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Abstract

The placental order Dermoptera, which includes two extant species, the
Philippine and Sunda flying lemurs, Cynocephalus volans and Galeopterus
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variegatus, respectively, is generally held to be the sister group of Primates.
Yet, little has been reported on their cranial anatomy. Here, the anatomy of
the ear region is described and illustrated for a juvenile and adult C. volans
based on CT scans. The inclusion of a juvenile is essential as nearly all cranial

sutures are fused in the adult. Soft tissues are reconstructed based on sectioned
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histological pre- and postnatal specimens previously reported by the author.
Numerous unusual features are identified, including: a small parasphenoid
beneath the basisphenoid, a tensor tympani fossa on the epitympanic wing of
the squamosal, a cavum supracochleare for the geniculate ganglion of the facial
nerve that is not enclosed in the petrosal bone, a secondary facial foramen
between the petrosal and squamosal, a secondary posttemporal foramen leading
to the primary one, a subarcuate fossa that is floored in part by a large contribu-
tion from the squamosal, a body of the incus larger than the head of the mal-
leus, and a crus longum of the incus that lacks an osseous connection to the
lenticular process. Documentation of the anatomy of the Philippine flying lemur
ear region is an essential first step in morphological phylogenetic analyses where
features of the basicranium are widely sampled.
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1 | INTRODUCTION

The order Dermoptera includes two extant species
(Stafford, 2005), the Philippine flying lemur Cynocephalus
volans (Linnaeus, 1758), and the Sunda flying lemur
Galeopterus variegatus (Audebert, 1799). Molecular phylo-
genetic analyses have identified flying lemurs (or colugos)
as the sister group of Primates (e.g., Alvarez-Carretero
et al., 2022; Murphy et al., 2021), whereas the one recent
combined analysis of molecules and morphology (O'Leary
et al., 2013) has Primates outside of Sundatheria, a Der-
moptera and Scandentia (treeshrews) clade.

Despite their close evolutionary relationships to
Primates, dermopterans have not received much recent
attention from comparative morphologists. Regarding
cranial osteology, for example, the major references are
more than 100 years old (Leche, 1886; Schuffeldt, 1911).
Regarding the ear region, the subject of this report, the
most comprehensive study is that of Hunt and Korth
(1980), who considered both morphology and function.
These authors provided a detailed accounting of the prior
literature, including the ontogenetic studies by Parker
(1885) and Klaauw (1922), considered the major auditory
features of the middle ear, and made a case for lower
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frequency hearing adaptations. Since their comprehen-
sive study, there have only been a handful of contribu-
tions relevant to the topic. MacPhee et al. (1989) provided
labeled photographs of the basicranium of C. volans, with
and without the bulla in place, and discussed ear region
features in the context of describing an early Eocene pla-
giomenid fossil. Wible (1993) studied the nerves and ves-
sels of the ear region of four serially sectioned pre- and
postnatal specimens; two were from the Philippines and,
therefore, are Cynocephalus, but locality information for
the other two was lacking. Using the same sectioned
specimens plus an additional postnatal one, Wible and
Martin (1993) reported on the development of the tym-
panic floor and roof. Diogo (2009) detailed the cranial
musculature based on two adult C. volans. Ekdale (2013)
included C. volans in his broad comparative treatment of
the inner ear in placental mammals. Lastly, Silcox
et al. (2020: figure 20.2) published a CT slice through the
mastoid of C. volans, illustrating the extreme pneumati-
zation of this area of the cranium.

Despite these contributions, much of the dermopteran
ear region remains incompletely or poorly described.
Complicating investigation is the fusion between basicra-
nial bones in adult flying lemurs, making it impossible to
fully delimit individual elements. Additionally, the com-
plete enclosure of the middle ear by the auditory bulla
obscures numerous features sampled in morphological
phylogenetic analyses. To address these complications, I
studied CT scans of a juvenile and adult C. volans along
with the histological specimens reported in Wible (1993;
see also Wible & Martin, 1993). The ontogenetic trajec-
tory allowed for the delimitation of most basicranial
bones, and the segmentation function of the computer
software allowed for the illustration of these individual
elements.

2 | MATERIALS AND METHODS

2.1 | Specimens

CT scans were studied of the following specimens:

1. Cynocephalus volans, AMNH 187861, juvenile female,
collected August 1, 1961 in Mt. Lobi, Leyte,
Philippines. The skull was scanned on the Nikon
Metrology XT H 225 ST, Duke Shared Materials
Instrumentation Facility, Duke University. Doug
Boyer provided access to these data originally appear-
ing in NSF BCS 1552848. The files, MorphoSource
Media 000025387, were downloaded from www.
MorphoSource.org, Duke University. The CT image
series included 1,664 tiff images. X, Y, and Z spacing

is 0.037368 mm. Hunt and Korth (1980) identified this
specimen as an adult female, but it is clearly a juvenile
with the first and second lower incisors deciduous
with replacement teeth below them, and although
three upper and lower molars are present, they are
unerupted and without roots.

2. Cynocephalus volans, FMNH 56442, adult female, col-
lected December 10, 1946 in South Cotabato Province,
Mindanao, Philippines. The cranium was scanned on
the Nikon Metrology XT H 225 ST, Duke Shared Mate-
rials Instrumentation Facility, Duke University. Doug
Boyer provided access to these data, the collection of
which was funded by NSF BCS 1317525 (to DM Boyer
and ER Seiffert), 1552848 (to DM Boyer), and Duke
University Trinity College of Arts and Sciences. The
files, MorphoSource Media 000034323, were down-
loaded from www.MorphoSource.org, Duke University.
The CT image series included 2,789 tiff images. X, Y,
and Z spacing is 0.026666 mm.

Histological slides were studied of the following speci-
mens (see also Wible, 1993; Wible & Martin, 1993):

1. Cynocephalus volans, DUCEC 804, prenatal. Head was
embedded in paraffin and sectioned in a frontal plane
at 15 pm. Stain: Mallory's trichrome. Crown-rump
length (CRL): 88 mm. Head length (HL): 28 mm.
[Although listed as Cynocephalus variegatus, this spec-
imen is said to be from the Philippines and, therefore,
should be Cynocephalus volans.]

2. Cynocephalus sp., DUCEC 8310, prenatal. As above,
but CRL: 107 mm. [No locality data.]

3. Cynocephalus volans, DUCEC 806, neonate or post-
natal. As above, but right half of head sectioned in
a sagittal plane at 20 pm and left half in a frontal
plane at 15 and 20 pm. Stain: Azan. CRL: 136 mm.
HL: 44 mm. [Although listed as Cynocephalus varie-
gatus, this is specimen is said to be from the
Philippines and, therefore, should be Cynocephalus
volans.]

4. Cynocephalus sp., DUCEC 839, neonate or postnatal.
As above, but whole head sectioned in a frontal plane
at 20 and 40 pm. Stain: Azan. CRL: 150 mm. HL:
49 mm. [No locality data.]

I reiterate the concerns already raised by Wible (1993)
and Wible and Martin (1993) about the taxonomic identi-
fication of the two histological specimens reported as
Cynocephalus sp. I have not found any features in these
two specimens that can help in distinguishing between
Cynocephalus and Galeopterus. In order to highlight this
uncertainty for the reader, I refer to these two specimens
as “Cynocephalus” in the text.
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FIGURE 1 Cynocephalus volans, AMNH 187861, isosurface derived from the CT scans of the basicranium, dentary, and hyoid elements

in ventral view. Braincase roof is removed to help visualize foramina and spaces. Right auditory bulla and osseous external acoustic meatus
are in gray and the right petrosal is in light blue. Abbreviations: ab, auditory bulla; ang, angular process; as, alisphenoid; atl, atlas; bcf,

basicapsular fissure; bo, basioccipital; bs, basisphenoid; ci, carotid incisure; con, condylar process; cor, coronoid process; eam, external
acoustic meatus; eo, exoccipital; fm, foramen magnum; fo, foramen ovale; hf, hypoglossal foramen; jf, jugular foramen; ju, jugal; ma,
mastoid; npc, for nerve of pterygoid canal; oc, occipital condyle; pas, parasphenoid; pgp, postglenoid process; ps, presphenoid; pt, pterygoid;
ptp, posttympanic process; smf + ptf, opening to stylomastoid and posttemporal foramina; sq, squamosal.

Crania were studied of the following specimens:

1. Galeopterus variegatus, CM 87908, adult female, col-
lected August 6, 1983 in Surat Thani Province,
Thailand.

2. Galeopterus variegatus, CM 87909, adult male, col-
lected August 9, 1983 in Surat Thani Province,
Thailand.

2.2 | Terminology

Anatomical terminology follows that used in prior publi-
cations by the author and collaborators (e.g., Wible, 1990,
2003; Wible & Shelley, 2020). Usage of English equiva-
lents of the Nomina Anatomica Veterinaria (2017) is pre-
ferred when appropriate. Terms for the middle-ear
ossicles follow Henson (1961).

2.3 | Institutional abbreviations

« AMNH, American Museum of Natural History, New
York, NY, USA.

+ CM, Carnegie Museum of Natural History, Pittsburgh,
PA, USA.

« DUCEC, Duke University Comparative Embryological
Collection, Durham, NC, USA.

« FMNH, Field Museum of Natural History, Chicago,
IL, USA.

3 | DESCRIPTIONS

3.1 | Cynocephalus volans, AMNH 187861
In adult colugos, most bones of the basicranium lack
sutures delimiting them from their neighbors (Hunt &
Korth, 1980). In contrast, AMNH 187861, a juvenile
female, has sutures between bones (Figure 1) with the
following exceptions: the auditory bulla, which is known
to be a composite of three elements based on prenatal
specimens (Hunt & Korth, 1980; Klaauw, 1922; Wible &
Martin, 1993), is a single entity, and the petrosal, squa-
mosal, and ectotympanic component of the bulla are par-
tially fused posterior to the external acoustic meatus.

The midline bones of the basicranium from anterior
to posterior are the presphenoid, basisphenoid, and
basioccipital; broad gaps between these are the synchon-
droses that were filled with cartilage in life (names of
synchondroses indicated in Figure 2). The basisphenoid
has a low, short midline ridge on its ventral surface
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Cynocephalus volans, AMNH 187861, isosurface derived from the CT scans of the basicranium, dentary, and hyoid elements

in ventral view. Braincase roof is removed to help visualize foramina and spaces. Right auditory bulla and osseous external acoustic meatus
are removed; the right petrosal is in light blue; the right malleus, incus, and stapes are red, dark blue, and green, respectively. Arrow 1 shows
opening to epitympanic sinus of squamosal; arrow 2 is to epitympanic recess. Abbreviations: bcf, basicapsular fissure; ci, carotid incisure;
ecp, ectopterygoid process; enp, entopterygoid process; ewpt, epitympanic wing of pterygoid; ewsq, epitympanic wing of squamosal; fo,
foramen ovale; iss, intersphenoid synchrondrosis; jf, jugular foramen; Iwer, lateral wall of epitympanic recess; pf, piriform fenestra; pp,
paroccipital process; ptf, posttemporal foramen; ptp, posttympanic process; sff, secondary facial foramen; smn, stylomastoid notch; sos,

spheno-occipital synchrondrosis; ttf, tensor tympani fossa.

FIGURE 3

Cynocephalus volans, AMNH 187861, CT slice 1314
in oblique transverse plane. Left side of image is through foramen

ovale, and right side is more anteriorly placed. Abbreviations: as,
alisphenoid; bs, basisphenoid; d, dentary; enp, entopterygoid
process; essq, epitympanic sinus of squamosal; fo, foramen ovale;
ham, pterygoid hamulus; np, nasopharynx; oeam, osseous external
acoustic meatus; pa, parietal; pgp, postglenoid process; pt,
pterygoid; sq, squamosal.

(Figure 1). The prenatal specimens (C. volans, DUCEC
804 and “Cynocephalus,” DUCEC 8310) have a tiny,
independent dermal ossification here, the parasphenoid

(see Parker, 1885; Wible et al., 2018), that is presumably
fused to the basisphenoid in the older specimens
(C. volans, DUCEC 806 and “Cynocephalus,” DUCEC
839), including AMNH 187861.

Lateral to the basisphenoid are the pterygoid, alisphe-
noid, and squamosal (Figure 1). The pterygoid underlies
the basisphenoid and is fused to the alisphenoid in some
sections and separate in others (Figure 3). Wible and
Martin (1993) reported the pterygoid and alisphenoid as
fully separate in the prenatal specimens (C. volans,
DUCEC 804, and “Cynocephalus,” DUCEC 8310). In
AMNH 187861, the pterygoid/alisphenoid is separated
from the basisphenoid by sutures, endo- and extracra-
nially (Figures 1, 3 and 4a); this is also the case in the
pre- and postnatal specimens studied here and was
reported by Parker (1885) in a 5.5 in. embryo of Galeopithe-
cus volans (=C. volans). A pair of prominent entopterygoid
crests extends ventrally from the basicranium to form the
lateral walls of the basipharyngeal canal (for the nasophar-
ynx) (Figures 2 and 3). The part of the entopterygoid crest
visible in Figure 2 is formed primarily by the pterygoid, but
is partially overlapped laterally by the alisphenoid (based
on C. volans, DUCEC 804, and “Cynocephalus,” DUCEC
8310). There are two processes on the entopterygoid crest: a
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FIGURE 4 Cynocephalus volans, AMNH 187861, isosurfaces derived from the CT scans of endocranial surfaces in oblique anterolateral

views. (a) Floor and right lateral wall with right petrosal in blue. (b) Right petrosal. Abbreviations: as, alisphenoid; bcf, basicapsular fissure;

bo, basioccipital; bs, basisphenoid; ccf, caudal cranial fossa; crp, crista petrosa; cs, cavum supracochleare; ecp, ectopterygoid process; €o,

exoccipital; fai, foramen acusticum inferius; fas, foramen acusticum superius; fm, foramen magnum; fo, foramen ovale; fr, frontal; gpn, for

greater petrosal nerve; ham, pterygoid hamulus; hf, hypoglossal foramen; hyf, hypophyseal fossa; ips, for inferior petrosal sinus; jf, jugular

foramen; ju, jugal; mcf, middle cranial fossa; of, optic foramen; os, orbitosphenoid; pa, parietal; pca, pars canalicularis; pco, pars cochlearis;

pf, piriform fenestra; pfc, prefacial commissure; pmc, petromastoid canal; ps, presphenoid; pt, pterygoid; saf, subarcuate fossa; scs, sinus

communicans sulcus; so, supraoccipital; sof, sphenorbital fissure; sq, squamosal; va, vestibular aqueduct.

short ectopterygoid process on the lateral surface on the ali-
sphenoid (Figure 2) and a hook-shaped hamular process of
the pterygoid at the posteroventral aspect (hidden in Fig-
ures 1 and 2 by hyoid elements but visible in Figure 4a).
Lateral to the entopterygoid crest and underlying the ali-
sphenoid is the medially expanded squamosal. A prominent
structure in this surface is the foramen ovale for the man-
dibular nerve (Figure 2). The bones forming the foramen
differ on the endo- and extracranial surfaces (Figure 3); the
squamosal forms the bulk of the external aperture, with
only a small contribution along the medial border from the
alisphenoid, whereas the alisphenoid forms much of the
internal aperture with a larger contribution to the posterior
border from the squamosal (Figure 4a). Lateral to the fora-
men ovale is the mediolaterally broad glenoid fossa for the
mandibular condyle (Figure 1), which is bordered posteri-
orly by the prominent postglenoid process (Figure 2). A
postglenoid foramen is lacking.

Posterior to the auditory bulla from medial to lateral
are the basioccipital, exoccipital, mastoid portion of the
petrosal, and squamosal (Figure 1); the first three are
well separated by sutures with the petrosal and squamo-
sal partially fused. The occipital condyle is primarily on
the exoccipital but with a small portion on the adjacent
basioccipital. Anterior to the condyle is the single hypo-
glossal foramen within the exoccipital, transmitting the
hypoglossal nerve and posterior meningeal artery and
vein (Wible, 1993). Anterior to the hypoglossal foramen

is the jugular foramen between the bulla, basioccipital,
and exoccipital for the internal jugular vein and cranial
nerves IX, X, and XI (Wible, 1993). There is a gap in the
posterolateral aspect of the auditory bulla between the
bulla, squamosal, and mastoid portion of the petrosal.
This gap opens anteriorly into the middle ear and dor-
sally into a foramen between the petrosal and squamosal,
and represents the combined stylomastoid and posttem-
poral foramina (Figures 1 and 2; see below).

The right auditory bulla, the floor of the middle ear,
is removed in Figure 2 to expose the contents and roof of
the middle ear, which includes the petrosal and the three
middle-ear ossicles. Most of the anterior and medial sur-
faces of the petrosal do not directly contact neighboring
basicranial bones; the remaining surfaces of the petrosal
are wedged between the exoccipital posteromedially and
the squamosal laterally. The medial border of the petrosal
is separated from the basioccipital by a visible gap. The
bulk of this gap is the basicapsular fissure, but it is con-
tinuous posteriorly with the jugular foramen and anteri-
orly with the carotid incisure. The carotid incisure
between the petrosal, pterygoid, and basisphenoid trans-
mits the internal carotid neurovascular bundle. In most
mammals, the internal carotid artery (and accompanying
sympathetic nerves) extends across the basicranium from
the neck and enters the braincase to supply the cerebral
circulation (Wible, 1986). In the four histological speci-
mens studied by Wible (1993), the internal carotid artery
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FIGURE 5 Cynocephalus volans, AMNH 187861, CT slices in
oblique transverse plane. (a) Left side of image of slice 1380 through
pars cochlearis; space over malleus and incus is the epitympanic
recess. (b) Left side of image of slice 1484 through pars canalicularis;
subarcuate fossa is floored by squamosal. Scale is for both slices.
Abbreviations: asc, anterior semicircular canal; bef, basicapsular
fissure; bs, basisphenoid; bo, basioccipital; cd, cochlear duct; cs, cavum
supracochleare; ct, cavum tympani; ctp, caudal tympanic process; e,
ectotympanic; en, entotympanic; essq, epitympanic sinus of
squamosal; ewpe, epitympanic wing of petrosal; i, incus; jf, jugular
foramen; Isc, lateral semicircular canal; m, malleus; np, nasopharynx;
pca, pars canaclicularis; pco, pars cochlearis; pr, promontorium; ptc,
posttemporal canal; ptf, posttemporal foramen; sac, saccule; saf,
subarcuate fossa; sq, squamosal; tt, tegmen tympani.

is incomplete and represented by only a tiny, short stump
that leaves the cerebral circulation and enters the ante-
rior middle ear. There is a tiny gap along the anterior

aspect of the petrosal that is hidden in ventral view by
horizontal shelves, epitympanic wings, on the rear of the
pterygoid and squamosal. These wings do not contact the
petrosal but partially underlie it, delimiting a narrow piri-
form fenestra, which is continuous medially with the
carotid incisure (and therefore, the basicapsular fissure
and jugular foramen). The sliver of piriform fenestra is
visible in the oblique endocranial view in Figure 4a. The
epitympanic wing of the squamosal has an elongate
depression that based on C. volans, DUCEC 806, is the
fossa for the tensor tympani muscle (Figure 2).

There are two other hidden spaces continuous with
the middle ear indicated by arrows in Figure 2. Arrow
1 points to an enormous hidden aperture (foramen pneu-
maticum of Klaauw, 1931; epitympanic foramen of
Hunt & Korth, 1980) that opens into an extensive epitym-
panic sinus (Figure 3) filling the interior of the squamosal
bone, from the posterior zygomatic root to the occiput;
this aperture is nearly completely in the squamosal with
only a tiny petrosal contribution from the anterior tip of
the tegmen tympani. Arrow 2 points to the epitympanic
recess, the space over the mallear-incudal articulation,
which is formed by the petrosal and squamosal bones
(Figure 5a), and is largely hidden in the illustrated view.

The petrosal and middle-ear ossicles are isolated from
the basicranium in ventral view in Figure 6. I divide the
petrosal into two parts, the pars cochlearis housing the
cochlea and saccule and the pars canalicularis housing
the semicircular canals and utricle; this is equivalent to
the petrous and mastoid portions of others
(e.g., MacIntyre, 1972). The main feature on the pars
cochlearis is the bulbous promontorium (Figure 6a),
reflecting the encased cochlea (Figures 5a and 6b).
Ekdale (2013) reported the cochlea of C. volans to be
coiled 954°; the cochlea of AMNH 187861 is coiled 946°,
using Ekdale's (2013) method. The ventral promontorial
surface has two main prominences angled anteromedially
(Figure 6a), the posterior one being the basal cochlear
coil (Figure 6b). The ventral surface also has two narrow
grooves that diverge from a common groove posteriorly
and reunite anteriorly (Figure 6a), similar to the course
of the internal carotid nerves illustrated for C. volans,
DUCEC 806, by Wible (1993: figure 6a; see also Hunt &
Korth, 1980: figure 16). Reaching anteromedially from
the promontorium is a triangular shelf, the epitympanic
wing of the petrosal. Based on C. volans, DUCEC 806, the
internal carotid nerves cross the lateral aspect of the epi-
tympanic wing, whereas the medial surface contacts the
cartilage of the auditory tube.

The rear of the promontorium is breached by two
openings, the round and oval windows (Figure 6a). The
round window or fenestra cochleae is a nearly vertical
opening in the posterior surface; it is oval with a length
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FIGURE 6 Cynocephalus
volans, AMNH 187861,
isosurfaces derived from the CT
scans of right petrosal in ventral
view. (a) Shaded;

(b) transparent; (c) with
malleus, incus, and stapes in
red, dark blue, and green,
respectively. Abbreviations: cd,
cochlear duct; coc, cochlear
canaliculus; cp, crista parotica;
cri, crista interfenestralis; ctn,
for chorda tympani nerve; ctp,
caudal tympanic process; er,
epitympanic recess; ew,
epitympanic wing; fc, fenestra
cochleae; fi, fossa incudis; fs,
facial sulcus; fv, fenestra
vestibuli; gr, grooves for internal
carotid nerves; ips, for inferior
petrosal sinus; jn, jugular notch;
la, lateral ampulla; Isc, lateral
semicircular canal; ma, mastoid;
pp, paroccipital process; pr,
promontorium; ptn,
posttemporal notch; sf,
stapedius fossa; smn,
stylomastoid notch; tt, tegmen

tympani.

to width ratio of 1.48. The dorsal surface at the round
window is smooth; a cochlear fossula is absent. The oval
window or fenestra vestibuli is slightly smaller and lies in
the posterolateral surface. It is best seen in lateral view
(Figure 7a). The oval window, which accommodates the
footplate of the stapes, is obliquely oriented, closer to hori-
zontal than vertical, with a stapedial ratio (Segall, 1970),
length to width, of 1.60. It is recessed from the promontor-
ial surface, producing a vestibular fossula, best developed
on the dorsal aspect. The bone separating the two win-
dows, the crista interfenestralis, is narrower than the lon-
gest dimensions of either window.

In ventral view (Figure 6a), the pars canalicularis is
lateral and posterior to the promontorium. Centrally
position on the pars canalicularis is a rounded promi-
nence, the paroccipital process, which is covered by and
fused to the posttympanic process of the squamosal later-
ally (Figure 2) and to the ectotympanic portion of the
bulla ventrally (Figure 1). Medial to the paroccipital pro-
cess is a large, oval depression (longer than wide), the
fossa for the stapedius muscle, that is subdivided by a
transverse crest; only the anterior half of this fossa is visi-
ble in the ventral view (Figure 6a). Extending and
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decreasing in height anteriorly from the paroccipital pro-
cess is the crista parotica (Figures 6a and 7a), which typi-
cally is the site of attachment of the tympanohyal, the
proximal segment of Reichert's cartilage (Moore, 1980);
AMNH 187861 has no sign of a tympanohyal, also
reported to be absent in the pre- and postnatal specimens
studied by Wible and Martin (1993). Lateral to the crista
parotica is the petrosal's contribution to the epitympanic
recess, which is roofed by the diminutive tegmen tym-
pani (Figures 5a, 6a and 7a). A small depression, the
fossa incudis, that accommodates the crus breve of the
incus sits posterior to the epitympanic recess on the ante-
rior face of the paroccipital process (Figure 6a,b). Form-
ing the dorsal base of the paroccipital process and
tegmen tympani is the gyrus of the lateral semicircular
canal (Figure 6¢).

The rear of the pars canalicularis is dominated by the
large, quadrangular mastoid portion of the petrosal.
Based on C. volans, DUCEC 806, the ventral surface of
the mastoid provides attachment for the posterior digas-
tric and jugulohyoideus muscles (see also Diogo, 2009).
The mastoid houses a large sinus that is continuous with
the epitympanic sinus of the squamosal via several small
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FIGURE 7

eam

Cynocephalus volans, AMNH 187861, isosurfaces derived from the CT scans of right petrosal in lateral view. (a) Shaded;

(b) with malleus, incus, and stapes in red, dark blue, and green, respectively; (c) transparent, with cranial nerve VII reconstructed based on
C. volans, DUCEC 804, 806; (d) with auditory bulla and osseous external acoustic meatus added to (b). Abbreviations: abX, for auricular
branch of vagus; asc, anterior semicircular canal; cat, for cartilage of auditory tube; cd, cochlear duct; cn VII, cranial nerve VII; cp, crista
parotica; crp, crista petrosa; cs, cavum supracochleare; ctp, caudal tympanic process; eam, external acoustic meatus; en, entotympanic; er,
epitympanic recess; ew, epitympanic wing; fc, facial canal; fi, fossa incudis; fn, facial nerve; fs, facial sulcus; fv, fenestra vestibuli; Gf,
Glaserian fissure; gg, geniculate ganglion; gpn, greater petrosal nerve or sulcus; Isc, lateral semicircular canal; ma, mastoid; pp, paroccipital
process; pr, promontorium; psc, posterior semicircular canal; sff, position of secondary facial foramen formed between petrosal and

squamosal; tt, tegmen tympani.

openings on the lateral aspect of the mastoid (Figure 7).
In lateral view (Figure 7a), the mastoid projects farther
ventrally than the promontorium and is separated from
the promontorium by a concavity. The anterior vertical
wall of the mastoid, which forms the rear of the concav-
ity, represents the caudal tympanic process of the petro-
sal (Figure 5b), marking the posterior limit of the middle
ear. There is a small canal that runs mediolaterally
through the caudal tympanic process base (Figure 7a),
connecting the jugular and stylomastoid foramina. The
nerve in this position in C. volans, DUCEC 806, is the
auricular branch of the vagus (Wible, 1993: figure 6A),
although this postnatal specimen does not have a sepa-
rate canal for the nerve as occurs in AMNH 187861. In
ventral view (Figure 6a), the caudal tympanic process is
separated from the paroccipital process by a gap, which is
closed to a foramen by the bulla (Figure 1). It is through
this gap that the facial nerve exits the middle ear (see
below) and the arteria and vena diploética magna enter

the posttemporal foramen between the petrosal and squa-
mosal. The paroccipital process and caudal tympanic pro-
cess are the only points of contact that the bony auditory
bulla has with the petrosal.

An important structure traversing the petrosal is cra-
nial nerve VII and its primary branches (Figure 7c). This
nerve's course begins on the petrosal's endocranial sur-
face at the foramen acusticum superius within the shal-
low internal acoustic meatus (Figure 4b). It enters the
facial canal, which runs anterolaterally through the base
of the prefacial commissure, on top of which is the prom-
inent crista petrosa (to which the tentorium cerebelli is
attached). At the end of the facial canal is a depression in
the petrosal that houses the geniculate ganglion of the
facial nerve (Figures 4b and 7a,c). This depression repre-
sents the cavum supracochleare (Gaupp, 1905), which is
unusual among therians in that it lies within the endo-
cranium and not within the petrosal (Wible, 1990;
Wible & Hopson, 1993). The geniculate ganglion has
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FIGURE 8

Cynocephalus volans, AMNH 187861, isosurfaces derived from the CT scans of right auditory bulla and osseous external

acoustic meatus. (a) Ventral view; (b) dorsal view. Abbreviations: ac, anterior crus; at, for auditory tube; cat, for cartilage of auditory tube;

ctn, for chorda tympani nerve; ctp, for caudal tympanic process; eam, external acoustic meatus; en, entotympanic; ewsq, for epitympanic
wing of squamosal; Gf, Glaserian fissure; pc, posterior crus; pgp, for postglenoid process; pp, for paroccipital process; ptp, for posttympanic
process; rm, recessus meatus; sp, for styliform process; st, sulcus tympanicus.

anterior and posterior branches. The smaller anterior
branch is the greater petrosal nerve, which runs endocra-
nially in a faint groove on the pars cochlearis (Figures 4b
and 7a,c); at the carotid incisure, it joins a branch of the
internal carotid nerve to form the nerve of the pterygoid
canal (see Wible, 1993: figure 6A). The larger posterior
branch of the ganglion is the main continuation of the
facial nerve. It leaves the cavum supracochleare and
enters the middle ear via the secondary facial foramen
between the petrosal and epitympanic wing of the squa-
mosal (Figures 2 and 7c). It runs posteriorly within the
facial sulcus between the epitympanic recess and fenestra
vestibuli, and then lateral to the stapedius fossa and
across the stylomastoid notch at the base of the paroccipi-
tal process (Figures 5a and 7c) to exit the middle ear at
the stylomastoid foramen (Figure 1).

Although the focus here is on the middle ear, I note
unusual features on the endocranial surface of the petro-
sal regarding the subarcuate fossa, which houses the
petrosal lobule of the cerebellum. As typical, the entrance
into the subarcuate fossa is rimmed by the gyrus of the
anterior semicircular canal (Figure 5b). Atypically, how-
ever, the petrosal does not completely floor the fossa and
the bulk is formed by the squamosal (Figures 4a and 5b).
There is a well-developed foramen in the floor of the
fossa, the petromastoid canal (Gannon et al., 1988). It is
nearly completely enclosed in the petrosal's contribution
(Figure 4a) and connects to the posttemporal canal
(Figure 5b), a longitudinal conduit between the petro-
sal and squamosal transmitting the arteria and vena

diploética magna (Wible, 1993: figure 4C, D). Cartmill
and MacPhee (1980) reported this canal in juvenile
Cynocephalus crania, and Wible (1993) noted a vein
here in “Cynocelphalus,” DUCEC 839. Another
unusual feature concerns the crista petrosa (Figures 4
and 6a). It arises anterior to the gyrus of the anterior
semicircular canal, from which it is separated by a deep
notch; it descends in height anteriorly and is not devel-
oped on the pars cochlearis anterior to the internal
acoustic meatus.

The auditory bulla and osseous external acoustic meatus
are shown in ventral and dorsal views in Figure 8. As
observed by Klaauw (1922; see also Hunt & Korth, 1980;
Wible & Martin, 1993), the bony bulla is composed of the
intramembranous ectotympanic and two independent ento-
tympanic elements (rostral and caudal) that preform in car-
tilage. There may also be a contribution from the ossified
cartilage of the auditory tube (Wible & Martin, 1993). The
ectotympanic is an open ring in prenatal stages, with two
arms, the anterior and posterior crura, separated by a size-
able lateral gap, the tympanic incisure. The ectotympanic
expands postnatally to be the primary element of the bulla
and the osseous external acoustic meatus; the small ento-
tympanics are situated along the dorsal rim of the ectotym-
panic in the anterior, medial, and posterior bullar margins.
In AMNH 187861, the bony bulla has no indication of
sutures delimiting the ectotympanic and entotympanics.
Based on the work of the authors cited above, the ectotym-
panic is the sole element visible in the ventral view of the
bulla (Figure 8a); however, it is unclear how much of the
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entotympanics have ossified in the dorsal view (Figure 8b)
as Wible and Martin (1993) found considerable cartilage in
the postnatal DUCEC 806 and 839. There is an irregular
area of bone in the anteromedial corner on the dorsal sur-
face that differs from the otherwise smooth bony surfaces
around it (Figures 5 and 8b); this is the only part that I am
confident is entotympanic.

A defining feature on the dorsal (tympanic) surface of
the bulla is the sulcus tympanicus (Figure 8b), the semi-
circular site of attachment of the tympanic membrane
(tympanum). The disposition of the sulcus reveals that
the tympanic membrane lies at a low angle to the horizon-
tal, approximately 30°. The sulcus tympanicus separates
the medially-placed middle ear from the laterally-placed
external ear. The external ear is subdivided further into
the recessus meatus, which is covered by the bulla proper,
and the cylindrical external acoustic meatus. The bone
flooring the recessus meatus has several small openings
that likely result from the inflation of the ectotympanic;
Kampen (1905) and Klaauw (1931) described similar open-
ings in adults. In lateral view (Figure 7d), the opening of
the meatus is roughly oval, taller than wide. Its smooth
meatal roof is formed by the squamosal and its irregular
sides and floor by the ectotympanic. Of the ectotympanic's
contributions, that to the anterior wall is the most substan-
tial (Figure 8a).

At the anterior margin of the bulla is a short, blunt
styliform process (Figure 8), which is formed on the ecto-
tympanic (Wible & Martin, 1993). Dorsal to the styliform
process is a broad channel for the auditory tube that is
bordered posteriorly by the entotympanic (Figure 8b).
Based on C. volans, DUCEC 806, this channel is trans-
formed into a large aperture by the U-shaped cartilage of
the auditory tube (see its bullar attachments in Figure 8b),
which as noted above underlies the epitympanic wing of
the petrosal. The cartilage of the auditory tube bridges the
small gap between the entotympanic and epitympanic
wing visible in Figure 7d.

Of the neighboring basicranial bones, the bulla and
osseous external acoustic meatus only have direct contacts
with the petrosal and squamosal. The petrosal contacts are
on the caudal tympanic and paroccipital processes, the
latter being partially fused and including a small canal
transmitting the chorda tympani nerve into the middle ear
(Figure 8b). The squamosal contacts are on the epitympa-
nic wing, postglenoid process, and posttympanic process,
the last two being partially fused to the osseous meatus.

A final structure on the bulla concerns the Glaser-
ian fissure, which developmentally is the conduit for
Meckel's cartilage and with that element's disappear-
ance in later ontogenetic stages contains the chorda
tympani nerve (Klaauw, 1931). In the prenatal speci-
mens (C. volans, DUCEC 804, and “Cynocephalus,”

DUCEC 8310), Meckel's cartilage runs forward from
the developing incus and malleus in company with the
gonial bone and chorda tympani nerve, as typical for
mammals (De Beer, 1937). The cartilage and nerve in
DUCEC 804 and 8310 cross the anterior crus (arm) of
the ring-like ectotympanic, but the gonial does not
reach as far anteriorly. Unfortunately, these structures
are not well preserved in the postnatal specimens
(DUCEC 806 and 839), so their fate is uncertain.
AMNH 187861 has a thread-like anterior process of the
malleus (likely formed from the gonial of the prenatal
specimens) that at its distal tip sits in a groove on the
ectotympanic part of the bulla (Figures 7d and 8b), the
groove representing the Glaserian fissure. The groove,
which is longer than the anterior process of the mal-
leus, also contained the chorda tympani nerve. Antero-
ventral to the Glaserian fissure, there is a seam in the
bulla that ends at a short spine (Figure 6d). The mean-
ing of this seam and spine is unknown.

The middle-ear ossicles are shown in situ in the basi-
cranium in Figure 2, and on the isolated petrosal in
Figures 6¢c and 7b,d. The malleus (Figure 9a-c) has an
anteroposteriorly compressed head with two incudal
articular facets set at approximately 145° to each other.
The larger superior facet is concave and the inferior facet
convex. Anterior to the head is a small, triangular osse-
ous lamina that tapers into a thread-like anterior process.
As segmented here, a tiny gap separates the anterior pro-
cess (i.e., gonial bone) from the osseous lamina. This gap
does not appear to be a thresholding issue but was likely
filled with cartilage connecting the two bones. A short
neck connects the head to the manubrial base. The neck
has a tiny muscular process for the attachment of the ten-
sor tympani muscle. Based on C. volans, DUCEC 804, the
chorda tympani nerve crosses the malleus ventral to
the muscular process (epitensoric position) as previously
reported in a juvenile C. volans by Maier (2008). The
manubrial base has a prominent lateral process to which
the upper part of the tympanic membrane is attached.
The manubrium is anteroposteriorly compressed with a
ridge along its posterolateral aspect and an expanded tip.

The incus (Figure 10a—c) has a prominent, rounded
body that is larger than the head of the malleus. There
are two mallear articular facets; the larger inferior facet is
concave and the superior relatively flat. The short process,
crus breve, is remarkably short when compared to the
long process, crus longum. There is a distinct lenticular
process articulating with the stapes that is separated from
the crus longum by a sizeable gap. This gap was likely
filled with cartilage during life. The prenatal specimens,
C. volans, DUCEC 804, and “Cynocelphalus,” DUCEC
8310, have an incus preformed in cartilage that has conti-
nuity between the lenticular process and crus longum.
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FIGURE 9 Cynocephalus volans, isosurfaces derived from the CT scans of the right malleus. (a—c) AMNH 187861; (d-f) FMNH 56442.
(a, d) Oblique lateral view; (b, e) oblique posterior view; (c, f) oblique medial view. Abbreviations: ap, anterior process; h, head; iaf, inferior

articular surface; lp, lateral process; mn, manubrium; mp, muscular process; n, neck; ol, osseous lamina; saf, superior articular surface.

The stapes (Figure 11) has a head that is broader
than the lenticular process and with no indication of a
muscular process for the attachment of the stapedius
muscle, a muscle known to be present from the histolog-
ical specimens. The two crura border an oval stapedial
foramen, taller than wide. The anterior crus is thinner
and more bowed than the posterior crus. The posterior
crus is expanded at both the head and the footplate,
although significantly more at the latter. The footplate
is slightly longer than the stapes is tall and has a stape-
dial ratio (length/width) of 1.65, whereas as noted above
the fenestra vestibuli is 1.60. The footplate is bulbous
on the surface facing the inner ear and concave between
the crura.

3.2 | Cynocephalus volans, FMNH 56442
Description of the cranium of this adult female is compli-
cated by the near total absence of sutures delimiting
bones (Figure 12). The petrosal is the only bone that is
somewhat distinguished by sutures (Figure 13), although
much of the pars canalicularis is fused to the squamosal,
exoccipital, and auditory bulla. In the following, attention
is given to the major differences between the juvenile,
AMNH 187861, and the adult, FMNH 56442.

An obvious difference is the lack of indication of the
parasphenoid bone on the basisphenoid, which is clear
on the juvenile (Figure 1); it is uncertain if this bone's
presence is polymorphic or if it is wholly subsumed by
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FIGURE 10 Cynocephalus volans,
isosurfaces derived from the CT scans of
the right incus. (a-c) AMNH 187861;
(d-f) FMNH 56442. (a, d) Oblique
lateral view; (b, €) oblique posterior
view; (c, f) oblique medial view.
Abbreviations: b, body; cb, crus breve;
cl, crus longum; iaf, inferior articular
surface; lep, lenticular process; saf,
superior articular surface.
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the basisphenoid. Compared to the juvenile, the auditory
bulla and osseous external acoustic meatus are greatly
expanded in the adult (cf. Figures 1 and 12), which cre-
ates several new openings detailed below. The mastoid is
also more inflated, via its continuity with the epitympa-
nic sinus of the squamosal. The expanded bulla contacts
and fuses to bones that it does not contact in the juvenile,
namely the basioccipital medially, the exoccipital postero-
medially, and the basisphenoid, alisphenoid, and squamo-
sal anteriorly; the bulla also abuts the outer edges of the
pars cochlearis. It is unclear which element(s) of the bulla
(i.e., ectotympanic, entotympanic, and ossified cartilage of

(c) FIGURE 11

Cynocephalus volans, AMNH
h 187861, isosurfaces derived from the CT scans
of the right middle ear ossicles. (a) Stapes in
pc ac oblique dorsal view; (b) malleus, incus, and
stapes in oblique medial view; (c) stapes in
oblique ventral view. Abbreviations: ac,
anterior crus; ap, anterior process; b, body; cb,
crus breve; fp, footplate; h, head; mn,
manubrium; pc, posterior crus; sf, stapedial
foramen.

the auditory tube) account for the expansion present in
the adult. As in the juvenile, the floor of the recessus mea-
tus has several openings in it (as also reported by
Kampen, 1905 and Klaauw, 1931), but these are smaller.
Along the anterior aspect of the bulla, the juvenile
has an insignificant styliform process on the ectotym-
panic (Figure 8), whereas this is elongate in the adult
(Figure 12). Dorsal to the styliform process, the juve-
nile has a broad gap that includes the auditory tube
and its cartilage (Figure 8b). In the adult, bone fills this
gap, presumably derived from the entotympanic and/or
cartilage of the auditory tube (Wible & Martin, 1993).
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FIGURE 12  Cynocephalus volans, FMNH 56442, isosurface derived from the CT scans of the basicranium in ventral view. Dashed lines
indicate canal connecting the jugular, posttemporal, and secondary posttemporal foramina. Abbreviations: ab, auditory bulla; at, to auditory tube
opening; ctn, for chorda tympani nerve; eam, external acoustic meatus; ecp, ectopterygoid process; fm, foramen magnum,; fo, foramen ovale; gf,
glenoid fossa; Gf, Glaserian fissure; ham, pterygoid hamulus; hf, hypoglossal foramen; ips, to inferior petrosal sinus opening; jf, jugular foramen; oc,
occipital condyle; pcf, posterior carotid foramen; pgp, postglenoid process; ptf, posttemporal foramen; ptp, posttympanic process; ptc, posttemporal
foramen; smf, stylomastoid foramen; sp, styliform process; sptf, secondary posttemporal foramen; ttf, to opening into tensor tympani fossa.

FIGURE 13 Cynocephalus volans,
FMNH 56442, isosurface derived from
the CT scans of the right endocranium
in oblique medial view. Right petrosal is
in light blue. Abbreviations: ccf, caudal
cranial fossa; cevs, capsuloparietal
emissary vein sulcus; ci, to carotid
incisure; cs, cavum supracochleares; fai,
foramen acusticum inferius; fas,
foramen acusticum superius; fm,
foramen magnum,; fo, foramen ovale;
ham, pterygoid hamulus; hf, hypoglossal
foramen; hyf, hypophyseal fossa; ips,
inferior petrosal sinus opening; jf,
jugular foramen; mcf, middle cranial
fossa; mg, meningeal groove; of, optic
foramen; pf, piriform fenestra; pmc,
petromastoid canal; ptc, posttemporal
canal; ptg, posttemporal groove; saf,
subarcuate fossa; scs, sinus
communicans sulcus; sof, sphenorbital
fissure; sss, sigmoid sinus sulcus; tg,
trigeminal groove.

Two bony conduits into the middle ear are delimited
(not visible but indicated by arrows in Figure 12): a
larger medial aperture for the auditory tube and a
smaller lateral one that leads into the fossa for the ten-
sor tympani muscle. Based on C. volans, DUCEC

806, this aperture transmits the nerve to the tensor
tympani and the anterior tympanic artery, a branch of
the maxillary artery (Wible, 1993). It is unknown if
any tubal cartilage remains in the adult or if it is
entirely replaced with bone.
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The osseous external acoustic meatus has a more
complete floor in the adult, but its composition remains
as in the juvenile with a smooth roof formed by the squa-
mosal and walls showing a layer of irregular bone formed
by the ectotympanic. The ends of the anterior and poste-
rior crura are solidly fused to the medial margin of the
squamosal roof of the osseous meatus, but there is no
indication of ectotympanic growth between the crural
ends. Consequently, a large tympanic incisure is present
in the adult as in the juvenile.

The main openings at the posteromedial (jugular fora-
men) and posterolateral (stylomastoid and posttemporal
foramina) aspects of the ear region in FMNH 56442 are
as in the juvenile AMNH 187861 (cf. Figures 1 and 12).
Two differences posteromedially are that the adult also
has a foramen for the inferior petrosal sinus and a poste-
rior carotid foramen (Figure 12). The former is anterior
to the jugular foramen and leads anteriorly into a canal
between the bulla (likely entotympanic portion), basioc-
cipital (based on position), and petrosal. The latter, for
the internal carotid nerves (Wible, 1993), is in a small
depression ventral to the foramen for the inferior petrosal
sinus and leads into a short canal through the bulla that
opens onto the promontorium. As the juvenile has a
broad gap between the pars cochlearis and bulla where
the internal carotid nerves enter the middle ear, it is
likely that the posterior carotid foramen in the adult is
entirely in the entotympanic. Another unusual feature
posteromedially in the adult is a broad channel connect-
ing the jugular and hypoglossal foramina, presumably
transmitting a vein connecting the internal jugular and
posterior meningeal veins (Wible, 1993). Posterolaterally,
the small foramen for the chorda tympani nerve is visible
in direct ventral view in the adult, but is hidden in the
same view in the juvenile.

A major difference between the adult and juvenile is
the presence in the former of an opening in the mastoid
area (“sptf” in Figure 12) roughly equidistant to the jugu-
lar and posttemporal foramina that is wholly lacking in
the juvenile (Figure 1). This opening first was reported in
C. volans by Hunt and Korth (1980). They identified this
foramen as between the exoccipital and mastoid, and pro-
posed it as a mastoid venous foramen (see also Cartmill &
MacPhee, 1980; MacPhee et al., 1989). However, Wible
(1993) showed that the occupants of this foramen are arte-
rial and venous, the arteria and vena diploética magna,
branches of the occipital artery and vein. Although Wible
(1993) showed the term “mastoid venous foramen” to be
inappropriate, he did not offer an alternative.

Study of the CT scans of FMNH 56442 (and in the
context of AMNH 187861) reveals more detail about the
anatomy here. As suggested by Hunt and Korth (1980),
the exoccipital and mastoid are contributing elements to

the foramen; the former forms the medial border and the
mastoid (caudal tympanic process) the roof. However,
the floor of the foramen appears to be formed by poste-
rior growth of the bulla, although it is uncertain whether
this is through expansion of the ectotympanic, entotym-
panic, or both. The true nature of the floor composition
requires a specimen bridging the condition of no foramen
in AMNH 187861 (Figure 1) and the enclosed foramen in
FMNH 56442 (Figure 12). The foramen in the latter leads
into a broad canal, the contours of which are indicated in
Figure 12 by dashed lines on the left side of FMNH
56442; this canal is stretched between the jugular and
posttemporal foramina. The main occupants of the larger
lateral stretch of the canal are, following Wible (1993),
the arteria and vena diplo€tica magna. This lateral canal
transmits the artery and vein to the posttemporal fora-
men. In light of the occupants and later ontogenetic for-
mation of the foramen into the lateral canal, the term
“secondary posttemporal foramen” seems an appropriate
moniker. The smaller medial stretch of the canal to the
jugular foramen likely transmits the auricular branch of
the vagus nerve, which continues into the lateral stretch
of the canal to ultimately reach the facial nerve at the sty-
lomastoid foramen.

The endocranial aspect of the petrosal is fully delim-
ited by sutures from its neighbors (Figure 13). However,
growth around the edges of the petrosal largely closes off
the gaps present along the anterior and medial edges in
the juvenile (Figure 4a). The broad basicapsular fissure of
the juvenile is largely enclosed into a canal for the infe-
rior petrosal sinus with the petrosal growing over the
basioccipital except at the anteromedial corner where
there is an entrance to the canal (Figure 13). The carotid
incisure is present although reduced to mere sliver and
no longer easily visible in the endocranial view. The
petrosal is still separated from the epitympanic wing of
the squamosal by a tiny gap, but it is not enough to iden-
tify this as a piriform fenestra. The cavum supracochleare
remains a depression in the anterior surface of the petro-
sal, and not enclosed in that bone, and the entrance of
the facial nerve into the middle ear, the secondary facial
foramen, lies between the petrosal and squamosal (not
visible in Figure 13). As in the juvenile, the petrosal does
not completely floor the subarcuate fossa. The crista pet-
rosa is as in the juvenile, separated from the gyrus of the
anterior semicircular canal by a deep notch and not
developed on the anterior half of the pars cochlearis. A
remarkable change from the juvenile to the adult con-
cerns the enlargement and addition of grooves related to
the vascular system. For example, the juvenile has a
small sulcus for the sinus communicans anterior to the
petrosal in the middle cranial fossa (Figure 4a), but this
is dramatically larger in the adult (Figure 13).
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Within the middle ear, the cochlea is coiled 940°,
whereas it is 954° as reported by Ekdale (2013) and 945°
in the juvenile, AMNH 187861. The stapedial ratio
(length to width of the oval window) is 1.65, whereas it is
1.60 in AMNH 187861. The faint grooves for the internal
carotid nerves on the promontorium in the juvenile
(Figure 6a) are present but even fainter in the adult. The
disposition of the sulcus tympanicus shows the tympa-
num to be at a slightly lower angle to the horizontal in
the adult compared to the juvenile, 25° versus 30°. Only
the left malleus and incus are preserved in FMNH 56442.
Both bones (Figures 9d-f and 10d-f) resemble those
described for the juvenile (Figures 9a-c and 10a—c) but
are more robust. The adult malleus has more prominent
muscular and lateral processes and osseous lamina. The
adult incus has more robust short and long processes and
body. A major difference is the total lack of the anterior
process of the malleus, which is thread-like in the juve-
nile. A striking similarity is the absence of bone connect-
ing the lenticular process to the long process of the incus.
The CT scans show an unossified structure connecting
the two, which presumably is cartilaginous.

4 | DISCUSSION

Study of the CT scans of the juvenile and adult C. volans
has uncovered some novel observations as well as some
discrepancies with prior observations in the literature
that are addressed here.

41 | Subarcuate fossa

Although a petromastoid canal has been reported previ-
ously for C. volans (Cartmill & MacPhee, 1980; O'Leary
et al., 2013: morphobank project 773), the observation
here that the petrosal's contribution to the floor of the
fossa is incomplete and supplemented by squamosal in
the juvenile AMNH 187861 and adult FMNH 56442
(Figures 4 and 13) is novel. Given how seldom the endo-
cranial surface of the petrosal is studied or illustrated, I
am uncertain how unusual this arrangement is in mam-
mals. I reported a similar arrangement in the pen-tailed
treeshrew Ptilocercus lowii, where the parietal and not
the squamosal completed the subarcuate fossa floor
(Wible, 2011). In the prenatal sectioned specimens stud-
ied here, C. volans, DUCEC 804, and “Cynocephalus,”
DUCEC 8310, and in the 28- and 63-mm crown-rump
length C. volans embryos described by Henckel (1929)
and Halbsguth (1973), respectively, the cartilaginous pars
canalicularis forms the entire subarcuate fossa. In the
smaller postnatal sectioned specimen, C. volans, DUCEC

806, the ossified pars canalicularis also is complete within
the subarcuate fossa. However, the larger postnatal sec-
tioned specimen, “Cynocephalus,” DUCEC 836, has the
same condition as in AMNH 187861 and FMNH 56442.
This change in DUCEC 836 precedes the considerable
pneumatization of the petrosal found in the adult and to
a lesser extent in the juvenile.

4.2 | Posterior carotid foramen

A complete internal carotid artery is lacking in the prena-
tal colugo specimens studied by Wible (1993). However,
in light of what we know about the development of this
artery in mammals (e.g., Presley, 1979; Wible, 1986), a
complete vessel was likely present in early embryos of
C. volans. The internal carotid nerves follow the course of
the artery and were left on the promontorium with
the involution of the transpromontorial segment of the
artery. The existence of a posterior carotid foramen in the
adult bulla by which the nerves reach the promontorium
is debated. Hunt and Korth (1980: p. 178) wrote “In dried
adult skulls, no foramina for entrance of the internal
carotid into the auditory area are identifiable, either in
the basicranial bones or in the bulla itself.” Wible (1993:
figure 6) showed that the internal carotid nerves enter
the middle ear near the jugular foramen in C. volans,
DUCEC 806, but did not describe or illustrate this open-
ing in the adult. A posterior carotid foramen in the pos-
teromedial bullar wall was scored as present in O'Leary
et al. (2013: morphobank.org project 773). Yet, to my
knowledge, this opening has not been identified in the
adult colugo in any figures in the literature. Conse-
quently, the labelling of the posterior carotid foramen in
FMNH 56442 (Figure 12) rectifies this. Revisiting photos
of C. volans already published, the posterior carotid fora-
men is visible near the posterior lacerate foramen (= jug-
ular foramen) in Hunt and Korth (1980: figure 9) and
MacPhee et al. (1989: figure 8a).

4.3 | Tympanic incisure

Hunt and Korth (1980: pp. 177-178) wrote “We conclude
that the dermopteran bulla is in composition and orienta-
tion simply a primitive eutherian bulla, but with one
striking modification: closure of the tympanic crescent by
ossification between the crura resulting in enclosure of
the eardrum within the bulla.” Their figure 15 showed
part of the bulla removed from a neonate, FMNH 56782,
with the following note in the figure legend: “Note that
the meatal aperture of the tympanic bone is a complete
tube closed dorsad that transmits sound waves into the
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recessus meatus.” Their figure 3 showed this diagram-
matically in the adult, with the ectotympanic forming the
roof of the osseous external acoustic meatus. Extrapolat-
ing from these observations, Hunt and Korth (1980) are
reporting the absence of a tympanic incisure between the
ectotympanic crura, which was followed for this taxon in
the phylogenetic analysis of O'Leary et al. (2013: morpho-
bank.org project 773).

In the juvenile AMNH 187861, an osseous tubular
external acoustic meatus is present, but it is not formed
entirely by the ectotympanic, in contrast to the observa-
tions of Hunt and Korth (1980). The anterior and poste-
rior walls show a double layer with the inner irregular
surface formed by the ectotympanic, which also forms
the floor; the roof has a single smooth layer formed by
the squamosal. A large tympanic incisure separates the
anterior and posterior crura (Figure 8). The adult, FMNH
56442, shows the same pattern, albeit with more fusion
between the structures.

In light of these new observations, the specimen stud-
ied by Hunt and Korth (1980) should be revisited to see if
C. volans is polymorphic for the presence/absence of a
tympanic incisure.

4.4 | Middle-ear ossicles

Colugo middle-ear ossicles have been studied and illus-
trated by Doran (1878), Parker (1885), and Fleischer
(1973). The most detailed of these is Parker (1885), which
includes a “ripe embryo” 5.5 in. from snout to base of tail
of Galeopithecus volans and an adult Galeopithecus philli-
pensis (both of which = C. volans). In Parker's embryo
(Figure 14a), the ossicles are ossified except the mallear/
incudal articular surfaces. Parker (1885) described the
malleus as having a slender processus gracilis (= anterior
process) and a bulbous head, although the latter does not
appear to be much different from the head of AMNH
187861 and FMNH 56442 (Figure 9), which I consider to
be anteroposteriorly compressed. In Parker's adult
(Figure 14b), the anterior process is essentially gone. He
did not report a muscular process on the malleus in either
stage, which differs from the specimens here (Figure 9).
The incus of Parker's adult (Figure 14b) generally resem-
bles those of AMNH 187861 and FMNH 56442
(Figure 10), whereas that of the 5.5 in. embryo has a less
bulbous body and more elongate crus breve (Figure 14a).
Without comment, Parker (1885) illustrated the incus of
the 5.5 in. embryo without a lenticular process and with a
ligament connecting the crus longum to the stapes
(Figure 14a). He pictured a lenticular process on the adult
incus (Figure 14b), and as he made no comment on it, I
presume it is continuous with the crus longum, unlike the

incudes studied here (Figure 10). The stapes of Parker's
adult (Figure 14b) resembles that of AMNH 187861
(Figure 11), but differs in having a distinct muscular pro-
cess for the insertion of the stapedius muscle and an ossi-
fied interhyal (= cartilage of Paaw) in the stapedius
muscle tendon. As discussed by Wible and Shelley (2021),
the incidence of the cartilage of Paaw may be affected by
preparation techniques, so that its occurrence in AMNH
187861 should be considered unknown. The stapes of

(b)

FIGURE 14
view. (a) Galeopithecus volans, 5.5 in. embryo, from Parker (1885: plate
37, figure 4); (b) Galeopithecus philippinensis, adult, from Parker (1885:
plate 39, figure 3). Bone is yellow, cartilage red. Abbreviations
(Parker's original with synonyms as needed): ag.p, posterior angular
process (lateral process); i, incus; i.hy, interhyal (cartilage of Paaw);

Cynocelphalus volans, middle-ear ossicles in outer

L.cd, long crus of incus (crus longum); mb, manubrium; ml, malleus;
p.gr, processus gracilis (anterior process); s.c.i, short crus of incus
(crus breve); st, stapes; st.m, stapedius muscle.
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Parker's 5.5 in. embryo (Figure 14a) differs from that of
AMNH 187861 (Figure 11) in having a much smaller sta-
pedial foramen.

Doran (1878) noted a tubular muscular process and a
slender processus gracilis (= anterior process) on the mal-
leus in adult Galeopithecus, but the latter is not included
in his illustration (plate LXII, figure 18). He reported the
Sylvian apophysis (= lenticular process) continuous with
the crus longum of the incus. Fleischer (1973) studied
three Cynocephalus variopedatus, which he equated with
Galeopithecus volans (= C. volans here). The most signifi-
cant differences in the descriptions and illustration in
Fleischer (1973) compared to the specimens here concern
the malleus; his adult is illustrated with a slender proces-
sus gracilis (= anterior process) resembling that in the
5.5 in. embryo of Parker (1885) although thinner and he
reported the muscular process as absent.

These few descriptions and illustrations highlight a
significant level of variability in the middle-ear ossicles.
Is it possible that the taxonomy in these older works is
questionable? Or are these differences polymorphisms
within C. volans? Additional observations are needed to
address this.

In the history of human anatomical studies, the lentic-
ular process has been considered to be a fourth middle-ear
ossicle (os lenticulare), as the thin pedicle connecting the
process to the crus longum was not always readily detected
in early anatomical preparations (Graboyes et al., 2011).
Today, it is generally held that the lenticular process is
part of the human incus (e.g., Strandring, 2008). Neverthe-
less, instances in humans where there is no connection or
the lenticular process is absent are reported. Chien et al.
(2009) found no connection in histological preparations of
9 of 270 human incudes studied. Lannigan et al. (1993)
found increased osteoclastic activity to the lenticular pro-
cess and adjacent crus longum with advancing age in
humans, including the total erosion of the lenticular pro-
cess. How do these studies inform the situation of the
incus in AMNH 187861 and FMNH 56442 (Figure 10)?
Above, I speculated that cartilage breeched the gap
between the crus longum and lenticular process in both,
with continuous cartilage present in the prenatal DUCEC
804 and 8310. Unfortunately, the incus is not well pre-
served in the postnatal DUCEC 806 and 839, which might
have provided information to address this issue. Until
more data are forthcoming, the meaning of the bony gap
in the colugo incus is unknown.

4.5 | Posttemporal foramen and canal

The arteria and vena diploética magna are found in
extant monotremes and some extant marsupials and

placentals (Rougier & Wible, 2006; Wible, 1987, 2003),
including colugos (Wible, 1993). The posttemporal
foramen and canal, which transmit these vessels in
extant mammals, are widely distributed among Meso-
zoic mammaliaforms, including Late Cretaceous euthe-
rians (Wible et al., 2004, 2009). To date, the colugos, C.
volans and Galeopterus variegatus, are the only taxa,
extant or extinct, reported with a posttemporal fora-
men within Euarchontoglires, the broader clade that
includes Dermoptera, Primates, Scandentia, Rodentia,
and Lagomorpha (O'Leary et al., 2013: morphobank.org
project 774). The presence of these vessels in colugos with
their highly derived vascular system and ear region among
Euarchontoglires is an unexpected distribution. The post-
temporal foramen in C. volans (Figures 1, 2, and 12) and
Galeopterus variegatus, CM 87908, 87909 (pers. obs.), dif-
fers from that in all other mammals in having a posttem-
poral foramen that it is not on the occiput but on the
basicranium. Additionally, the colugos are further distin-
guished by having a secondary posttemporal foramen that
leads to the primary (Figure 12).

4.6 | Comparisons with other taxa

The ultimate goal of this research is to make comparisons
with other taxa for the purposes of phylogenetic recon-
struction and functional interpretations. To achieve those
ends, a first step is to conduct similar studies on the other
living dermopteran, the Sunda flying lemur, Galeopterus
variegatus. Given that their adult crania are similarly
devoid of most sutures, studies of juveniles will also be
required. Until such studies are forthcoming, comparisons
are premature if the goal is to identify features of the ear
region related to gliding locomotion versus those related to
the broader phylogenetic relations of dermopterans.
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