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Abstract
The higher carnivoran taxa significantly differ in the morphology of the auditory bulla, but little is known about its non-
ectotympanic elements and their contribution to phylogenetically informative bullar characters. The ventral entotympanic sinus,
a principal hypotympanic compartment unique to Canidae, expands in post-ossification ontogeny from a distinct portion, rather
than the whole, of what is considered the ‘caudal entotympanic’. To trace the earlier development of this sinus and to clarify the
potential roles of individual entotympanics in formation of the canid auditory bulla, osteological observations were made on
younger skulls of Canis lupus and four additional species. The ventral entotympanic sinus was found to invariably originate at a
separate bone provisionally designated the ventral entotympanic. The rest of the caudal entotympanic is a fusion of the posterior
(or the proper) caudal entotympanic ossifying near the tympanohyal, and the anterior caudal entotympanic ossifying between the
ectotympanic and rostral entotympanic. Examination of the rostral entotympanic also revealed previously unknown details. In
sum, the canid auditory bulla includes at least four rather than earlier recognised two (or suspected three) entotympanics. Based
on these findings, the composition of the canid intrabullar septum and the homologies of the carnivoran entotympanics are
discussed. Within the established phylogenetic framework, the rostral entotympanic and posterior caudal entotympanic appear as
plesiomorphic for crown-group Carnivora, while the anterior caudal entotympanic is synapomorphic for Caniformia, and the
ventral entotympanic is autapomorphic for Cynoidea. This hypothesis implies that the carnivoran entotympanic patterns may
have emerged before complete fusions of bullar bones observed in the fossil record.
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Introduction

The auditory bulla is a paired component of the mammalian
basicranium providing mechanical protection of the middle
ear. The fully ossified bullae have evolved through a simple
expansion of the originally narrow ectotympanic or with in-
volvement of other bones including the entotympanics, devel-
opmentally diverse additional elements found inmany placen-
tal groups (Van Kampen 1905; Van der Klaauw 1922, 1931;
Novacek 1977, 1993; MacPhee 1979, 1981, 2014; Moore
1981; Zeller 1986; Wible and Novacek 1988; Fischer 1989;
Presley 1993a, b; Gaudin and Wible 1999; Wible and Davis

2000; Wible 2010; Maier et al. 2013). Both the entirely
ectotympanic and compound bullae may have a variety of
shapes and internal organisations ranging from just a near-
flat floor of the tympanic cavity to diverse and intricate septate
or cancellous constructions (e.g. Van Kampen 1905; Van der
Klaauw 1931; Novacek 1977, 1993; MacPhee 1979, 1981;
Pfaff et al. 2015).

The consistent disparity among, and uniformity within, the
higher taxa in their bullar morphology make the bulla a sub-
ject of considerable interest in studies of mammalian evolu-
tion. This is also the case for the carnivoran intrabullar sinuses
and septa, which have long been considered as a source of
taxonomically and phylogenetically significant characters
(e.g. Flower 1869; Van Kampen 1905; Pocock 1921;
Gregory and Hellman 1939; Winge 1941; Hough 1948,
1953; Hunt 1974, 1987, 1991, 1998, 2001; Flynn and
Galiano 1982; Hunt and Tedford 1993; Wyss and Flynn
1993; Wang and Tedford 1994; Ivanoff 2000, 2001, 2007;
Prevosti 2010).

* Dmitry V. Ivanoff
dmitry.v.ivanoff@gmail.com

1 Department of Palaeontology, National Museum of Natural History,
National Academy of Sciences of Ukraine, Bogdan Khmelnitsky
Street 15, Kiev 01601, Ukraine

Organisms Diversity & Evolution (2019) 19:363–375
https://doi.org/10.1007/s13127-019-00395-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s13127-019-00395-2&domain=pdf
http://orcid.org/0000-0003-4329-6828
mailto:dmitry.v.ivanoff@gmail.com


Historically, it is the research on the auditory region that
resulted in the recognition of three major carnivoran groups
(Flower 1869), an arrangement which withstood the test of
time even though opinions on their taxonomic ranks and
names may vary. These clades are the infraorders Aeluroidea
(comprising the families Felidae, Viverridae, Nandiniidae,
Prionodontidae, Eupleridae, Herpestidae and Hyaenidae),
Arctoidea (Ursidae, Procyonidae, Ailuridae, Mustelidae,
Mephitidae, Phocidae, Odobenidae and Otariidae) and
Cynoidea (Canidae). The aeluroids, possibly together with
the extinct group Nimravidae, form the suborder Feliformia;
while the cynoids and arctoids, together with the extinct fam-
ily Amphicyonidae, form the suborder Caniformia (see, e.g.
Flynn et al. 2010 for review of phylogenetic relationships
within the crown-group Carnivora and among important stem
taxa).

The intrabullar septa normally develop as under-resorbed
boundaries between separately ‘inflating’ regions of the grow-
ing bulla. As development progresses, these boundaries be-
come internal partitions whose height depends on the resorp-
tion of their free edges and on the expansion of the adjacent
intrabullar sinuses enlarging the hypotympanic cavity. In the
Aeluroidea, Arctoidea and Cynoidea, the sinuses develop in
different parts of the bulla and, correspondingly, they produce
different septa that are non-homologous between these clades
(Ivanoff 2001). The distinctions between the caudal
entotympanic sinus (unique to aeluroids), transbullar sinus
(occurring in several arctoid groups) and ventral entotympanic
sinus (unique to cynoids) allow reliable identification of the
respective intrabullar septa and also ensure against their con-
fusion with secondary ridges or crests variably occurring in
the carnivoran bullae (Ivanoff 2001). However, an intriguing
and less explored question around the formation of intrabullar
morphologies is their potential dependence on what bones are
involved in bullar development.

The composite nature of the canid auditory bulla was
first reported by Flower (1869, p. 24), who noticed its
development ‘…from two parts, an outer true tympanic,
and an inner cartilaginous portion’. While the ‘true tym-
panic’ (ectotympanic) is a membrane bone ossifying pre-
natally (e.g. Drews 1934; Schliemann 1966; Evans and De
Lahunta 2013), the development of the non-ectotympanic
moiety of the canid bulla has long remained unknown.
Van Kampen (1905, p. 524) conjectured that the ossifica-
tion of the hyaline cartilage medial to the ectotympanic
might be not separate, but rather spreading from the
ectotympanic. This view still remains in the Nomina
Anatomica Veterinaria, which does not recognise the pars
endotympanica of the bulla tympanica in the dog, while
recognising it in the cat (International Committee on
Veterinary Gross Anatomical Nomenclature 2017).

The first evidence for independent ossification(s) of the
entotympanic component in the Canidae came from

identifying its sutural contact with the ectotympanic.
Observable as just a longitudinal furrow on the already ossi-
fied bulla in juvenile dogs (e.g. Schmitt 1903; Becker 1923),
this suture was shown to be unclosed in younger cubs ofCanis
lupus (Wegner 1942; Starck 1964), Vulpes velox (Hough
1953) and Canis latrans (Hunt 1974).

In his seminal study of juvenile basicrania in the Carnivora,
with canids represented by three coyote skulls, Hunt (1974)
demonstrated that the entotympanic portion of the carnivoran
auditory bulla consists of the independently ossifying caudal
and rostral entotympanics, two elements previously designat-
ed as separate bones in several non-carnivoran mammals by
Van der Klaauw (1922). In ursids and some other arctoids,
Hunt (1974) even found a third entotympanic, which he
named the ‘anterior caudal entotympanic’ in line with his as-
sumption that the single caudal entotympanics of other
carnivorans might be fused composites of two elements, the
anterior and posterior caudal entotympanics.

Except in the domestic cat (Wińcza 1896, 1898), the very
process of entotympanic ossification in the Carnivora has nev-
er been examined on serially sectioned material. In histologi-
cal studies of the auditory bulla in the domestic dog, a single
entotympanic cartilage was reported in a foetus (Van der
Klaauw 1922) and in newborn and 5-day-old pups (Starck
1964). Wible (1984) provided additional information on the
bullar tissues in dogs of these ages, including an important
observation of the rostral entotympanic cartilage (Wible
1984, p. 119–122). Whether or not more than two
entotympanic precursors appear after 5 days postpartum is
not known, nor any histological details of bullar osteogenesis.

Thus, since the examination of juvenile coyote skulls by
Hunt (1974), it is held that in addition to the ectotympanic, the
auditory bulla in the Canidae includes the rostral
entotympanic and the only (or possibly bipartite) caudal
entotympanic, the former forming the anteromedial corner of
the bulla and the latter building the rest of the non-
ectotympanic wall of the bulla.

Although the bullar composition in many entotympanic-
bearing taxa is not reflected in distinct structures inside the
ossified bulla, it is so in the Aeluroidea showing an exact
topographical correspondence between an individual
entotympanic and an incipient intrabullar sinus. The entire
caudal entotympanic in most aeluroids starts inflating as a unit
to form their unique caudal entotympanic sinus separated
from the rest of the bulla by the septum bullae (Fig. 1a).
Depending on taxon, this initial one-to-one correspondence
can be diminished during subsequent bullar growth and re-
modelling, but its occurrence in ontogeny is crucial for under-
standing the aeluroid bullar pattern (see Ivanoff 2001 for
review and discussion).

In the Caniformia, the potential relations between the com-
position and partitioning of the auditory bulla are less clear. In
those arctoids that have their unique transverse septa running
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across the bulla from its dorsomedial edge to the crista tympa-
ni, the initial topography of the associated transbullar sinuses
is unknown. In the case of a single transverse septum (e.g. in
Melogale and Nasua), its medial part is exactly at the expected
suture between the Hunt’s (1974) posterior and anterior caudal
entotympanics (Ivanoff 2001). Many mustelids (other than
Mustela species with their cancellous hypotympanum) have
numerous additional transverse ‘rafters’ and ridges (e.g.
Pocock 1921; Owen 2006; De Bonis et al. 2009; Rozen-
Rechels et al. 2016), whose developmental association with
bullar composition seems unlikely (Ivanoff 2001).

In cynoids, the development of the auditory bulla subse-
quent to its ossification has been studied in detail and on ex-
tensive material (Ivanoff 2007). The principal septum-forming
process in canids is the expansion of their ventral entotympanic
sinus, one of the few canid characters not occurring among
other extant or extinct carnivoran taxa. However, what under-
lies the development of this sinus—and hence of the ring-like
or partially interrupted intrabullar septum unique to cynoids—
has remained unknown (Ivanoff 2007).

Early in post-ossification bullar ontogeny, the ventral
entotympanic sinus starts expanding at the ventral part of the
‘caudal entotympanic’, so that the boundaries of the sinus
largely do not coincide with the edges of this supposedly
single bone (Fig. 1b). The initial topography of the ventral
entotympanic sinus, i.e. its being confined to a distinct ellip-
tical subregion within the much larger ‘caudal entotympanic’,
raises the question of whether the ‘caudal entotympanic’ in
canids has a more complex composition determining their
unique intrabullar morphology. If so, could this hitherto un-
known structure contribute to better understanding of the mor-
phology and evolution of carnivoran auditory bullae in gener-
al? To address these questions, the present study focuses on
the postnatal development preceding that reported in Ivanoff
(2007) and uses a series of juvenile canid skulls whose bullae
are still in the process of ossification.

Material and methods

The morphology of the auditory bulla was examined in 30
juvenile skulls of five canid species (Table 1) belonging to both
of the two extant canid tribes, Vulpini and Canini. Specimens
from the following institutions were studied: Zoological
Institute, Russian Academy of Sciences, St. Petersburg (ZIN);
Naturhistorisches Museum Wien, Vienna (NMW); National
Museum of Natural History, National Academy of Sciences
of Ukraine, Kiev (NMNHU); Zoological Museum,
Lomonosov Moscow State University, Moscow (ZMMU).

Most skulls representCanis lupus, the canid with the known
post-ossification bullar ontogeny (Ivanoff 2007), which facili-
tates understanding the earlier stages examined in this study.
The wolf specimens from the Russian Far East (Litters III–VI)
were approximately aged according to the eruption of decidu-
ous teeth in the species from this region (Yudin 1989). The
approximate age of the Lupulella mesomelas cub was also
estimated using the data from the locality of the specimen
(Lombaard 1971). The most informative age interval for study-
ing the ossification of canid entotympanics was estimated as
about 2–3 weeks postpartum, although the entire process may
be completed by about 5 weeks.

Taking into account only approximately estimated ages, the
material was cautiously arranged into a sequence of morpho-
logical states rather than strict age-defined stages. These con-
secutive states are schematised in Fig. 2 and indicated for each
specimen in Table 1.

For comparability with the available evidence, this study
follows the approach used in all previous studies that exam-
ined the entotympanic ossifications in the Canidae, i.e. those
by Wegner (1942), Starck (1964) and especially by Hunt
(1974). In mid- to large-sized mammals with postnatally ossi-
fying entotympanics, such as the Canidae, the use of carefully
prepared dry skulls of appropriately aged juveniles allows
direct observation of the number and position of the bullar
elements, their expansion and eventual fusion with each other.
The bullar composition established in this way can be tested
using additional cranial specimens, or may be histologically
elaborated on serially sectioned material. On dried skulls, the
ossifying entotympanics are normally seen separated in less-
developed bullae by empty gaps or by remnants of unossified
connective tissue, and in more-developed bullae by distinct
sutures or obvious differences in bone texture. An important
point is that a sample should include numerous specimens,
preferably of several litters, rather than be limited to single
skulls (see also Wible 2010; Wible and Spaulding 2013).
The present study differs from earlier research on the canid
entotympanic ossifications in that as many as 60 auditory
bullae were examined, and a consistent occurrence of separate
osseous elements at the same positions in specimens of the b–f
series (Table 1, Fig. 2) was treated as a reliable evidence for
the composition of the bulla.

Fig. 1 Simplified diagram showing the spatial relations between the
‘caudal entotympanic’ portion of the auditory bulla (left semicircles)
and the principal sinus contributing to the bullar inflation and septal
formation in the Aeluroidea (e.g. felids) (a) and Cynoidea (canids) (b).
Ventral views of left auditory bulla. Rostral entotympanic is not shown.
Dotted lines indicate where the aeluroid septum bullae and cynoid
intrabullar septum start to develop. Abbreviations: CES, caudal
entotympanic sinus; T, ectotympanic; VES, ventral entotympanic sinus
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The basicranial terminology mostly follows Hunt
(1974), Wang and Tedford (1994) and, for the
intrabullar sinuses and septa, Ivanoff (2000, 2001,
2007). The osseous tympanohyal fused with the mastoid
is recognised in canids following Flower (1885), Van
Kampen (1905) and Takada et al. (2009). The histolog-
ical origin of entotympanics, endochondral or otherwise
(for review, see MacPhee 1979), is beyond the scope of
this study, and the term entotympanic is used for any
separate non-ectotympanic element contributing to the
bullar wall.

Results

No ossifications were found in the entotympanic portion of
the bulla in the examined neonates (ZMMU S-112956,
ZMMU S-112957; NMNHU 6416, NMNHU 6417).
Expectedly, the only bullar bone during the first week is the
ectotympanic shaped as a narrow ring nearly pressed to the
basicranium (Fig. 2a). In older specimens, it is progressively
rotated into a more vertical position and slightly widened to
form the incipient lateral wall of the bulla with a relatively
very large and still lipless external auditory meatus.

Table 1 Skulls of juvenile canids
included in this study Specimen Litter Sex Condylobasal

length, mm
Estimated
age, weeks

Ossification
state (Fig. 2)

Canis latrans Say, 1823

ZMMU
S-112956

♂ 47.8 0 a

ZMMU
S-112957

♀ 58.3 1–1.5 a

Vulpes vulpes (Linnaeus, 1758)

NMNHU 6416 I ♂ 0.5 a

NMNHU 6417 I ♂ 0.5 a

ZIN O-9146 II ♀ 57.5 3 f

ZIN O-9147 II ♂ 58.8 3 f

NMNHU 1092 69.1 4–5 g

NMW 41038 4–5 g

Vulpes lagopus (Linnaeus, 1758)

NMW 20176 ♀ 54.6 2–3 e–f

Lupulella mesomelas (Schreber, 1775)

NMW 18337 56.9 2–3 e

Canis lupus Linnaeus, 1758

ZIN O-34153 III ♀ 75.1 2–3 b–c

ZIN O-34159 III ♂ 2–3 c

ZIN O-34160 III ♂ 75.2 2–3 c

ZIN O-34149 III ♀ 72.0 2–3 d–e

ZIN O-34157 III ♂ 78.5 2–3 e–f

ZIN O-34158 III ♀ 73.7 2–3 e–f

NMNHU 6468 2–3 e–f

NMNHU 1091 81.8 4 f

ZIN O-34151 IV ♀ 94.7 4–5 f–g

ZIN O-34154 IV ♂ 95.1 4–5 f–g

ZIN O-34155 IV ♀ 91.2 4–5 g

ZIN O-34156 IV ♂ 92.6 4–5 g

ZIN O-34152 IV ♂ 92.8 4–5 g

ZIN O-34150 IV ♂ 93.9 4–5 g

ZIN O-34144 V ♀ 92.8 5 g

ZIN O-34143 V ♀ 93.7 5 g

ZIN O-34148 VI ♀ 94.5 6 g

ZIN O-34147 VI ♀ 98.3 6 g

ZIN O-34145 VI ♀ 99.0 6 g

ZIN O-34146 VI 100.3 6 g
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Entotympanic elements

The skulls of 2–3-week juveniles (the second earliest age
available for examination) show the already commenced os-
sification of the entotympanic portion of the bulla. The pro-
cess may vary in its rate and/or onset time; this is evidenced by
Litter III (Table 1) in which the ossifications differ in size and
shape among the littermates, from very small and fully isolat-
ed to those more expanded and even partially fused with each
other. It is important, however, that the position of the ele-
ments remains constant and consistent with that in other
specimens.

Four separate entotympanic elements were observed before
their eventual fusion (Fig. 2b–e). In the anteromedial corner of
the bullar roof, the rostral entotympanic (Fig. 2b, R) starts to
ossify first at the zone where the alisphenoid, basisphenoid
and petrosal approach each other; then it forms the anterolat-
eral wall of the future carotid canal (Fig. 2, RL) and, much
later, its medial wall (Fig. 2, RM). The second element, the
anterior caudal entotympanic , originates near the
anteromedial rim of the ectotympanic opposite and under the
rostral entotympanic (Fig. 2b, AE); it is rapidly brought into
contact with the latter and then ossifies posteriad (Fig. 2, AE).
The third element, the ventral entotympanic, ossifies at the
midventral region of the entotympanic portion of the bulla,
laterally bordering the ectotympanic medial rim (Fig. 2b,
VE). The fourth (posteriormost) element, the posterior caudal
entotympanic, appears immediately adjacent to the
tympanohyal and ossifies anteriad (Fig. 2, PE).

The rostral entotympanic ossification spreads in several
directions: (1) anteromediad, to create the posterolateral bor-
der of the middle lacerate foramen; (2) laterad, to close the
promontory foramen (a rudimentary piriform fenestra) and to
form the posteromedial wall of the auditory tube; and (3)
posteriad, to extend along the ventromedial surface of the

petrosal, gradually tapering and developing a small vertical
crest, the lateral vertical plate of the rostral entotympanic
(Fig. 2, RL). The anteroventral end of this plate soon meets
a dorsal edge of the anterior caudal entotympanic, and these
bones establish the earliest inter-entotympanic contact in the
bulla (Figs. 2c and 3a).

While the suture between the anterior caudal entotympanic
and ectotympanic is very distinct, the contact between the
rostral entotympanic and anterior caudal entotympanic is less
pronounced, but still discernible. The two bones meet each
other at an angle (best seen in posteromedial view), and this
difference in orientation increases with development. The an-
terior entotympanic follows a very slight cross-sectional cur-
vature of the neighbouring ectotympanic, whereas the lateral
vertical plate of the rostral entotympanic becomes widely
grooved for the internal carotid artery (Fig. 3a, RL) as the plate
forms the lateral wall of the carotid canal. Its further ossifica-
tion ventromediad (to floor the canal) results in a semi-
circumferential cross-sectional shape, so that the contacting
edge of the anterior caudal entotympanic now adjoins a sur-
face (rather than an edge) of this semi-tubular portion of the
rostral entotympanic.

The third entotympanic element, the ventral entotympanic
(Fig. 2b, VE), appears as an elongated plate whose
anteroventral edge is close to the middle of the ectotympanic
medial edge, while its posterodorsal end is free. The ventral
entotympanic quickly acquires a more oval shape and be-
comes slightly concave internally and convex externally
(Fig. 3a, VE). Initially, it is suspended on a strip of connective
tissue separating it from the ectotympanic (Fig. 3a); as devel-
opment progresses, a clear-cut suture develops between the
ectotympanic and adjacent entotympanics (Fig. 3b).

The fourth entotympanic element, the posterior caudal
entotympanic, originates in close proximity to the bony
tympanohyal, anteromedial to its facet for the tympano-

Fig. 2 Schematic reconstruction of entotympanic ossifications in the canid
auditory bulla. a–g Consecutive states within the first five postnatal
weeks; posteromedial and slightly ventral views of left auditory bulla
(see Fig. 3 for similar aspects of the skull). Non-bullar bones are not
shown. Abbreviations: AC, anterior carotid foramen; AD, anterodorsal
intrabullar septum; AE, anterior caudal entotympanic; PC, posterior
carotid foramen; PD, posterodorsal intrabullar septum; PE, posterior

caudal entotympanic; R, rostral entotympanic; RL, lateral vertical plate
of rostral entotympanic; RM, medial vertical plate of rostral
entotympanic; T, ectotympanic; V, ventral intrabullar septum; VE,
ventral entotympanic. Asterisk indicates an unknown contributor to the
lateral wall of the carotid canal; dashed ring denotes the initially
uninterrupted intrabullar septum (AD + PD + V)
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styloid synchondrosis (Figs. 2 and 3a, PE). This element os-
sifies mediad and then anteriad along the ventromedial surface
of the petrosal as a wing extending towards the anterior caudal
entotympanic; another wing of the posterior caudal
entotympanic spreads anteroventrad towards the ventral
entotympanic (Fig. 2d–e). The former wing is very fragile
and in several 2–3-week specimens is represented by a row
of tiny lumps of bone on the petrosal surface. Its continuity in
other specimens (particularly well pronounced in NMW
18337) indicates that this is an extension of the posterior cau-
dal entotympanic ossifying from near the tympanohyal.

Entotympanic fusions

Although the contact between the rostral entotympanic and
anterior caudal entotympanic occurs very early, it remains
limited to a small anterior portion of the lateral vertical plate
of the rostral entotympanic (Fig. 2c–e) until the non-rostral
entotympanics are brought into contact with each other. The
second earliest inter-entotympanic junction is between the an-
terior caudal entotympanic and ventral entotympanic. It starts
to form ventrolaterally and extends dorsomediad around the

ventral entotympanic (Fig. 2e–f). Then, the posterior caudal
entotympanic ossification reaches the ventral entotympanic,
first ventrally (via its anteroventral wing) and then
dorsomedially (Fig. 2e–f). After that, the entire complex AE
+ VE + PE is fused (Fig. 2f), the inter-entotympanic sutures
being at first discernible (Figs. 3b and 4) and soon obliterating
on the external surface, but remaining distinct on the
intrabullar surface. The concavity on the internal side of the
ventral entotympanic further deepens owing to its central part
becoming thinner than the periphery.

Subsequent entotympanic fusions occur as the lateral wall
of the carotid canal completes its ossification. The largest con-
tributor to the wall is the lateral vertical plate of the rostral
entotympanic, which ossifies posteriad to fill the gap between
the anterior caudal entotympanic and petrosal (Fig. 2f, RL).
However, the posterior end of the lateral wall of the carotid
canal (just lateral to the future posterior carotid foramen)
seems to ossify independently of the lateral vertical plate of
the rostral entotympanic (Fig. 2f, *). First seen above the su-
ture between the posterior and anterior caudal entotympanic, it
spreads anteriad towards the lateral vertical plate. This patch
of bonewas found in several specimens representing this stage

Fig. 3 Juvenile Canis lupus ZIN
O-34160 (a) and ZIN O-34158
(b); postero-ventro-medial views
of the left (a) and reversed right (b)
auditory bullae.
Stereophotographs. In ZIN
O-34160, all entotympanics are
still separate except for the early
contacting rostral entotympanic
and anterior caudal entotympanic.
In ZIN O-34158, the ventral
entotympanic is already embraced
by the anterior and posterior caudal
entotympanics. Abbreviations:
AE, anterior caudal entotympanic;
AL, alisphenoid; BO,
basioccipital; BS, basisphenoid;
OC, occipital condyle; P, petrosal;
PE, posterior caudal entotympanic;
PGP, postglenoid process; POP,
paroccipital process; RL, lateral
vertical plate of rostral
entotympanic; SQ, squamosal; T,
ectotympanic; VE, ventral
entotympanic. Asterisk indicates
an unknown contributor to the
lateral wall of the carotid canal;
dashed outline denotes the ventral
entotympanic borders. Scale bars
equal 5 mm
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of ossification, including fully macerated NMNHU 1091, ZIN
O-34157 and ZIN O-34158 (Fig. 3b, *) and those with pre-
served unossified tissue (ZIN O-9146, ZIN O-9147). In ZIN
O-9147, it is tiny and close to, but still separate from, the
neighbouring caudal entotympanics. In ZIN O-9147 (another
specimen of Litter II), it is longer and completely fused with
the posterior caudal entotympanic posteriorly, and just begin-
ning to fuse with the lateral vertical plate anteriorly.

After the lateral wall of the carotid canal is completely
ossified, including its bent ventromedial edge that floors the
canal, the rostral entotympanic ossification proceeds to the
medial wall, including its dorsomedial portion that separates
the carotid canal from that for the inferior petrosal sinus. No
details of this process could be observed because the available
skulls had an either unossified or already fully ossified medial
vertical plate of the rostral entotympanic (Figs. 2g and 5, RM).
For example, it is ossified in all sibs of Litter IV, which is
slightly older than Litter III where it is not ossified. The suture
between the anterior caudal entotympanic and rostral
entotympanic is discernible on the external surface of the
just-ossified bulla (Figs. 5b and 6, black arrows), but later
obliterates and becomes partially covered by the growing
basioccipital flange. On the internal surface, the sutural rem-
nant is more distinct (Fig. 6, white arrows) and, as a rule,
remains identifiable even in adult skulls.

In Vulpes vulpes, the medial wall of the carotid canal is the
latest-ossifying bullar region. In C. lupus, its ossification is
concurrent with, or followed by, the closure of a small
unossified gap still remaining in the posterior end of the bulla
(Fig. 4). This gap closes as the posterior caudal entotympanic
ossifies laterad, forming the suture with the ectotympanic, and
posterodorsad, forming the anterior wall of the stylomastoid
foramen (Fig. 2g). Several states of this process are exhibited
by Litter IV, and it is completed in slightly older Litter V. At
the age of around 4–5 weeks, all the entotympanics are ossi-
fied and fused.

Early post-ossification development of the canid auditory
bulla includes the formation of the ventral entotympanic sinus
and associated intrabullar septum (Ivanoff 2007). The new
material reveals that the ventral entotympanic sinus starts to
expand from the ventral entotympanic bone. After the bulla is
ossified, the inflation of the ventral entotympanic increases
and a ring-like intrabullar ridge develops at the circumference
of the bone. Then, this inflation, an incipient ventral
entotympanic sinus, starts to expand beyond its place of origin
and penetrates into the adjacent bullar bones. The ridge be-
comes an incomplete intrabullar septum, whose basis travels
outwards from the ventral entotympanic borders so that the
ring progressively increases in diameter (Fig. 2g, dotted lines)
and undergoes taxon-specific changes (for further details and
illustrations, see Ivanoff 2007).

Discussion

Composition of the canid auditory bulla

This study revealed the presence of at least four non-
ectotympanic elements in the canid bulla, referred to in
Results as the rostral entotympanic, anterior caudal
entotympanic, posterior caudal entotympanic and ventral
entotympanic (Fig. 2). Below, I summarise the rationale for
designation of these elements, outline their contributions to
the bullar morphology and conclude with some evolutionary
implications of these findings.

The new data confirm the presence of the rostral
entotympanic in the Canidae, first found by Hunt (1974) in
C. latrans, and provide additional details of its ossification. In
the examined cubs, this bone ossifies in the antero-dorso-
medial region of the bulla, laterally contributing to the
posteromedial wall of the auditory tube and medially forming
a short canal for the internal carotid artery. The lateral (i.e.,
facing the tympanic cavity) wall of the carotid canal (Fig. 2c–
f, RL) ossifies much earlier than its medial wall, which is
among the latest bullar regions to ossify (Fig. 2g, RM).
Another curious finding is that the posteriormost portion of
the lateral wall of the carotid canal (Figs. 2f and 3b, *) seems
to ossify independently of the anterior portion, but its origin

Fig. 4 JuvenileCanis lupus ZIN O-34158; postero-ventro-lateral view of
the right auditory bulla. Note the distinct suture between the ventral
entotympanic and posterior caudal entotympanic. The latter is not yet
completely ossified posterodorsally (to form the anterior wall of the
stylomastoid foramen) and laterally (to contact the ectotympanic).
Abbreviations: AL, alisphenoid; BO, basioccipital; BS, basisphenoid;
EO, exoccipital; M, mastoid; P, petrosal; PE, posterior caudal
entotympanic; PGP, postglenoid process; POP, paroccipital process; R,
rostral entotympanic; SQ, squamosal; T, ectotympanic; TH,
tympanohyal; VE, ventral entotympanic. Scale bar equals 5 mm
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could not be reliably traced in the available material and
awaits further research. The same is true for the delayed but
quick ossification of the medial wall of the carotid canal; this
wall is conservatively considered here as a part (‘the medial
vertical plate’) of the rostral entotympanic (Fig. 5, RM).

Hunt (1974) arranged the carnivoran bullae into several
types including two allocated to caniforms. Those arctoids that
have the anterior and posterior caudal entotympanics (the
ursids and, presumably, ailurids, otariids, odobenids, mephitids
and lutrine mustelids) fall into his type A (Fig. 7a, Ursidae),

Fig. 6 JuvenileVulpes vulpesNMW41038, the intact right auditory bulla
(postero-ventro-medial view) and the anteromedial fragment of the left
bulla (postero-ventro-lateral view); top is ventral. Abbreviations: AD,
anterodorsal intrabullar septum; AE, anterior caudal entotympanic; AL,
alisphenoid; AT, sulcus for auditory tube; AV, anteroventral intrabullar
septum; BO, basioccipital; BS, basisphenoid; EO, exoccipital; PC,

posterior carotid foramen; PE, posterior caudal entotympanic; PL,
posterior lacerate foramen; POP, paroccipital process; R, rostral
entotympanic; RL, lateral vertical plate of rostral entotympanic; RM,
medial vertical plate of rostral entotympanic; T, ectotympanic; VE,
ventral entotympanic; VES, ventral entotympanic sinus. Scale bar
equals 5 mm

Fig. 5 Ossification of the medial wall of the carotid canal in juvenile
Vulpes vulpes. a ZIN O-9147, postero-ventro-medial view of the right
auditory bulla. Note that the medial wall of the carotid canal is still
unossified and represented by a semi-transparent film of connective
tissue (RM). b NMNHU 1092, ventromedial view of the right auditory
bulla. In this slightly older specimen, the rostral entotympanic is
completely ossified, but its suture with the anterior caudal entotympanic

is still discernible. Abbreviations: AC, anterior carotid foramen; AE,
anterior caudal entotympanic; AL, alisphenoid; BO, basioccipital; BS,
basisphenoid; EO, exoccipital; PC, posterior carotid foramen; PE,
posterior caudal entotympanic; PL, posterior lacerate foramen; POP,
paroccipital process; RM, medial vertical plate of rostral entotympanic;
SQ, squamosal; T, ectotympanic; VE, ventral entotympanic. Scale bar
equals 5 mm
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while the canids, procyonids, phocids and musteline, guline
and meline mustelids—all sharing the seemingly only caudal
entotympanic—fall into his type B (Fig. 7a, Canidae). Hunt
surmised, however, that the caudal entotympanic of type B
(which he described as ‘L-shaped’) might be a fusion of two
caudal entotympanics homologous to those of type A. ‘The
long arm of the ‘L^, which intervenes between the
ectotympanic and rostral entotympanic, could correspond to
the anterior caudal entotympanic of the type A bullae, while
the posteriorly situated ‘short arm’ could correspond to the
posterior caudal entotympanic (Hunt 1974, pp. 44–45).

The Hunt’s assumption of the anterior caudal
entotympanic in canids is supported by the presence of an
independent ossification found in this study in the anterior part
of the bulla between the ectotympanic and rostral

entotympanic. In the type A arctoids, this bone has been
named the ‘anterior caudal entotympanic’ (Hunt 1974), so I
identify this element as such in canids and use this term de-
spite its a priori reference to the caudal entotympanic. In the
examined canid material, the anterior caudal entotympanic
makes its first appearance as a small isolated plate adjacent
to the anteromedial edge of the ectotympanic (Fig. 2b, AE), in
distinct sutural contact with the latter. Its ossification first
reaches the rostral entotympanic and then continues posteriad
towards the rounded anterior edge of the ventral entotympanic
(Fig. 2c–e). The posterodorsal wing of the anterior caudal
entotympanic intervenes between the incompletely ossified
lateral wall of the carotid canal and fully ossified ventral
entotympanic to meet the anterodorsal wing of the posterior
caudal entotympanic (Fig. 2e–f). The anterior entotympanic

Fig. 7 Diagrams of the auditory bullae illustrating the proposed
entotympanic homologies and evolution in the crown-group Carnivora.
Ventral aspects of left auditory bulla. a Hunt’s (1974) view implying
independent fusions of the supposedly primitive ursid-like ‘bipartite
caudal entotympanic’ (as schematised in Hunt and Tedford 1993,
Fig. 5.4 D, A, B). b Revised view implying that the presence of the
anterior caudal entotympanic is a synapomorphy of Caniformia, and the
presence of the ventral entotympanic is an autapomorphy of Cynoidea.
The depicted phylogenetic relationships reflect the current consensus in
morphological and molecular studies (see text for references).

Abbreviations: AD, anterodorsal intrabullar septum; AE, anterior caudal
entotympanic; AL, alisphenoid; AV, anteroventral intrabullar septum;
BO, basioccipital; BS, basisphenoid; E, caudal entotympanic sensu
Hunt (1974); EO, exoccipital; M, mastoid; PD, posterodorsal intrabullar
septum, when present; PE, posterior caudal entotympanic; PV,
posteroventral intrabullar septum, when present; R, rostral
entotympanic; S, aeluroid septum bullae; SQ, squamosal; T,
ectotympanic; TS, arctoid transverse septum, when present; VE, ventral
entotympanic
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eventually occupies the whole roughly triangular area be-
tween the ectotympanic, rostral entotympanic and ventral
entotympanic.

The canid ‘short arm of the ‘L^ suspected by Hunt (1974)
as a possible homologue of the type A posterior caudal
entotympanic turns out to be more complex and not consisting
of the only element in canids. Instead, it comprises two inde-
pendent bones, the hitherto unknown ventral entotympanic
anteriorly and the one whose ossification begins posteriorly.
The latter entotympanic has to be identified as the proper
caudal entotympanic on the basis of its posteriormost position
neighbouring the tympanohyal and so most conforming to the
original definition of the caudal entotympanic provided by
Van der Klaauw (1922, 1931). Importantly, it is this element
in canids that must be a homologue of the posterior caudal
entotympanic in arctoids because (1) this is the posteriormost
(and closest to the tympanohyal) entotympanic element both
in arctoids and cynoids, and (2) the ventral entotympanic bone
is absent in arctoids, including those of type B, judging from
their lack of the canid-like septum indicative of the ventral
entotympanic sinus (Ivanoff 2001). In canids, the posterior
caudal entotympanic first spreads mediad and anteriad along
the ventromedial surface of the petrosal and, as another exten-
sion, anteroventrad towards the ventral entotympanic
(Fig. 2c–e). After embracing the posteromedial half of the
ventral entotympanic, it ossifies laterad to contact the
ectotympanic and posterodorsad to form the anterior wall of
the stylomastoid foramen (Fig. 2f–g).

The anterior part of the canid ‘short arm of the ‘L^ is
formed of a separate bone herein named the ventral
entotympanic. Its independent status is evident from its invari-
ably being separated from the ectotympanic and distant from
other entotympanics (Fig. 2b–c). Importantly, it always has a
clear-cut oval shape indicating that it cannot be a fragment of
any larger entotympanic somehow identically damaged in all
specimens. And it cannot be the ‘proper caudal entotympanic’
either, because there is another bone (the posterior caudal
entotympanic) that ossifies from near the tympanohyal and
qualifies as such. When fully ossified, the ventral
entotympanic is orientated so that its posteromedial edge ap-
proaches but does not reach the petrosal; these bones are sep-
arated by a narrow strip of the posterior caudal entotympanic
behind its contact with the anterior caudal entotympanic
(Fig. 2f–g). The ventral entotympanic rapidly becomes slight-
ly concave-convex and this incipient inflation persists into the
stage of fusion with other entotympanics and later with the
ectotympanic; after that, it pneumatises the bullar floor as the
ventral entotympanic sinus.

Composition of the canid intrabullar septum

The intrabullar septum of canids results from the ventral
entotympanic sinus expansion into, and delamination of, the

bullar wall surrounding the incipient site of this sinus
(Ivanoff 2007). The septum is an under-resorbed intrabullar
lamina of this wall, which is formed as the sinus penetrates
ventrolaterad into the ectotympanic and dorsomediad into the
entotympanic regions adjacent to the initial sinus area. This
underlies two basic subdivisions of the canid septum, ventral
and dorsal, respectively, so that the former is ectotympanic
and the latter is entotympanic (Ivanoff 2007; for earlier
views, see Ivanoff 2000, 2001). Depending on taxon, the sep-
tum retains its initial ring-like state (schematised in Figs. 1b
and 2g) or undergoes differential resorption to eventually ac-
quire the shape of a horseshoe or crescent (Ivanoff 2007).

The revised composition of the canid bulla now allows
specifying the nature of the dorsal intrabullar septum
(Figs. 2g and 7b, Cynoidea, AD + PD). The larger anterior
part of the dorsal septum develops in the anterior caudal
entotympanic, while the smaller posterior part develops in
the posterior caudal entotympanic. The former can be desig-
nated as the anterodorsal intrabullar septum (Figs. 6 and 7b,
Cynoidea, AD), and the latter the posterodorsal intrabullar
septum (Fig. 7b, Cynoidea, PD). The edge-to-edge contact
between the two is at the suture between the anterior and
posterior caudal entotympanics. Owing to early obliteration
of the suture and subsequent expansion of the ventral
entotympanic sinus, this contact in adults can only be estimat-
ed in the postero-dorso-medial region of the bulla where the
dorsal septum is the lowest or completely resorbed.
Morphologically, its resorption facilitates distinguishing be-
tween the anterodorsal and posterodorsal septa similarly to
the case of the ventral septum when it is interrupted into the
anteroventral and posteroventral septa (Fig. 7b, Cynoidea, AV
and PV) or when the posteroventral septum is completely
resorbed (Ivanoff 2007).

Thus, although the ventral entotympanic bone initially co-
incides topographically with the incipient ventral
entotympanic sinus, it scarcely contributes to the intrabullar
septum itself. The latter is formed of the surrounding bones
(the ectotympanic and two caudal entotympanics). As the bul-
la grows, however, the ventral entotympanic bone contributes
to a considerable portion of the bullar floor.

Evolution of carnivoran entotympanics

Although the revised composition of the canid auditory bulla
may appear surprisingly complex, it makes the distribution of
carnivoran entotympanic patterns congruent with the currently
recognised phylogeny and, more specifically, with the
Arctoidea and Cynoidea being sister groups (e.g. Flynn et al.
1988, 2005; Wyss and Flynn 1993; Flynn and Nedbal 1998;
Yu et al. 2004; Flynn andWesley-Hunt 2005; Sato et al. 2009;
Eizirik et al. 2010; Nyakatura and Bininda-Emonds 2012;
Doronina et al. 2015). As shown in Fig. 7b, while the rostral
entotympanic and posterior caudal entotympanic are shared
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by at least the crown-group Carnivora, the presence of the
anterior caudal entotympanic appears as a synapomorphy of
the Caniformia, and the presence of the ventral entotympanic
as an autapomorphy of the Cynoidea. This implies that the
cynoid entotympanic pattern (R + PE + AE + VE) is the most
advanced state among the Carnivora, while the arctoid one (R
+ PE + AE) is derived from the pattern R + PE primitively
retained in the aeluroids.

An alternative hypothesis, that two caudal entotympanics
(Fig. 7a, Ursidae) represent the initial carnivoran condition
(Hunt 1974), is less parsimonious as it requires their independent
fusions in all carnivoran groups other than the type A arctoids,
and it is not consistent with the Wińcza’s (1896, 1898) report of
the only caudal-entotympanic ossification in the domestic cat.

Another interpretation of the increasing complexity in the
carnivoran entotympanic patterns could be that the single cau-
dal entotympanic (Fig. 7b, Aeluroidea, PE) had undergone
fragmentation into two subunits in basal caniforms and one
of these subunits further fragmented into two in cynoids.
Albeit not impossible, this evolutionary scenario seems less
likely than acquisitions of additional ossifications in line with
an evident mammalian trend towards progressive reinforce-
ment of the fibrous membrane of the tympanic cavity (sensu
MacPhee 1979, 1981).

The entotympanic pattern R + PE is probably plesiomorphic
for the crown Carnivora because both the rostral and caudal
entotympanics have been identified in several basal
Carnivoraformes sensu Flynn et al. 2010 (Hunt 1987; Wang
and Tedford 1994; Joeckel et al. 2002; Wesley and Flynn
2003; Wesley-Hunt and Flynn 2005; Wesley-Hunt and
Werdelin 2005).

The fully ossified auditory bulla that is firmly fused to the
skull is usual for extant taxa, but this is just one of the bullar
conditions known or possible in the carnivoran evolution. The
fossil record suggests that for much of their Palaeogene histo-
ry, carnivorans have possessed incompletely ossified or weak-
ly attached bullae. Depending on the degrees of ossification
and attachment to the skull, the early entotympanics can be at
least partially preserved in fossil bullae (e.g. Hunt 1987;
Joeckel et al. 2002), or inferred from the corresponding facets
on the adjacent bones (e.g. Petter 1966; Wang and Tedford
1994; Hunt 1998; Peigné and De Bonis 1999, 2003; Wesley
and Flynn 2003; Wang et al. 2005; Wesley-Hunt and Flynn
2005; Wesley-Hunt and Werdelin 2005; Hunt 2011; Tomiya
2011, 2013), or remain undetected. It is tempting to assume
that ontogeny may provide a clue to the composition of such
semi-rigid and loosely attached bullae. If so, the distribution of
estimated entotympanic patterns on the carnivoran tree
(Fig. 7b) hints that they have evolved irrespective of complete
ossifications and fusions of bullar bones in each of the three
infraorders. In other words, the infraorder-specific sets of
entotympanics may be suspected, if not expected, in early
crown-group carnivorans.
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