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Abstract

We provide the first detailed description of the inner ear of a notoungulate, an extinct group of endemic South

American placental mammals, based on a three-dimensional reconstruction extracted from CT imagery of a skull

of Notostylops murinus. This description provides new anatomical data that should prove to be phylogenetically

informative, an especially significant aspect of this research given that both the interrelationships of notoungu-

lates and the position of Notoungulata within Placentalia are still unresolved. We also assess the locomotor

agility of Notostylops based on measurements of the semicircular canals. This is the best available data on the

locomotion of a notostylopid because significant postcranial remains for this group have not been described.

The cochlea of Notostylops has 2.25 turns, and the stapedial ratio is 1.6. The stapedial ratio is one of the lowest

recorded for a eutherian, which typically have ratios greater than 1.8. The fenestra cochleae is located posterior

to the fenestra vestibuli, a condition previously only reported for some stem primates. The separation of the

saccule and utricule of the vestibule is visible on the digital endocast of the bony labyrinth. The posterior arm

of the LSC and the inferior arm of the PSC are confluent, but these do not form a secondary crus commune,

and the phylogenetic or functional significance of this confluence is unclear at this time. Locomotor agility

scores for Notostylops suggest a medium or ‘average’ degree of agility of motion compared to extant mam-

mals. In terms of its locomotion, we tentatively predict that Notostylops was a generalized terrestrial mammal,

with cursorial tendencies, based on its agility scores and the range of locomotor patterns inferred from postcra-

nial analyses of other notoungulates.

Key words bony labyrinth; cochlea; computed tomography (CT); Eocene; Notostylops murinus; Notoungulata;

petrosal; South America.

Introduction

Notoungulata was a taxonomically diverse group of extinct,

hoofed placental mammals endemic to South America

throughout nearly the entire Cenozoic (Simpson, 1948,

1980; Patterson & Pascual, 1968; Rose, 2006). Notoungulates

are characterized by a number of dental and auditory char-

acters including a distinctive ‘crochet’ formed by a loph on

the occlusal surfaces of upper molars and an epitympanic

sinus in the squamosal (Cifelli, 1993). Members of this group

include such disparate forms as rhino-sized toxodontids,

rat-like basal interatheres, rabbit-like hegetotheriids, horse-

like notohippids, and wombat-like mesotheriids. Notoungu-

lates not only were remarkably diverse morphologically,

they also varied widely in their locomotor specializations

and paleoecology.

The relationship of Notoungulata to other placental

mammals is unresolved, but a phylogenetic analysis based

solely on postcranial osteology suggests that they are most

closely related to Litopterna, another extinct South Ameri-

can ungulate-like group (Horovitz, 2004). The interrelation-

ships among notoungulates likewise are poorly understood.

The only published phylogeny of higher-level relationships

within Notoungulata was that of Cifelli (1993), which was
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based primarily on dental characters. Other, more recent,

studies examined relationships within various subgroups of

notoungulates (see Cifelli, 1993; Madden, 1997; Shockey,

1997; Cerdeño & Bond, 1998; Nasif et al. 2000; Croft et al.

2004; Flynn et al. 2005; Croft & Anaya, 2006; Hitz et al.

2006; Billet et al. 2009).

Although some phylogenetic analyses have incorporated

external cranial characters, the internal cranial osteology of

notoungulates has been virtually unsampled. In fact, other

than some studies of the auditory bulla, there are few

descriptions of the internal osteology of this group. One

noteworthy exception is a description of the braincase and

auditory region of a specimen of Oldfieldthomasia sp. (Ty-

potheria) based on serial sections (Simpson, 1936). Endocra-

nial cavities and associated cranial endocasts have been

described for other taxa in the context of brain evolution,

but not from a phylogenetic perspective (see Simpson,

1932, 1933a,b; Patterson, 1937; Stirton, 1953; Dechaseaux,

1962; Radinsky, 1981; Dozo, 1997).

The internal anatomy of the auditory region of notoun-

gulates in general, and the characteristic large epitympanic

cavity and distinctive morphology of the auditory bullae

in particular, have received considerable attention in the

literature (e.g. Patterson, 1932, 1934, 1936; Gabbert, 2004).

Patterson’s (1936) comparative description of the internal

osteology of the auditory bullae, portions of the petrosals,

and the middle ear ossicles of notoungulates, along with

Simpson’s (1936) study of serial sections of the braincase

and bullae, are two of the more significant contributions in

this regard. Despite these and other important studies, the

inner ears (i.e. bony labyrinths) of notoungulates remain

entirely undescribed.

The bony labyrinth, housed in the petrosal, includes

chambers for the cochlea, saccule, utricle, and semicircular

ducts. The cochlea is the principal organ of hearing,

whereas the other structures are associated with spatial ori-

entation and balance. The semicircular ducts detect acceler-

ational movements and the saccule and utricle of the

vestibule help coordinate posture and body movements

during locomotion by sensing position (Spoor et al. 2007).

The semicircular duct system is particularly important for

aiding in stabilization of vision while the body is moving so

as to avoid blurred vision during locomotion (summarized

by Spoor, 2003; Spoor et al. 2007).

The bony labyrinths of some groups of mammals are a

significant source of evidence for inferring locomotion. For

instance, measures of semicircular canal size (e.g. canal arc

size, mean canal radius) relative to body mass appear to be

correlated with locomotor agility in extant primates (see

Spoor et al. 2007). Thus, the semicircular canals potentially

can provide data on locomotion that are independent of

the postcranial skeleton.

Bony labyrinths also are a source of phylogenetically

informative data in at least some groups of mammals. A

comparative morphological study of extant diprotodontian

marsupials, for example, generated 17 quantitative and

qualitative characters from this region (Schmelzle et al.

2007).

The goals of our paper are twofold. First, we provide the

first description of the bony labyrinth of a notoungulate,

based on a three-dimensional reconstruction from com-

puted tomography imagery of a skull of Notostylops

murinus (Notostylopidae). The tympanic bullae and external

features surrounding the ear of Notostylops were discussed

by others (Patterson, 1932; Simpson, 1948), but internal ear

features remain undescribed. Notostylopids have been con-

sidered to be basal among notoungulates (Cifelli, 1993), or

at least outside the clade uniting Typotheria and Toxodon-

tia (Billet, 2010), the two most speciose groups of notoun-

gulates. Therefore, Notostylops is an especially appropriate

taxon for which to provide the first description of an inner

ear of this group. We also make comparisons with inner ear

descriptions of other therian mammals, as these may be sig-

nificant in studies of the relationships and locomotor spe-

cializations of notoungulates. Secondly, we compare

measurements from the bony labyrinth with published

measurements from extant mammals to estimate relative

locomotor agility in Notostylops. Significant portions of the

postcranial skeleton of notostylopids are unknown or unde-

scribed; therefore, inner ear morphology is currently the

best available evidence for reconstructing locomotion in

these extinct placental mammals.

Materials and methods

Specimen

We examined a skull of N. murinus [Field Museum of Natural

History (FMNH), specimen number P13319; Fig. 1], representing

an advanced juvenile with deciduous teeth in place, M1 slightly

worn, and M2 erupted but unworn (Riggs & Patterson, 1935;

Simpson, 1948). The external morphology of the skull was

described and illustrated by Riggs & Patterson (1935; plates I

and II) and Simpson (1948; figure 68). Both petrosals are pre-

served, but only the left was sampled in detail in the CT analy-

ses. However, ad hoc observations were also made using the

right petrosal when necessary.

This specimen was collected at the Gran Barranca, south of

Lago Colhué-Huapı́, central Chubut, Argentina (Simpson, 1948),

and is derived from strata that correspond to the Barrancan sub-

division of the Casamayoran South American Land Mammal

‘Age’ (SALMA; Cifelli, 1985). The age estimate for the upper

boundary of the Barrancan subage from this locality is 38.5 Ma

and the minimum age for the base is 41.5 Ma (Madden et al.

2005), constraining the age of this fossil as late middle Eocene

(Gradstein & Ogg, 2004).

CT scanning and digital endocast extraction

The skull (Fig. 1) was imaged in its entirety in the coronal plane

at the Center for Quantitative X-ray Imaging at Penn State Uni-

versity (http://www.cqi.psu.edu) in University Park, PA, using the
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HD-600 high resolution industrial X-ray system. Scan data were

reconstructed as 1599 individual, 16-bit Tiff slices (i.e. images),

each with pixel dimensions of 1024 · 1024, a pixel size of

0.062 mm in the X and Y planes, and an interslice spacing (Z) of

0.0684 mm. The digital endocast was extracted using the seg-

mentation tools of AVIZO 5.0 (2008, Visualization Sciences Group,

<http://www.vsg3d.com>).

In this description, references are made to specific CT slices

through the skull of Notostylops (archived to ensure the ability

to associate particular observations with individual, numbered

CT slices). The prefix ‘C’ is used to designate an image from the

coronal plane (i.e. transverse plane of some authors) through

the skull. Groups of consecutive slices are denoted by a dash

(e.g. C1000–1015).

Measurements

Linear measurements typically examined for inner ears (e.g.

Spoor & Zonneveld, 1995) were taken from the inner ear model

using the 3-D measure tool of AVIZO following Schmelzle et al.

(2007). The inner ear model was oriented with the lateral semi-

circular canal (LSC) in the horizontal plane when taking mea-

surements of the anterior and posterior semicircular canals (ASC

and PSC, respectively); the ASC was oriented horizontally when

measuring the LSC. Semicircular canal length was measured

from the midpoint of each canal arc, which represents the point

of the canal farthest away from the vestibule (Fig. 2). Semicircu-

lar canal width was measured perpendicular to semicircular

canal length, at the widest expanse of the canal arc (Fig. 2).

Each measurement was taken on the inner side of the bony

semicircular canal, following the conventions of Schmelzle et al.

1 cm

A

B

C

Fig. 1 Digital rendering of the skull of Notostylops murinus (FMNH

P13319) generated from CT imagery shown in left lateral (A), dorsal

(B), and ventral (C) views.

A

B

Fig. 2 Representative linear semicircular canal measurements taken on

the 3-D reconstruction of the left inner ear of Notostylops murinus.

Measurements on anterior semicircular canal shown in (A) and

measurements on lateral semicircular canal shown in (B). ASC,

anterior semicircular canal; ASCL, anterior semicircular canal length;

ASCW, anterior semicircular canal width; LSC, lateral semicircular

canal; LSCL, lateral semicircular canal length; LSCW, lateral

semicircular canal width; PSC, posterior semicircular canal.
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(2007). All measurements were taken three times, and the mean

for each was calculated and reported here (Table 1). For com-

parison, the same measurements were also taken from the cen-

ter of each canal following the protocols of Spoor et al. (2007).

However, these values are not reported here because they did

not differ significantly from the other measurements and conse-

quently did not affect any of the results, and would be repeat-

ing those given in Table 1. Radius of curvature (R) of each canal

was calculated using the following equation: ð0:5½lþw�=2Þ
where l = length and w = width of canal (Spoor & Zonneveld,

1998).

Predicting locomotor agility

Spoor et al. (2007) assigned locomotor agility scores for a sam-

ple of 210 extant mammals using a scale of 1–6, with 1 being

extremely slow and 6 being fast. These agility scores character-

ize the degree of agility of motion and are based on qualitative

field observations (Spoor et al. 2007). Silcox et al. (2009) ana-

lyzed these data and determined equations to predict locomo-

tor agility in extinct mammals. We used these equations (see

below) to predict the locomotor agility for Notostylops (abbrevi-

ations: AGIL = agility; ASCR = anterior semicircular canal radius;

BM = body mass in grams; LSCR = lateral semicircular canal

radius; PSCR = posterior semicircular canal radius; SCR = average

semicircular canal radius):

ASCR : log10AGIL ¼ 0:850� 0:153ðlog10BMÞ
þ 0:706ðlog10ASCRÞ

PSCR : log10AGIL ¼ 0:881� 0:151ðlog10BMÞ
þ 0:677ðlog10PSCRÞ

LSCR : log10AGIL ¼ 0:959� 0:1670ðlog10BMÞ
þ 0:854ðlog10LSCRÞ

SCR : log10AGIL ¼ 0:948� 0:188ðlog10BMÞ
þ 0:962ðlog10SCRÞ

The body mass estimate for this specimen was taken from the

literature (Croft, 2000). A range of locomotor agility predictions

for Notostylops based on these equations is reported in Table 1.

Description

The endocast of the inner ear of Notostylops is a three-dimen-

sional representation of the bony labyrinth of the left petrosal,

and includes the cochlear canal, vestibule, and semicircular

canals. As in other mammals, the anteriormost of these divisions

is the cochlear canal, followed by the vestibule and semicircular

canals (Fig. 3).

Cochlear canal

The cochlear canal, which housed the membranous cochlea, is

located within the pars cochlearis of the petrosal. The cochlear

canal comprises the largest percentage of the bony labyrinth by

volume (Table 1). The cochlea has about 2.25 turns (rotation of

810�), counted following the protocol of West (1985).

The fenestra vestibuli (fenestra ovalis) is a slightly elliptical

opening located ventral and a little posterior to the lateral

ampulla, and is oriented obliquely (anteroventral to posterodor-

sal) relative to the plane of the LSC (Fig. 3A). This opening faces

ventrolaterally and holds the footplate of the stapes in mam-

mals, but the stapes itself is not preserved on either side of this

skull of Notostylops. The stapedial ratio, calculated by proxy as

length divided by width of the fenestra vestibuli, is approxi-

mately 1.6.

The fenestra cochleae (fenestra rotunda) is a large, elliptical

opening that is visible posterior to the much smaller fenestra

vestibuli (Fig. 3A). This opening faces posterolaterally and is cov-

ered by a secondary tympanic membrane in living mammals.

The aqueductus cochleae (cochlear aqueduct) begins at the

posteroventral edge of the fenestra cochleae and extends pos-

teromedially and slightly dorsally. It is very long, extending well

caudal of the PSC in superior (dorsal) view (Fig. 3D). The aqu-

eductus cochleae is also much thinner in diameter than the

Table 1 Measurements and locomotor agility scores for the 3-D

reconstruction of the left inner ear of Notostylops murinus (FMNH

P13319).

Body mass estimate 3119

Skull length 99.6
1Cochlea volume 28.0

Vestibule volume 8.8
2SC volume 5.4

ASCL 4.28

ASCW 3.91

ASCR 2.05

LSCL 3.69

LSCW 3.51

LSCR 1.80

PSCL 4.00

PSCW 4.02

PSCR 2.01

SCR 1.95

ASCR agility score 3.4

PSCR agility score 3.6

LSCR agility score 3.9

SCR agility score 3.7

Body mass estimate from Croft (2000), based on this specimen.

Skull length was measured from the anterior tip of the bony

portion of external nares to the back of the occipital condyles.

Locomotor agility scale characterizes the degree of agility of

motion and is based on qualitative field observations of extant

mammals (Spoor et al., 2007). Agility scores range from 1 to 6,

with 1 being extremely slow and 6 being fast. 1Cochlea volume

includes aqueductus cochleae, fenestra cochleae, and fenestra

vestibuli; 2SC volume includes crus commune and ampullae of

semicircular canals. ASC, anterior semicircular canal; LSC, lateral

semicircular canal; PSC, posterior semicircular canal; SC,

semicircular canal; SCR, average semicircular canal radius; L,

length (following a semicircular canal name); W, width

(following a semicircular canal name); R, radius (following a

semicircular canal name). Mass in g; linear measurements in

mm; volumes in mm3.
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semicircular canals, in contrast to the condition in some marsu-

pials (Schmelzle et al. 2007). This canal houses the perilymphatic

duct, which connects the perilymphatic space of the inner ear

with the subarachnoid space of the endocranial cavity (Meng &

Fox, 1995).

The primary and secondary osseous spiral laminae are visible

on the CT images through the petrosals of Notostylops. For

example, the secondary osseous spiral lamina can be seen pro-

jecting ventromedially from the radial (outer) wall of the cochl-

ear canal (e.g. C1290; Fig. 4C). Anteriorly, this lamina is

continuous with the radial wall of the cochlear canal (Meng &

Fox, 1995). The secondary osseous lamina extends from the

fenestra cochleae until about the first half of the basal turn

(180�) of the cochlear canal (Fig. 3B). The primary osseous spiral

lamina projects from the meatal (inner) wall of the cochlear

canal (e.g. C1245–1248; Fig. 4A). The osseous spiral laminae

mark the division between the scala tympani of the cochlear

canal, typically present on the cerebellar side of the petrosal,

and the scala vestibuli, which is typically located on the tym-

panic side of the petrosal (Meng & Fox, 1995).

Vestibule

The vestibule is housed in the pars canalicularis of the petro-

sal and communicates with the cochlear canal, semicircular

canals, and endocranial cavity via the internal auditory meatus.

The saccule and utricule of the membranous labyrinth were

clearly separated within the bony labyrinth of the vestibule of

Notostylops.

The saccule (sacculus) lies in the recessus sphericus, an anterior

chamber of the vestibule (Meng & Fox, 1995). The recessus

sphericus is visible on the endocast as a bulge lying dorsal and

medial to the fenestra vestibuli (Fig. 3C).

The utricule (utriculus) of Notostylops is much larger than the

saccule, and would have been positioned in the vestibule pos-

terodorsal to the fenestra vestibuli. This space is indicated on

the endocast by a large bulge between and just below the ends

of the LSC (Fig. 3A,D).

The internal auditory meatus (internal acoustic meatus) is

located on the medial side of the petrosal and provides commu-

nication between the endocranial volume and the inner ear.

A B

C D

Fig. 3 Three-dimensional reconstruction of the left inner ear of Notostylops murinus (FMNH P13319) shown in left lateral (A), medial (B), rostral

(C), and dorsal (D) views. A, anterior; ASC, anterior semicircular canal; D, dorsal; LSC, lateral semicircular canal; M, medial; PSC, posterior

semicircular canal; * marks confluence between LSC and PSC. The fenestra vestibuli and fenestra cochleae are outlined with dashed lines. Scale

bar is same for all images.
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Cranial Nerve VII (facial nerve) passes through the dorsal open-

ing of the internal auditory meatus (IAM) but does not actually

enter the bony labyrinth. The ventral portion of the IAM is

pierced by various branches of Cranial Nerve VIII (vestibuloco-

chlear nerve) in mammals, and some of these openings are

discernible on the CT images of Notostylops. For example, a

well-developed canal (Fig. 3B,C) extends ventrally from the

posterior ampulla to an opening in the internal auditory meatus

that was termed the foramen vestibuli by Meng & Fox (1995).

This canal likely transmitted the nervus ampullaris posterior, a

branch of the vestibular nerve (Meng & Fox, 1995). The tractus

spiralis foraminosus, the spiral distribution of the foramina of

the cochlear nerve (Luo & Marsh, 1996), is not visible on either

petrosal of this specimen.

The aqueductus vestibuli (vestibular aqueduct), which housed

the endolymphatic duct in life, is not visible on the left petrosal,

but it is present on the right petrosal (Fig. 5). This canal extends

ventromedially from the portion of the vestibule just anterior to

the crus commune.

Semicircular canals

The three semicircular canals are located in the pars canalicularis

of the petrosal. The ASC has the largest radius of the three

semicircular canals, followed by the PSC and then the LSC

(Table 1). The ASC is the most oblong in overall form, whereas

the PSC is nearly circular (Table 1). All of the semicircular canals

are relatively straight, that is, they lack any major undulations

along their entire length in the respective plane of each canal

(Fig. 3), unlike the condition in some marsupials (Schmelzle

et al. 2007). The petrosal of Notostylops has a very shallow sub-

arcuate fossa (Fig. 4D,E) (Simpson, 1933a).

Each semicircular canal swells to form an ampulla at one end,

where it connects with the vestibule. The anterior and lateral

ampullae attach to the vestibule in the same horizontal plane

(Fig. 3A). However, the posterior ampulla is located significantly

below (ventral to) the crus commune (Fig. 3B), similar to the

condition in Macropus (Schmelzle et al. 2007) but unlike that of

some other mammals (see Meng & Fox, 1995; Sánchez-Villagra

& Schmelzle, 2007; Schmelzle et al. 2007).

The posterior arm of the ASC and the anterior arm of the PSC

form the crus commune (Figs 3 and 4), a standard condition in

mammals (see Luo & Ketten, 1991; Meng & Fox, 1995; Sánchez-

Villagra & Schmelzle, 2007; Schmelzle et al. 2007). The osseous

canals of the posterior arm of the LSC and the inferior arm of

the PSC are confluent at the posteriormost extension of the LSC

(Figs 3B and 4F). This same confluence also is visible in the right

inner ear of Notostylops. However, the posterior arm of the LSC

enters the vestibule slightly dorsal to the entrance of the infe-

rior arm of the PSC such that there is no secondary crus com-

mune in Notostylops (Fig. 3), contra the condition in some other

mammals (see Meng & Fox, 1995; Sánchez-Villagra & Schmelzle,

A B C

D E F

Fig. 4 Coronal CT images through the skull of Notostylops murinus (FMNH P13319) cropped to show only internal anatomy of the left petrosal.

(A) is the most anterior image of the set, whereas (F) is the posteriormost. (A) corresponds to C1245, (B) C1260, (C) C1290, (D) C1305, (E)

C1320, and (F) C1340. ac, aqueductus cochleae; asc, anterior semicircular canal; cc, crus commune; co, cochlear canal; fc, fenestra cochleae; fs,

foramen singulare; fv, fenestra vestibuli; la, lateral ampulla aqueductus; lsc, lateral semicircular canal; psc, posterior semicircular canal; psl, primary

osseous spiral lamina; saf, subarcuate fossa; ssl, secondary osseous spiral lamina; ves, vestibule; VII, opening or canal for facial nerve (Cranial Nerve

VII); VIII, opening for vestibulocochlear nerve (Cranial Nerve VIII). The secondary osseous spiral lamina is visible in C1245 as a faint structure

projecting from the meatal wall of the cochlear canal into the middle of the canal. This structure is more clearly visible when toggling among

images C1245–1248.
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2007; Horovitz et al. 2008; Ladevèze et al. 2008). Besides the

crus commune, the posterior arm of the LSC forms the only

other connection between a semicircular canal and the vestibule

that is not made via an ampulla.

The maximum lateral extent of the LSC is even with the later-

almost extension of the PSC (Fig. 3D). The posterior arm of the

LSC attaches anterodorsally to the position of the posterior

ampulla (Fig. 3A).

Discussion

Comparative anatomy and character states

Below we further discuss the anatomy of the inner ear of

Notostylops in comparison with other notoungulates and

mammals. We also review relevant character states of previ-

ously published characters for Notostylops, other notoungu-

lates, and other mammals based on data available from the

literature.

The cochlear canal of Notostylops constitutes more than

66% of the bony labyrinth space, compared with around

21% for the vestibule (Table 1). Relative to vestibule

size, the cochlea is much larger in Notostylops than in non-

therian mammals such as multituberculates when skull

length is taken into consideration (Luo & Ketten, 1991).

Instead, the size of the vestibule of Notostylops relative to

skull length more closely resembles the opossum Didelphis

(Luo & Ketten, 1991).

Notostylops has both primary and secondary osseous lam-

inae in its cochlear canal. The primary bony lamina occurs in

all extant therian mammals and some of their closest extinct

relatives, whereas the secondary bony lamina is variably

present or absent in stem and crown therians (Meng & Fox,

1995; Ruf et al. 2009). The evolutionary acquisition of this

latter structure in various mammalian groups is unclear at

this time (Ruf et al. 2009).

The secondary osseous lamina of Notostylops extends for

the first half turn of the basal cochlear canal. In contrast,

the secondary osseous lamina extends beyond the half turn

in at least some cetaceans (Fleischer, 1976; Luo & Eastman,

1995; Geisler & Luo, 1996; Luo & Marsh, 1996). This lamina

extends for less than half of the basal turn of the cochlear

canal in the stem therian mammal Henkelotherium (Ruf

et al. 2009).

The cochlea of Notostylops has 2.25 turns, whereas the

cochlea of the notoungulate Hegetotherium reportedly

has 2.5 turns, based on a broken specimen (Simpson,

1936). The cochleae of therian mammals have at least one

complete turn, but there is a considerable range of varia-

tion in the number of turns among extant species (see

Hyrtl, 1845; Gray, 1907, 1908; Fleischer, 1973; West, 1985).

At this point, the ancestral condition for the number of

cochlear turns is unclear for specific extant and extinct

placental groups.

The stapedial ratio of 1.6 for Notostylops is significantly

lower than ratios reported for most placental mammals,

which are typically greater than 1.8 (Segall, 1970). Besides

Notostylops, Prokennalestes (1.7; Wible et al. 2001) and

‘zhelestids’ (average 1.6; Ekdale et al. 2004) are the only

other eutherians reported to have stapedial ratios below

1.8. Metatherians generally have stapedial ratios below 1.8,

with a few exceptions (Segall, 1970; Rougier et al. 1998;

Horovitz et al. 2008). The fenestra vestibuli also is oval in

the notoungulate Hegetotherium, suggesting a low stape-

dial ratio, but precise measurements were not reported

(Patterson, 1936).

The fenestra cochleae is directed posterolaterally (charac-

ter state 106.0 of Bloch et al. 2007) in Notostylops, Hegeto-

therium (Patterson, 1936), and Scarrittia (Gabbert, 2004),

the primitive condition in eutherians (Novacek, 1986; Nova-

cek & Wyss, 1986). However, the fenestra cochleae faces

directly posteriorly (character state 106.1 of Bloch et al.

2007) in the notoungulates Interatherium and Nesodon

(Patterson, 1936). This derived posteriorly facing condition

also was reported for lagomorphs, chiropterans, dermopter-

ans, and sirenians (Novacek, 1986).

The fenestra cochleae is located posteromedial to the

fenestra vestibuli (character state 303.0 of Wible et al. 2007)

in Scarrittia (Gabbert, 2004). However, the fenestra cochleae

is situated directly posterior to the fenestra vestibuli (char-

acter state 303.1 of Wible et al. 2007) in Notostylops, Old-

fieldthomasia (Simpson, 1936), and Nesodon (Patterson,

1936). The derived state (posteriorly positioned) for this

Fig. 5 Coronal CT image (C1319) through the skull of Notostylops

murinus (FMNH P13319) cropped to show only the right petrosal.

Abbreviations are as in Fig. 4, with the addition of av, aqueductus

vestibuli.
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character is also reported for some stem primates (Wible

et al. 2007).

The fenestra cochleae is larger in diameter than the

fenestra vestibuli in Notostylops and Oldfieldthomasia

(Simpson, 1936) as well as the marsupials Caluromys, Macr-

opus, Bettongia, Phascolarctos, and Vombatus (Sánchez-

Villagra & Schmelzle, 2007; Schmelzle et al. 2007). In

contrast, these fenestrae are subequal in size in Kulbeckia,

a zalambdalestid eutherian (Ekdale et al. 2004), and the

marsupial Dendrolagus (Schmelzle et al. 2007). The fenestra

vestibuli is larger than the fenestra cochleae in humans

(Hyrtl, 1845).

The maximum lateral extent of the LSC is the same as the

lateralmost extension of the PSC in Notostylops (character

state 4.0 of Schmelzle et al. 2007), similar to the condition in

the marsupials Petauroides, Pseudocheirus, and Phascolarc-

tos. The LSC of Notostylops is straight in its transition to the

lateral ampulla (character state 6.0 of Schmelzle et al. 2007)

and also in its transition to the vestibule (character state 7.0

of Schmelzle et al. 2007). The posterior arm of the LSC

attaches anterior to the level of the PSC in Notostylops (char-

acter state 8.0 from Schmelzle et al. 2007), as in the marsupi-

als Phascolarctos, Macropus, Dorcopsis, and Vombatus.

The overall shape of the PSC of Notostylops is straight

when viewed in the plane of the canal (character state 9.0

from Schmelzle et al. 2007), similar to the condition in the

marsupials Pseudocheirus, Dendrolagus, and Phascolarctos.

The overall shape of the PSC of Notostylops is round when

viewed perpendicular to the plane of the canal (character

state 10.0 from Schmelzle et al. 2007), as in the marsupials

Petauroides, Pseudocheirus, Dendrolagus, Bettongia, Macr-

opus, and Dorcopsis.

The phylogenetic or functional significance of the conflu-

ence between the posterior arm of the LSC and the inferior

arm of the PSC of Notostylops is unclear at this time. The

only reported confluence between these two semicircular

canals in other mammals is associated with the formation

of a secondary crus commune (Hyrtl, 1845; Meng & Fox,

1995; Sánchez-Villagra & Schmelzle, 2007; Horovitz et al.

2008). However, the confluence present in Notostylops does

not result in a secondary crus commune. Furthermore, this

condition is unlikely to be an incipient stage in the develop-

ment of a crus, based on a study of the ontogeny of the

bony labyrinth in the marsupial Caluromys that reports a

secondary crus commune for all individuals in a growth ser-

ies (Sánchez-Villagra & Schmelzle, 2007). It is possible that,

because the specimen of Notostylops is a subadult, the

space between the canals had not completely ossified. It is

also possible that the bone separating the two canals was

broken postmortem, due to being very thin or fragile,

although this is unlikely given that other delicate structures,

such as the osseous spiral laminae, are preserved in this

specimen. Regardless, it is unlikely that the membranous

portions of these two canals were actually confluent in

Notostylops, as extant taxa possessing a second bony crus

commune do not exhibit any confluence between the

participating membranous canals (Sánchez-Villagra &

Schmelzle, 2007).

The inner ear of Notostylops differs from those of other

eutherians in several regards. First, the saccule and utricule

are separated in the bony labyrinth, a condition otherwise

reported only in Henkelotherium (Ruf et al. 2009). Sec-

ondly, the above-mentioned confluence between the LSC

and the PSC, which does not form a secondary crus com-

mune, is unique to Notostylops (assuming this is not an arti-

fact of ontogeny or preservation). Thirdly, to our

knowledge, the extension of the aqueductus cochleae pos-

terior to the plane of the PSC has not been reported for

other eutherians. Fourthly, the bony canal containing the

aqueductus cochleae of Notostylops also is thin compared

to the thickness of the semicircular canals, a condition pres-

ent in the membranous labyrinths of a variety of extant

placentals (Gray, 1907, 1908) including some primates, the

European mole (Talpa europaea), Indian gazelle (Gazella

bennetti), capybara (Hydrochoerus hydrochaeris), Eurasian

red squirrel (Sciurus vulgaris), and the three-toed sloth

(Bradypus tridactylus). Fifthly, the fenestra cochleae is situ-

ated posterior to the fenestra vestibuli in some, but not all,

notoungulates, a condition previously reported only for

some stem primates (Wible et al. 2007). Sixthly, the fenestra

cochleae is larger than the fenestra vestibuli in Notostylops

and Oldfeldthomasia (Simpson, 1936), in contrast to

humans (in which the opposite is true; Hyrtl, 1845), and

some zalambdalestid eutherians which have fenestrae of

subequal size (Ekdale et al. 2004). Finally, the secondary

osseous lamina of Notostylops extends for the first half turn

of the basal cochlear canal, as opposed to some cetaceans

in which the lamina extends beyond the half turn (Fleischer,

1976; Luo & Eastman, 1995; Geisler & Luo, 1996; Luo &

Marsh, 1996).

The characters pertaining to the semicircular canals that

were described by Schmelzle et al. (2007) for marsupials

have yet to be evaluated in eutherians other than Notosty-

lops. These differences are potentially phylogenetically

informative, but need to be systematically evaluated within

a larger sample of eutherian mammals.

Locomotor agility

The postcranial skeleton of notostylopids is not well known

due to the paucity of skeletal specimens for this group. Con-

sequently, we know virtually nothing about the locomotor

adaptations or behaviors of this group. The data presented

in this paper on the semicircular canals provide the only

information to date on the locomotion of any notostylopid.

The agility scores calculated for Notostylops range from

3.4 to 3.9 (Table 1) suggesting that this taxon had a med-

ium or ‘average’ degree of agility of motion compared to

extant mammals (Spoor et al. 2007). Of the 210 species sam-

pled by Spoor et al. (2007), 96 had an agility score of 3 or 4.
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This corresponds to extant mammals exhibiting general ter-

restrial, cursorial, scansorial, arboreal, and semiaquatic loco-

motor styles (e.g. platypus), but not gliding, flying,

saltatorial, or fully aquatic locomotion.

Analyses of postcranial morphology of various notoungu-

lates (other than notostylopids) suggest that some taxa,

such as interatheriids, were generalized terrestrial locomo-

tors with cursorial or fossorial tendencies (Croft & Anderson,

2008; Shockey & Anaya, 2008). Pachyrukhos (Hegetotherii-

dae) may have been saltatory (Reguero et al. 2007), whereas

mesotheriids were likely scratch-diggers (Shockey et al.

2007). Among extant mammals sampled, diggers have agil-

ity scores of 2–3, whereas saltatorial locomotors have scores

of 5–6 (Spoor et al. 2007). Neither of these locomotor types

fits well with locomotor inferences for Notostylops based

on its agility scores, which are closer to 4. Consequently,

based on the information from its auditory region alone,

we might tentatively predict that Notostylops, poorly char-

acterized postcranially, was a generalized terrestrial mam-

mal with cursorial tendencies based on the range of

locomotor types known for notoungulates and agility

scores. The terrestrial artiodactyls sampled by Spoor et al.

(2007) and some carnivorans (such as the domestic dog and

cat), all have agility scores of 3–4. However, we caution that

this locomotor prediction for Notostylops should be tested

with postcranial data when and if such data become avail-

able; several other extant mammals with different locomo-

tor styles have similar agility scores (e.g. arboreal tree

shrews), and there is a broad overlap of agility scores among

taxa with quite different locomotor styles or agility (e.g.

those with ‘average’ values; see above). Furthermore, two

main sources of error for locomotor agility scores, discussed

below, may affect the scores calculated for Notostylops.

One source of potentially significant error in calculating

agility scores for extinct taxa such as notoungulates is uncer-

tainty in body mass estimation. Different methods for esti-

mating body mass for extinct mammals, whether based on

skeletal or dental proxies, can result in a broad range of

mass values for an individual (see Damuth & MacFadden,

1990, for a review of techniques). Such uncertainty would

result in a range of potential agility scores and inferred

locomotor styles for that same individual. Using multiple

lines of evidence from different parts of the skeleton can

help minimize such issues, but such data often are unavail-

able for extinct species, and are not currently available for

any notostylopid.

A second source of error, assigning locomotor agility

scores for extant mammals based on qualitative field obser-

vations (e.g. Spoor et al. 2007), involves some degree of

subjectivity – on the part of both the observer and of the

scorer. One way to further test the correlation between

agility scores and attributes of the semicircular canal system

in extant mammals, as well as to increase objectivity in

coding agility scores in extant species, would be to use

an osteological proxy of locomotor performance. The

metatarsal-to-femur ratio (‘cursorial ratio’; see Janis &

Wilhlem, 1993) represents one readily measurable proxy

that could be used in specimens preserving both of these

elements, though other possibilities no doubt exist. Such an

analysis is beyond the scope of this paper, but would be an

intriguing avenue of future investigation into notoungulate

locomotor styles.

Conclusions

We provide the first description of the inner ear of a

notoungulate using a three-dimensional reconstruction

based on CT imagery of a skull of Notostylops murinus. A

principal goal of this study was to provide new, potentially

phylogenetically informative inner ear endocast data for

future analyses of interrelationships among notoungulates,

as well as the placement of Notoungulata within Placental-

ia. Secondly, we provide the first published inferences of

the locomotor agility of Notostylops, based on measure-

ments from the semicircular canals. This is noteworthy

because significant portions of the postcranial skeleton

of notostylopids have never been described, precluding

locomotor reconstructions directly from their skeletal

morphology.

We observe that the cochlea of Notostylops has 2.25 turns

and the stapedial ratio is 1.6, one of the lowest recorded

for any eutherian. The following observations are poten-

tially phylogenetically informative. First, the fenestra

cochleae is located posterior to the fenestra vestibuli, a con-

dition previously only reported for some stem primates

(Wible et al. 2007). Secondly, the posterior arm of the LSC

and the inferior arm of the PSC are confluent without form-

ing a secondary crus commune, but the significance of this

confluence is unclear at this time. Thirdly, the separation of

the saccule and utricule in the bony labyrinth, as reflected

in the digital endocast, is only known in Notostylops and

the stem therian Henkelotherium (Ruf et al. 2009). Fourthly,

the posterior extension of the aqueductus cochleae beyond

the PSC is not known in other eutherians. Fifthly, the bony

canal containing the aqueductus cochleae is thin compared

to the thickness of the semicircular canals, a condition also

present in a variety of extant placentals (Gray, 1907, 1908).

Sixthly, the fenestra cochleae is larger than the fenestra ves-

tibuli in Notostylops and Oldfeldthomasia (Simpson, 1936),

in contrast to other eutherians for which this character has

been examined (Hyrtl, 1845; Ekdale et al. 2004). Finally, the

secondary osseous lamina extends only to the first half turn

of the basal cochlear canal as opposed to some cetaceans in

which the lamina extends beyond this turn (Fleischer, 1976;

Luo & Eastman, 1995; Geisler & Luo, 1996; Luo & Marsh,

1996).

The locomotor agility scores calculated for Notostylops

range from 3.4 to 3.9, suggesting a medium or ‘average’

degree of agility of motion compared to extant mammals.

This range of scores is comparable with members of a
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variety of groups of extant mammals and locomotor

patterns. We tentatively predict, based on these scores and

the range of locomotor styles inferred from postcranial

skeletal morphology analyses of other notoungulates, that

Notostylops was a generalized terrestrial locomotor with

cursorial tendencies. However, this prediction will need to

be tested with postcranial material when it becomes

available.

Our study identifies a number of potentially phylogeneti-

cally informative characters that differ from those observed

in other mammals, emphasizing the need for additional

descriptions of other notoungulate inner ears for compari-

son, and also for more comparative work on mammalian

bony labyrinths in general. Published phylogenetic charac-

ters for mammalian inner ears only have been examined in

a limited taxonomic sample. With additional comparisons,

more characters pertaining to this anatomical region are

likely to be described.
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