al. 2010; Luo et al. 
2016; Csiki-Sava et al. 2018; Wible et al. 2019). In addition, 
Fox and Meng (1997) described a longitudinal ridge on the 
inner surface of the lateral wall of the cochlear canal in an 
unidentified multituberculate (UALVP 26039) from the Hell 
Creek Formation as marking the most proximal course of the 
cochlear nerve within the canal. Similarly, a bony primary or 
secondary lamina is absent in most multituberculates (e.g., 
Meng and Wyss 1995; Schultz and Martin 2015; Csiki-Sava 
et al. 2018), although possible fragments within the cochlear 
canal that could represent bony laminae have been noted 
for some djadochtatherioids (Hurum 1998b; Ladevèze et al. 
2010). 

The most prominent feature of the multituberculate inner 
ear is the enlarged vestibule.  The greatest enlargements are 
seen in Lambdopsalis, Meniscoessus, Valenopsalis, and at 
least one of the Hell Creek multituberculates, UALVP 26039 
(Miao 1988; Luo and Ketten 1991; Meng and Wyss 1995; 
Fox and Meng 1997; Luo et al. 2016; Weil and Tomida 
2017). The vestibule of Taeniolabis is also expanded, but not 
quite to the same degree as in those taxa. In Lambdopsalis, 
the expansion of the vestibule is so great that the endocast of 
the lateral and even part of that of the posterior semicircular 
canal are confluent with the endocast of the vestibule; at 
least the osseous lateral semicircular canal is also confluent 
with the osseous housing of the vestibule in Meniscoessus. 
This is not the case in Taeniolabis; all osseous semicircular 
canals are free from the vestibule. 

A similar degree of inflation is reported in Neoplagiaulax 
(Kotrappa and Farke 2015). The vestibule is even less 
inflated in Djadochtatherioidea (Hurum 1998b; Ladevèze 
et al. 2010; Wible et al. 2019), but is still larger than the 
vestibule of monotremes (Hurum 1998b). The vestibule 
does not appear to be particularly inflated in paulchoffatiids  
(Lillegraven and Hahn 1993), the kogaionid Litovoi (Csiki-
Sava et al. 2018), the ptilodontid Ptilodus (Simpson 1937b), 
and one of the Hell Creek multituberculates, UALVP 34144 
(Fox and Meng 1997). Inflated vestibules are not known in 
any other Mesozoic mammaliaforms. 

In most multituberculates, the anterior and posterior 
semicircular canals fuse to form a crus commune, whereas 
the lateral and posterior semicircular canals remain sepa-
rate (i.e., absence of a secondary crus commune). This is at 
least the case in Lambdopsalis, Meniscoessus, Taeniolabis, 
and Nemegtbaatar (Meng and Wyss 1995; Hurum 1998b; 
Luo et al. 2016). A very short secondary crus commune is 
present in cf. Tombaatar (Ladevèze et al. 2010) and the lat-
eral semicircular canal is too incomplete in Litovoi to assess 
whether a secondary crus commune is present (Csiki-Sava 
et al. 2018). The size of the radius of curvature of semicircu-
lar canals varies across multituberculates. In Lambdopsalis, 
the lateral semicircular canal is much larger than either the 

anterior or posterior canal, likely due to the presence of a 
greatly inflated vestibule (Hurum 1998b). In the paulchof-
fatiid Pseudobolodon, the anterior semicircular canal is 
much larger than either the posterior or lateral canal (Schultz 
and Martin 2015), whereas the semicircular canals are fairly 
similar in size in Nemegtbaatar (Hurum 1998b), cf. Tom-
baatar (Ladevèze et al. 2010), and Taeniolabis.

Occipital Region

This region is surprisingly poorly known in multitubercu-
lates. Kielan-Jaworowska et al. (2004: 268) stated that, with 
the exception of djadochtatherioids (e.g., Kamptobaatar and 
Sloanbaatar, Kielan-Jaworowska 1971; Kryptobaatar, Wible 
and Rougier 2000) and Lambdopsalis (see Maio 1988), the 
occipital plate has not been reconstructed in any other mul-
tituberculate. Since then, a partial cranium of the kogaio-
nid Litovoi preserving much of the occiput was discovered 
although few anatomical details were described or illustrated 
(Csiki-Sava et al. 2018: suppl. fig. 3E). We can now add 
Taeniolabis to the list of multituberculate taxa preserving 
the occipital region, and some indications of overall propor-
tions but, unfortunately, none of the specimens in our sample 
allows delineation of sutures between the occipital bone and 
the other elements that make up the occiput. We are there-
fore unable to ascertain, for instance, if the parietal contrib-
uted to the occipital plate, or if it was restricted to the dorsal 
cranial roof, as in djadochtatherioids such as Kamptobaatar, 
Kryptobaatar, and Sloanbaatar (Kielan-Jaworowska 1971; 
Wible and Rougier 2000), the stem taeniolabidoid Yubaatar 
(Xu et al. 2015), and the lambdopsalid Lambdopsalis (Miao 
1988). In these forms, the suture between the parietal and the 
occipital appears to follow, if not bisect, the nuchal crests. In 
Mangasbaatar, the supraoccipital portion of the occipital does 
not reach the nuchal crest but is very close to it (Rougier et al. 
2016). Also, one important distinction between the occipital 
regions in Taeniolabis and Lambdopsalis is that, in the for-
mer, it is concave (best seen in DMNH EPV.95284 [Fig. 4f] 
and DMNH EPV.134082 [Fig. 5f]), whereas in the latter, it is 
strongly convex, a result of the inflated vestibular apparatus 
(Miao 1988: figs. 12, 17, 18).

No sutures are recognized between the various com-
ponents of the occipital (supraoccipital, paired exoccipi-
tals, basioccipital) in the adult specimens in our sample 
of Taeniolabis. Intra-occipital synchondroses are gener-
ally the earliest among cranial sutures to fuse, at least in 
extant mammals (e.g., Wilson and Sánchez-Villagra 2009; 
Goswami et al. 2013; Rager et al. 2014), and are typically 
fused in multituberculates (Kielan-Jaworowska et al. 1986). 
Wible and Rougier (2000: fig. 16), however, documented 
a suture between the exoccipitals and the supraoccipital in 
one specimen (PSS-MAE 101) of Kryptobaatar and Rougier  
et al. (2016) identified sutures within the occipital bone 
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in Mangasbaatar. Similarly, we see evidence of sutures 
between the paired exoccipitals and the supraoccipital in 
the juvenile cranium (UCMP 98083, Fig. 8f) of T. taoensis. 
As for Kryptobaatar and Mangasbaatar, the supraoccipital 
of Taeniolabis appears to contribute a short, median portion 
of the dorsal margin of the foramen magnum, as is also the 
case in most non-mammaliaform cynodonts and fossil and 
extant mammaliaforms (reviewed in Krause et al. 2014b).

The shape of the foramen magnum in Taeniolabis is unu-
sual among multituberculates in being triangular (DMNH 
EPV.95284, Fig. 4f; DMNH EPV.134082, Fig. 5f), with mod-
erately sharp corners (although those preserved in the juvenile 
cranium UCMP 98083 appear to be more rounded [Fig. 8f]). 
By contrast, that of Lambdopsalis is described as being an 
“elongated oval with its greater axis being horizontally placed” 
(Miao 1988: 84, fig. 28). Those of Yubaatar (Xu et al. 2015: 
fig. 3a) and Ptilodus (Broom 1914; fig. 3; Simpson 1937b; 
fig. 2F) also appear to be evenly rounded. That of Krypto-
baatar is irregular in shape but also lacks sharp corners and 
is certainly not triangular (Wible and Rougier 2000: fig. 35). 
The odontoid notch in Yubaatar appears to be U-shaped and 
deep (Xu et al. 2015: fig. 3a) rather than more V-shaped and 
relatively shallow as in Taeniolabis (Fig. 10b). That of Ptilodus 
is shallower still (Broom 1914; fig. 3; Simpson 1937b; fig. 5). 
Finally, the occipital condyles of Taeniolabis (Fig. 10a–c, e) 
appear to be less closely spaced than in Ptilodus (Simpson, 
1937b: fig. 6) and more posteriorly positioned relative to the 
rest of the occiput than in Lambdopsalis (Miao 1988: fig. 18).

Dentary

Direct examination of DMNH EPV.130973 (Fig. 9a–c) and 
AMNH 16310 (Fig. 9d–f), and indirect evaluation of sev-
eral AMNH specimens (Fig. 3e–n) from the San Juan Basin 
through high-resolution photographs, contribute several fun-
damentally new aspects to our knowledge of dentary mor-
phology in Taeniolabis taoensis, most of them pertaining to 
the ascending ramus. The mandibular condyle is not as large 
and globular and it is not suspended on a long, posterodor-
sally directed neck (peduncle), as depicted in previous recon-
structions. The coronoid process is intermediate in height 
relative to some earlier reconstructions and the position of 
its anterior border is more variable than previously charac-
terized, thus eliminating a feature thought to differentiate T. 
taoensis from T. lamberti (see below). We can also establish 
that a masseteric protuberance is not present in T. taoensis 
(contra Kielan-Jaworowska et al. 2005) but that a masseteric 
fovea is present in the anterior part of the masseteric fossa.

Among other taeniolabidids, the dentary of the congeneric 
T. lamberti is represented by a single specimen, the holotype 
(CCM 70–110; Simmons 1987), but is unknown for Kim-
betopsalis simmonsae, although Williamson et al. (2016) 
allowed that an edentulous horizontal ramus (AMNH 3030) 

referred by Sloan (1981) to Catopsalis foliatus might pos-
sibly be referable to K. simmonsae (Lucas et al. 1997 had 
earlier suggested that AMNH 3030 might belong to Taen-
iolabis). Simmons (1987) contended that the coronoid pro-
cess in T. lamberti arises from lateral to the anterior half 
of m2 whereas that of T. taoensis arises from lateral to the 
posterior half of m1. The dentaries of T. taoensis described 
above indicate that there is variation in this feature, therefore 
likely eliminating this character as one that differentiates the 
two species. In other comparable parts of their anatomy, the 
dentaries of T. taoensis and T. lamberti also appear to be 
very similar, other than the tentative observation by Simmons 
(1987: 802) that the latter “appears slightly smaller and less 
massive.” Although most comparable measurements of the 
dentary are not possible, the width of the horizontal ramus 
below m1 (12.1 mm in CCM 70–110; 14.6 mm in DMNH 
EPV.130973; 14.9 mm in AMNH 16310) and the relative 
lengths of the cheektooth row (34.1 mm in CCM 70–110, 
Simmons 1987, 36.5 mm in DMNH EPV.130973, 38.2 mm 
in AMNH 16310) support this observation.

In the sister group of taeniolabidids, the lambdopsalids, 
consisting of Lambdopsalis bulla and Sphenopsalis nobi-
lis, the dentary is well known in the former (Miao 1986: 
fig. 7; 1988: figs. 4, 26, 31, 32). The horizontal ramus of 
the dentary of L. bulla resembles that of T. taoensis in a 
number of features but is generally more slender, does not 
exhibit strong divisions within the masseteric fossa, and the 
mental foramen is more anteriorly positioned. The ascend-
ing ramus of L. bulla, however, is very different from that 
of T. taoensis in the following features: (1) longer condylar 
neck; (2) relatively larger and more posteriorly (rather than 
posterodorsally) directed condyle; (3) more deeply incised 
mandibular notch; and (4) lower, more reclined coronoid 
process. Finally, the ventral margin of the dentary in L. 
bulla, although broad and strongly tilted (Miao 1988: fig. 4) 
is straighter (less sinuous) than that of T. taoensis in lateral 
view.

In the only other currently accepted lambdopsalid, Sphe-
nopsalis nobilis, the dentary is represented only by a few 
fragments (Mao et al. 2016). Of the fragments illustrated in 
Mao et al. (2016: figs. 6, 7), there is nothing that would con-
clusively distinguish S. nobilis from T. taoensis in dentary 
morphology but Mao et al. (2016: 438) refer to the presence 
of “a long condylar process that continues posteriorly to the 
mandibular condyle” and a “bulbous” condyle in the former, 
both of which are not present in T. taoensis.

In Prionessus, a genus whose inclusion in Lambdopsalidae 
is debated (Xu et al. 2015; Mao et al. 2016; Scott et al. 2016; 
Williamson et al. 2016; Csiki-Sava et al. 2018), the dentary 
is represented by an edentulous, fragmentary specimen (the 
holotype, AMNH 20423 – Matthew and Granger 1925: fig. 6), 
an even more fragmentary specimen preserving m1–2 (AMNH 
21710 – Matthew et al. 1928: fig. 1), and most of a horizontal 
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ramus bearing i1, p4, m1–2 (IVPP 11132 – Meng et al. 1998: 
fig. 3b). Little can be gleaned from the illustrations of these 
specimens that would serve to differentiate them from the den-
tary of T. taoensis, except perhaps that the dentary of Priones-
sus is more gracile, with a ventral border that is more sinuous, 
and a diastema that is less strongly concave dorsally.

Among taeniolabidoids outside of taeniolabidids and 
lambdopsalids, the dentary is known in the controversial 
genus Catopsalis, which is generally recognized to be not 
monophyletic (e.g., Simmons and Miao 1986; Williamson 
et al. 2016). Although C. calgariensis (see Russell 1926; 
Simpson 1927; Middleton 1982; Higgins 2003), C. wad-
dleae (see Buckley 1995; Johnston and Fox 1984), and C. 
kakwa (see Scott et al. 2016) are only known from isolated 
teeth, the dentary is at least partially known in specimens 
of C. alexanderi, C. fissidens, and C. foliatus. Concern-
ing the dentary of C. alexanderi, Middleton (1982: 1201) 
stated, “Granger and Simpson (1929: p. 611) description 
of the mandible of Taeniolabis would serve equally well 
for C. alexanderi. The jaw is not quite as robust; the mas-
seteric fossa not as sharply defined anteriorly.” In addition 
to these observations, it appears (see Middleton 1982: pl. 1, 
figs. 1, 2, 4) that the anterior limit of the masseteric fossa 
lies opposite the embrasure between m1 and m2 rather than 
below p4 as in T. taoensis. Furthermore, although much of 
the posterior and dorsal portions of the ascending ramus are 
not preserved, it appears that the mandibular condyle is not 
suspended by a long neck, as is also the case in T. taoensis, 
but that the posteroventral margin is less rounded and the 
ventral margin is straighter (less sinuous) than in T. taoensis 
(see also Kielan-Jaworowska and Sloan 1979: fig. 2D).

A robust dentary fragment of Catopsalis foliatus (AMNH 
3035) containing p4, m1–2 and illustrated by Granger and 
Simpson (1929: fig. 10; see also Matthew 1937: fig. 75, 
Kielan-Jaworowska and Sloan 1979: fig. 2E, Lucas et al. 
1997: figs. 2–1, 3–2) in medial view, reveals little other than 
the deep excavation of the pterygoid fossa posterior to m2 
and the flat, tilted (from ventrolateral to dorsomedial) ventral 
surface below the anterior portion of the pterygoid fossa. In 
these features, it closely resembles the dentary of T. taoensis. 
Although fragments of the dentary of C. fissidens are known 
(Granger and Simpson 1929; Lucas et al. 1997; Williamson 
et al. 2016), none appear to be sufficiently complete to yield 
any useful comparative information other than that the ante-
rior border of the coronoid process appears to arise opposite 
the embrasure between m1 and m2 or just anterior to it (Lucas 
et al. 1997; fig. 2–9, 10; Williamson et al. 2016; fig. 3D). Even 
more basal within Taeniolabidoidea is Valenopsalis joyneri, 
previously regarded as a species of Catopsalis (Williamson 
et al. 2016: figs. 4, 5). Unfortunately, dentaries have not been 
described for this species.

Yubaatar zhongyuanensis is currently regarded as the 
immediate outgroup to Taeniolabidoidea (Xu et al. 2015; 

see also Csiki-Sava et al. 2018) and is represented by both 
dentaries in the holotype and only known specimen. Relative 
to the dentary of T. taoensis, that of Y. zhongyuanensis is 
longer (relative to depth) and more slender, i1 is less erect, 
the anterior border of the masseteric fossa is farther poste-
rior (below m1 rather than below p4), the coronoid process 
begins farther posterior (its anterior margin lying opposite 
m2), and the pterygoid fossa appears to be less deeply exca-
vated (Xu et al. 2015: figs. 2, 4a [mislabeled as part d]). 
The peduncle for the mandibular condyle, however, is less 
stalk-like (indeed, it is described as not having a neck) and 
the condyle is more dorsally directed than in Lambdopsalis 
bulla and, in this regard, more closely resembles the den-
taries of T. taoensis.

The ventral surface of the dentary in taeniolabidoids 
appears to be broad, flat, and strongly tilted (from ventro-
lateral to dorsomedial in coronal section) in the areas below 
the molars and the pterygoid fossa. This condition is present 
in at least Taeniolabis (Figs. 2h, 3d, h, j, 8h, 9b, e and 10h; 
Simmons 1987: fig. 4.1) and Catopsalis (Kielan-Jaworowska 
and Sloan 1979: fig. 2E; Lucas et al. 1997: fig. 3.1, 3.2, 3.5) 
and, seemingly, in Lambdopsalis (Miao 1988: figs. 26, 32) 
and Prionessus (Matthew and Granger 1925: fig. 6) and does 
not appear to be present, or at least as strongly developed, 
in other cimolodontan taxa. Earlier-branching forms such as 
paulchoffatiids (e.g., Kuhneodon – Hahn 1969: figs. 17, 18; 
Hahn 1978a: fig. 10; Meketibolodon – Martin 2018: fig. 45) 
and eobaatarids (e.g., Sinobaatar – Kusuhashi et al. 2009: 
figs. 8, 16) also exhibit a flat ventral surface posteriorly 
but it appears to be untilted or even tilted in the opposite 
orientation, from ventromedial to dorsolateral. This may 
indicate that a broad, flat, and strongly tilted ventral surface 
of the dentary is a synapomorphy uniting taeniolabidoids 
although the condition in the stem taeniolabidoid Yubaatar 
is not described or directly illustrated (Xu et al. 2015) and 
is unknown to us.

More definitively outside of Taeniolabidoidea, the den-
taries of other cimolodontans are generally less robust than 
in T. taoensis and, more broadly, Taeniolabidoidea (Wible 
et al. 2019: fig. 25). Overall morphology is generally quite 
conservative within Multituberculata, thereby obviating the 
need for detailed comparison. Outside of Multituberculata, 
dentaries are also short and robust, with a sizeable diastema, 
in Gondwanatheria and Euharamiyida (Krause et al. 2020c: 
fig. 5 A–C, K, L) but generally longer and more slender, 
without a sizeable diastema in other, early-branching mam-
maliaform clades (Krause et al. 2020c: fig. 5J, M–X).

Conclusions

The craniomandibular morphology of the iconic early Pale-
ocene multituberculate Taeniolabis taoensis is documented 
in this study on the basis of newly discovered specimens from 
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the Denver Basin, Colorado, and long-known specimens 
(both described and undescribed) from the San Juan Basin, 
New Mexico. All specimens, where possible, were subjected 
to examination with µCT technology. The specimens from 
the Denver Basin are the first to be recorded from there and, 
correspondingly, also establish the approximate base of the 
Puercan NALMA Taeniolabis taoensis/Periptychus carin-
idens Interval Zone (Pu3) in the basin for the first time.

Early reconstructions of the cranium of T. taoensis were 
based primarily on AMNH 16321, which µCT imaging 
reveals to be quite fragmentary, possessing major parts of 
the cranial roof and zygomatic arches but missing many 
critically important areas of the anterior snout, palate, 
mesocranium, basicranium, and occipital plate. The mate-
rial examined in this study reveals profound changes to the 
shape of the skull relative to early reconstructions (Fig. 10). 
Some of the more salient differences include a more ante-
riorly extended premaxillary region; more prominent and 
more ridge-like sagittal and nuchal crests; pronounced peaks 
in the regions where the sagittal crest and temporal ridges 
intersect as well as where the sagittal and nuchal crests inter-
sect; smaller and more laterally positioned incisive foramina; 
less posteriorly positioned choanae; smaller paraoccipital 
processes; a triangular foramen magnum; smaller, less bul-
bous, and more posteriorly situated occipital condyles; and 
a shorter dentary. The bony composition and features of the 
lateral wall of the braincase, nasal cavity, and endocranial 
cavity remain poorly known.

Features previously unknown for T. taoensis include the 
presence of an in situ I3, prominent internarial processes, 
numerous nasal foramina, a diminutive jugal on the medial 
aspect of the zygomatic arch, the frontal occupying a sub-
stantial portion of the medial wall of the orbit, a posttemporal 
foramen, and all aspects of the mesocranium, basicranium, 
and inner ear in the cranium, and a masseteric fovea on the 
dentary. We also document the absence of a septomaxilla, 
lacrimal, postpalatine torus, palatal vacuities, zygomatic 
ridges, and a masseteric protuberance. Reconstruction of the 
dentary was previously based primarily on AMNH 16310, 
which was incomplete posteriorly. The dentary specimens 
described herein add previously unknown details of the 
ascending ramus, primarily of the masseteric and pterygoid 
fossae, coronoid process, and mandibular condyle.

Comparison of the craniomandibular morphology of T. 
taoensis with that of other cimolodontan multituberculates con-
firms that, of those taxa represented by significant skull material, 
closest resemblances are with the lambdopsalid Lambdopsalis.
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