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Modifications of the morphology and acoustic properties of the ossicular
chain are among the major changes that accompanied the adaptation of
Cetacea to the aquatic environment. Thus, data on the middle ear ossicles
of early whales are crucial clues to understand the first steps of the emble-
matic terrestrial/aquatic transition that occurred in that group. Yet, the
delicate nature and very small size of these bones make their preservation
in the fossil record extremely rare. Due to the scarcity of available data,
major questions remain concerning the sound transmission pathways in
early non-fully aquatic whales. Virtual reconstruction of a partially complete
ossicular chain of an Eocene protocetid whale documents for the first time
the three ossicles of a semi-aquatic archaeocete. Contrary to previous
hypotheses, these ossicles present different evolutionary patterns, showing
that the ossicular chain does not act as a single morphological module. Func-
tional analyses of the different middle ear units highlight a mosaic pattern of
terrestrial and aquatic signatures. This integrative anatomical and functional
study brings strong evidence that protocetids were adapted to their dual
acoustic environment with efficient hearing in both air and water.
1. Introduction
The adaptation to the aquatic environment by cetaceans implied drastic modi-
fications of their sensory organs from their terrestrial ancestral condition.
Among these, the sense of hearing was particularly reshaped in conjunction
with the physical constraints imposed by water, implying modifications of
the whole sound transmission pathway. The modality of the adaptation of
the earliest cetaceans to underwater hearing is only partly known and major
questions remain concerning hearing mechanisms in non-fully aquatic whales.

The delicate nature and very small size of the middle ear ossicles make their
preservation in the fossil record rather unlikely; when preserved, all three ossi-
cles are rarely found together and almost never in their anatomical position.
Yet, few middle ear ossicles are documented for non-fully aquatic early
whales. The incus of the earliest archaeocete Pakicetus (early Eocene, Pakistan)
[1] documents the oldest cetacean ossicle and shows an intermediate mor-
phology between terrestrial artiodactyls and cetaceans (e.g. incomplete
rotation of the ossicular chain [1]). In addition, the ossicular chain is nearly
fully known for remingtonocetids (one in situ ossicular chain and one incudo-
mallear complex of Remingtonocetus; middle Eocene, India [2,3]) and only
partially documented for protocetids (two partially preserved mallei; middle
Eocene, India [2,3]). Based on this incomplete record, some authors concluded
that underwater hearing in these early whales was almost fully functional,
while aerial hearing was strongly altered [2,4]. Middle ear ossicles of extinct,
strictly aquatic early whales, such as basilosaurids, are well documented
[5–8]. They display the derived morphology observed in modern cetaceans
[5,6,9,10], strongly suggesting fully functional underwater hearing abilities.
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Micro-computed tomography (CT) scan investigation of
the middle ear cavity of a protocetid whale partial cranium
(Lutetian, Togo [11,12]) provides unprecedented access to
the partially complete ossicular chain (composed of malleus,
incus and stapes) of this amphibious archaeocete whale. This
discovery provides essential clues for understanding the
functioning of the ear of a semi-aquatic cetacean and to dis-
cuss the early evolutionary history of the sound
transmission pathway in Cetacea.

(a) Institutional abbreviations
H-GSP, Howard University, Geological Survey of Pakistan;
LSUMG, Louisiana State University, Museum of Geoscience,
Baton Rouge, Louisiana, USA; MRAC, Musée Royal d’Afri-
que Centrale, Tervuren, Belgium; NOAA, National Oceanic
and Atmospheric Administration, Southwest Fisheries
Science Center, Washington, DC, USA; UBC, University of
British Columbia, Vancouver, Canada; UM, Université de
Montpellier, France.
20191417
2. Material and methods
(a) Material
The specimen UM-KPG-M 73, investigated in this study, was col-
lected in Lutetian phosphate deposits (ca 46–43 Ma) at Kpogamé,
Togo [11,12]. It consists of a skull fragment of an adult protocetid
belonging to an indeterminate species, referred to as ‘morpho-
type γ’ by Mourlam & Orliac [12]. Micro-CT scan investigation
revealed the presence of the almost complete ossicular chain:
the stapes and the incus are finely preserved, whereas the mal-
leus was damaged during the physical preparation of the
specimen [11]. In order to facilitate anatomical comparisons,
we provide a simplified ‘incudomalleo-centred’ orientation
system considering the two articular facets as referential (see
electronic supplementary material, text S1 and figure S1).
Detailed descriptions of the petrotympanic complex and bony
labyrinth of Protocetidae indet γ were provided by Mourlam &
Orliac [12,13].

(b) Micro-computed tomography scan investigation
UM-KPG-M 73 was scanned with a resolution of 70 µm using a
General Electric Phoenix Nanotom S at the AniRA-ImmOs (SFR
Biosciences Gerland-Lyon) microtomography facility. The three
ossicleswerevirtuallyextractedmanuallyslicebysliceusing theseg-
mentation tools of AVIZO 9.0 [14]. No smoothingwas performed in
the rendering process for the surfaces used in the following analyses
(see [15]). Three-dimensional models are available at Morpho-
MuseuM.com (tympanic bulla, M3#134_UM KPG-M 73; stapes,
M3#407_UM KPG-M 73; incus, M3#408_UM KPG-M 73; malleus,
M3#409_UM KPG-M 73).

(c) Hearing parameters measurement
Linear measurements follow Uhen ([8], fig. 48) and Hemilä et al.
([16], pp. 33–34) for the lever arm lengths. The volume of the
incus and stapes were measured with AVIZO 9.0 [14] and their
estimated mass ranges follow Nummela et al. [2,3] considering
a minimum ossicular bone density of 2.0 g cm−3, based on terres-
trial mammals, and a maximum of 2.7 g cm−3, based on
odontocetes. Bone thickness quantification of the tympanic
bulla was computed as the minimum Euclidean distance
between a mesh node of the outer tympanic surface and a
mesh triangle of the inner tympanic surface [17–19] using the
‘Surface Distance’ tools of AVIZO 9.0 [14]. The resultant matrix
was used to generate a 3D chromatic map with its associated iso-
pleth bone thickness information [20]. The tympanic plate area has
been estimated following Nummela et al. [21] and the isopleth of
2 mm. Above this value, thickness of the tympanic bone increases
markedly (see electronic supplementary material, figure S2). The
estimation of the tympanic membrane area follows Nummela
[22] and includes the pars flaccida (electronic supplementary
material, figure S3). All surface areas were taken using the
measurement tools of Fiji [23]. Measurement of sound input
areas (sensu [2,3]) along with the incudal and stapedial masses
of other mammals (see electronic supplementary material, table
S1) have been compiled from Nummela [22] and Nummela et al.
[2,3,21], to which we added data for Choeropsis liberiensis (MRAC
RG 35715) and Delphinus capensis (NOAA-cet 436B-KXD0307).
Mallear and incudal lever arm lengths data come from Hemilä
et al. [16] and the geometric transformer ratio of the middle ear
has been computed following these authors (i.e. product between
the area ratio ((tympanic membrane area × 2/3)/fenestra vestibuli
area) and the lever arm ratio (length of mallear lever arm/length
of incudal lever arm)).
3. Results
(a) Description and comparisons
The partially complete ossicular chain of UM-KPG-M 73 is
preserved in the middle ear cavity (figure 1a). The stapes is
close to its original anatomical position and the natural
articulation between the incus and malleus appears to be
roughly maintained. However, the incudomallear complex
moved post-mortem and it is not possible to provide a
robust reconstruction of the original position of the ossicular
chain due to the partial preservation of the auditory region
(electronic supplementary material, text S1).

(i) Stapes
The stapes, partially sunk (post-mortem) within the bony
labyrinth, has kept its original anteroposterior orientation
(figure 1b–e). Compared with available data on early
whales, the UM-KPG-M 73 stapes is lightly built, with very
thin crura of the same width, and it does not show the
pachyostosis observed in basilosaurids and extant cetaceans
[5,6,8] (electronic supplementary material, figure S4). It is
high and narrow, and bears a wide foramen intercrurale of
the same diameter on both faces. The capitulum is broad
and presents a large articular facet for the contact with the
crus longum of the incus [24–26]. Its long axis does not
have the same orientation as that of the stapedial footplate
(figure 1e). The distinction between the capitulum and the
crura is clearly marked by a neck, contrary to the artiodactyl
sample described by Orliac & Billet ([15], fig. 2) and to the
fully aquatic cetaceans [6,8,26,27]. The muscular process, ser-
ving as attachment site for the stapedial muscle and located
on the posterior crus, is wide and blunt. The footplate, articu-
lating with the petrosal at the fenestra vestibuli, is oblong
with a stapedial ratio of 1.42. It is fully concave on the vestib-
ular face, like basilosaurids and modern cetaceans [24,28],
and unlike non-cetacean artiodactyls. The concave vestibular
face of the stapedial footplate is concurrent with an increase
in the footplate thickness near the base of the two crura.

(ii) Incus
In ventral view, the incus is stocky and conical in shape,
slightly compressed anteroposteriorly (figure 1f–i). The
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Figure 1. Three-dimensional models of the partially complete left ossicular chain of protocetid indeterminate γ (UM-KPG-M 73). (a) Location of the ossicular chain
preserved within the middle ear cavity in the anterior view (red, stapes; blue, incus; orange, malleus; bony transparent elements, petrosal on top and tympanic bulla
underneath). (b–e) Stapes in, from left to right, medial, posterior, dorsal and ventral views. ( f–i) Incus in, from left to right, ventral, dorsal, anterior and lateral
views. ( j–k) Malleus in ( j ) dorsal and (k) anterior views. The orientation of incus and malleus based on a spatial ‘incudomallear-centred’ referential (see electronic
supplementary material, text S1 and figure S1). ac, anterior crus; br, broken or incomplete structure; cb, crus breve; cl, crus longum; fic, foramen intercrurale; iaf,
inferior articular facet; ib, incudal body; in, incus; lct, lodge of the lateral extension of the chorda tympani; mn, manubrium; mp, muscular process of malleus; pc,
posterior crus; pm, processus muscularis stapedis; saf, superior articular facet; sf, stapedial footplate; sh, head of stapes. Scale bar in (a), 1 cm; other scale bars,
1 mm. (Online version in colour.)
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incus of UM-KPG-M 73 is of ‘cetacean type’ and presents
several characters retrieved in cetaceans (electronic sup-
plementary material, figure S5): (i) the size and orientation
of the crura are of cetacean type with a posteriorly oriented
larger crus longum extending from the inferior articular
facet and a more lateral, thinner, crus breve [26,29]; (ii) the
strong size difference between the facets of the articular sur-
face for the malleus is typical of what is observed in cetaceans
[1,6,25]; and (iii) the angulation of the two articular facets is
positioned at a right angle [5,8,27,30]. Among Cetacea, the
incus of UM-KPG-M 73 is morphologically closer to that
of Pakicetus than that of remingtonocetids and pelagicetes
(basilosaurids and neocetes sensu [31]), with: (i) no inflation
of the incudal body; (ii) slight inflation of the crus longum;
and (iii) a posterior location of the base of the crus breve.

(iii) Malleus
The malleus was damaged during the preparation of the
specimen (mechanical abrasion of body and head; figure 1j–
k). Nevertheless, the convex inferior articular facet and part
of the superior articular facet are intact. The former facet
matches its counterpart on the incus (figure 1j ), which
allows assessment of the whole shape of the articular surface
(electronic supplementary material, figure S6). The malleus
was broad and pachyostotic. The lateral part of the mallear
head is perforated by a wide canal that we interpret as part
of the lodge of the lateral extension of the chorda tympani
(electronic supplementary material, text S2 and figure S7).
On the mallear body, the gonial was completely abraded by
mechanical preparation. In dorsal view, medial to the main
broken area, a tuberosity surmounted by a small circular pit
(dotted line in figure 1j ) corresponds to the muscular process,
which is the site of insertion for the tendon of the tensor
tympani muscle [6,26,32]. The mallear body bears a short
hook-like manubrium.

The malleus of UM-KPG-M 73 is closer to Pelagiceti than
to its terrestrial relatives (electronic supplementary material,
figures S6 and S8): the muscular process is small and blunt
instead of spike-like, the manubrium is short, and the
chorda tympani probably passes through the mallear head.
Based on the preserved structures, the general shape and
dimensions of UM-KPG-M 73 malleus are also close to
the protocetid Indocetus ramani and the remingtonocetid
Remingtonocetus sp. ([3], fig. 2E–G).
(b) Ecoacoustic niche investigation
Various isometric correlations have been found between the
different components of the sound transmission chain, from
the outer/middle ear interface (sensu [2,3]) to the middle/
inner ear interface [21,22]. Since the middle ear is acting as
an impedance matching device, these correlations are depen-
dent on the soundtope (i.e. living environment of uniform
acoustic conditions; see also [33]) of a taxon and are therefore
informative ecological proxies [2,3]. Figure 2 presents a mech-
anical dissection of the middle ear of UM-KPG-M 73 through
a set of correlations between different links in the sound
transmission chain, from the sound input area (sound wave
entrance to the middle ear; see [2,3]) to the fenestra vestibuli
(sound wave entrance to the inner ear). Figure 2a,b represents
the distribution of incudal mass (figure 2a) values and fenes-
tra vestibuli area (figure 2b), respectively, relative to sound
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Figure 2. Mechanical dissection of the middle ear of protocetid indeterminate γ (UM-KPG-M 73). Set of bivariate plots: (a) incudal mass versus sound input area;
(b) fenestra vestibuli area versus sound input area; (c) stapedial mass versus incudal mass; (d ) stapedial mass versus fenestra vestibuli area; (e) incudal lever arm
length versus mallear lever arm length. Measurements are available in electronic supplementary material, table S1. The grey dotted lines outline the morphospace of
terrestrial mammals and that of neocetes. Blue silhouettes, pelagicetes; dark blue dots, mysticetes; light blue dots, odontocetes; navy blue dots or lines,
basilosaurids (including at least Basilosaurus cetoides (LSUMG V1)); dark green, non-cetaceans artiodactyls; light green, terrestrial mammals excluding artiodactyls;
orange, Pakicetus (H-GSP 91035); purple, phocids; red, protocetid indeterminate γ (UM-KPG-M 73). Illustrations by R. Mourlam. The results of these five analyses are
summed up in the functional profile of the middle ear of protocetid indeterminate γ (UM-KPG-M 73) at the centre of this figure. Each pair of links is symbolized by
a circle. The asterisk next to the circle between the malleus and the incus refers to the corresponding graph (e). The double circles stand for the double sound input
area (tympanic membrane and tympanic plate). In green, functional aerial hearing; in cyan, functional underwater hearing. Damaged malleus is symbolized in grey
(see also electronic supplementary material, figure S9). (Online version in colour.)
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input area for fully terrestrial mammals and phocids (sound
input area = tympanic membrane surface) and for cetaceans
(sound input area = tympanic plate surface, following
[2,3,21]). According to both plots, based on its tympanic
membrane surface, UM-KPG-M 73 lies slightly above the
terrestrial mammals’ morphospace, whereas it lies within
the odontocetes’ morphospace according to its tympanic
plate area, suggesting optimal hearing abilities both in air
and underwater. Interestingly, based on the measurements
provided by Nummela et al. [3], Pakicetus follows the
same pattern (figure 2a) and lies on the edge of the terres-
trial’s morphospace (tympanic membrane area), close to
UM-KPG-M 73, and within the odontocetes’ morphospace
(tympanic plate area). This suggests that Pakicetus
also had middle ear proportions suited to hear in air and
underwater. As already shown in previous studies [2,3],
based on their tympanic plate surface, the basilosaurids
Zygorhiza and Basilosaurus are found within the cetaceans’
morphospace, between odontocetes and mysticetes. Yet, no
data are available for the tympanic membrane surface of
basilosaurid and their aerial hearing abilities could not be
investigated here.

Within the ossicular chain and at the end of the sound
transmission pathway (figure 2c–e), UM-KPG-M 73 shows a
rather terrestrial signature. According to the relative mass
of the incus and stapes (figure 2c), it lies within the terres-
trial’s morphospace, halfway between artiodactyls and
cetaceans. When the mass of the stapes relative to the fenestra
vestibuli area is considered, UM-KPG-M 73 is found bet-
ween the terrestrial and modern cetaceans’ morphospaces
(figure 2d ). In addition, according to the relative proportion
of the length of the two lever arms of the incudomallear
complex [16], the protocetid lies within the terrestrial
morphospace, where it is located halfway between artio-
dactyls and phocids (figure 2e). Modern cetaceans possess a
different lever mechanism [34–36] and there are, to our
knowledge, no available data in the literature to directly
compare this parameter with that of terrestrial mammals.
Nevertheless, according to our measurements of the two
lever arms on the incudomallear complex of D. capensis,
this odontocete is found out of the terrestrial mammals’ mor-
phospace (figure 2e). Finally, for comparison purposes, the
geometric transformer ratio (sensu [16]; see ‘Material and
methods’ and also [37,38]) of UM-KPG-M 73 is 18.7, which
is lower than most terrestrial mammals (see electronic sup-
plementary material, table S1) and close to that of phocids
(transformer ratio between 19.20 and 22.35) and human
(transformer ratio = 21.38).

4. Discussion
(a) Early evolutionary history of the ossicular chain in

Cetacea
The preservation of a partially complete protocetid ossicular
chain represents a unique opportunity to document the
sound transmission pathway in a non-fully aquatic cetacean
and to refine the current knowledge on their early evol-
utionary history. The stapes is morphologically close to
terrestrial artiodactyls and does not show the pachyostosis
observed in fully aquatic cetaceans (basilosaurids and neo-
cetes). Likewise, the incus body is only slightly inflated
and shows proportions similar to Pakicetus or modern
hippos. On the other hand, the preserved portions of the
malleus indicate that it was composed of a massive pachyos-
totic head, morphologically close to the basilosaurid
condition. Hence, the stapes and the incus do not show
the same bulkiness as the malleus, which goes against the
hypothesis postulated by Fleischer [25] and Lancaster [6]
that the three ossicles acquired cetacean characters (among
which pachyostosis) all together, as a single evolutionary
unit. The decoupling of acquisition of derived functional
characters between the different links of the ossicular
chain is illustrated in figure 3, which shows, in a phyloge-
netic context, the repartition of morphological characters
for the three ossicles, at the Cetancodonta [39–41] scale.
The ossicular chain of UM-KPG-M 73 indeed shows a
mosaic of plesiomorphic and derived characters, with a
pachyostotic malleus (first link of the chain) and no to
little pachyostosis of the incus and stapes (second and last
link of the chain). The fully pachyostotic condition of the
three ossicles is observed in basilosaurids [5,6,8] and neo-
cetes [24,42–52] at the Pelagiceti node, and could be
related to strictly underwater hearing in cetes.

The early evolutionary history of the cetacean’s auditory
region is also marked by the rotation of the ossicular chain
[1,6,25,53]. Despite damage on the tympanic bulla, petrosal
and malleus of UM-KPG-M 73 (see ‘Description and com-
parisons’ and electronic supplementary material, text S1),
some anatomical elements of the incus provide evidence
that the rotation of the incudomallear complex was similar
to that of Pakicetus [1] and intermediate between fully terres-
trial artiodactyls and cetaceans. Indeed, compared to
terrestrial artiodactyls, the two crura of the incus of UM-
KPG-M 73 show a rotated position relative to the articular
surface (figure 3, character I3, turquoise state) and a change
of their relative proportions (figure 3, character I2, turquoise
state). The rotation of the incudomallear complex is also
accompanied by drastic changes of body proportions of the
malleus (figure 3, character M1) and of the shape of its man-
ubrium (figure 3, character M2). The malleus of UM-KPG-M
73 is intermediate in terms of body proportions and similar to
some modern cetaceans in terms of manubrium size (e.g. Balae-
noptera musculus ([54], pl. 74) and Eubalaena australis ([28], pl.
63). In addition to these characters (which states vary within
Cetacea), three others are common to all cetaceans of our
sample: a large difference in size between the superior and
inferior articular facets of the malleus (figure 3, character M3,
blue state), a right angle between these two facets and a
concave stapedial footplate (figure 3, character S2, blue state).
It is noteworthy that among Artiodactyla, C. liberiensis (figure 3;
electronic supplementary material, figures S5G and S8C) and
probably Hippopotamus amphibius ([28], pl. 61) present the
same ‘cetacean’ structural organization of their incudomallear
articular surface, indicating either an amphibious hearing
signal (functional convergence) or a potential osteological
synapomorphy for Cetancodonta [39,41,55].

Contrary to previous hypotheses, we show here that the
ossicular chain of UM-KPG-M 73 does not act as a single
morphological module [56–58] within the middle ear. The
mosaic pattern of character states (figure 3) shows a relative
independence of evolutionary tempo and mode (sensu [59])
between the different ossicles, with a rather plesiomorphic
stapes and a more derived malleus. This morphological mod-
ularity can be explained by the fact that the stapes derives
from the hyoid arch (second pharyngeal arch), whereas the



Paroxacron

M

I CL CL

Remingtonocetidae
Neoceti

Pelagiceti

Cetacea

Cetancodonta

CL

CL

CB

S

S
I

M S
I

M

S
I

M

?

?

?

CB CB
CB

CB

1 2 3

1 2 3

Choeropsis Pakicetus Protocetidae Basilosaurus Delphinus Megaptera

1 2 3
1 2
1 2

3

Figure 3. Evolution of some characters of the ossicular chain components, malleus (M), incus (I) and stapes (S), character states of terrestrial artiodactyls are in pink,
character states found in fully aquatic cetaceans are in blue and intermediate states are in turquoise. Character list: S1, crura pachyostosis ( pink, absent; blue
present); S2, stapedial footplate (pink, convex or flat; blue, concave); I1, inflation of the body (pink, no inflation; turquoise, moderate; blue, important); I2, relative
size of crus longum versus crus breve (pink, crus breve bigger; turquoise, crus breve smaller; blue, crus breve much smaller); I3, reorientation of crura relative to the
articular surface (pink, no rotation; turquoise, intermediate rotation of the crura; blue, full rotation of the crura); M1, proportions (pink, body longer; turquoise, body
and head of relative similar length; blue, head longer); M2, manubrium shape (pink, long process; blue, from a hook-like process to a vestigial site of insertion for
the tympanic ligament); M3, relative size of articular facets ( pink, subequal; blue, inferior articular facet smaller than the superior). CB, crus breve; CL, crus longum.
Question marks represent missing data and white boxes represent character state ambiguity related to missing data for Pakicetus. Ossicles not to scale. Megaptera
novaeangliae malleus, stapes (UBC-cet 416B 16-4358) and incus after Bosselaers & Post ([49], fig. 12). Information related to other specimens illustrated is provided
in the ‘Material and methods’ section and in the anatomical plates of the electronic supplementary material. (Online version in colour.)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20191417

6

incudomallear complex originates from the mandibular arch
(first pharyngeal arch) [60,61]. In addition, the incus and
malleus derive from two different bone units, the quadrate
and articular, respectively [25,62–65]. Moreover, even within
a single ossicle, a combination of derived and plesiomorphic
character states is always observed (i.e. different modules can
be identified within the same ossicle; figure 3). At that level of
integration (i.e. intra-bone), data on the development of the
mammalian middle ear are rather limited and mainly rely
on mice [66]. However, two modules have been identified
within the stapes of these rodents: the outer edge of the foot-
plate derives from the otic capsule (mesoderm origin),
whereas the rest of this ossicle comes from the neural crest
[66,67]. These different developmental origins could explain
the mosaic pattern of characters of the protocetid stapes.

(b) Functional profile of the protocetid amphibious
middle ear

Every medium has its own resistance to sound transmission.
This resistance is called the acoustic impedance (Z ), and can
be quantified as the ratio between sound pressure (p) and
particle velocity (v) (i.e. Z = p/v) [3,16,68]. At the interface
between two different media, the less their acoustic
impedance differs, the better the sound is transmitted. The
hearing mechanism consists in sound transmission between
the external environment, where sound waves are born,
and the internal environment of the inner ear, where sound
waves are transduced into electrical signals transmitted to
the brain. The acoustic impedance of the fluid-filled cochlea
of the inner ear is about 10 times lower than that of water
and 375 times higher than that of air [4,36,69]. These large
differences of acoustic impedance between the soundtope
and the inner ear prevent a direct transmission of sound
(most of the acoustic energy would be lost at their interface
through sound reflection; see [36,69]). In tetrapods, the
middle ear plays an essential role in hearing by minimizing
the acoustic impedance mismatch between the soundtope
and the inner ear [16,38,70,71]. The sound pressure depends
mainly on the ratio between the sound input area (tympanic
membrane or tympanic plate) and the surface of the fenestra
vestibuli, while the particle velocity relies on different lever
arms [16,36,38,70]. Thus, to match a low acoustic impedance
soundtope (air) with the fluid-filled cochlea, the role of the
middle ear will be to increase sound pressure and decrease
particle velocity. The contrary goes for matching a high
acoustic impedance soundtope (water) with the inner ear
[4,68]. Consequently, at first glance, it seems counterintuitive
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that a single sound transmission pathway could be tuned for
both airborne and waterborne sounds (i.e. being able to
increase and decrease simultaneously sound pressure).

The assessment, for the first time, of a partially complete
middle ear of a non-fully aquatic archaeocete enhances our
understanding of amphibious hearing in early whales. The
anatomical survey of the tympanic bulla of UM-KPG-M 73
highlights the presence of two potential sound input areas
[12]: (i) the tympanic membrane, collecting sound from air;
(ii) the tympanic plate, for underwater sound. This duality
of potential sound input area provides two independent pos-
sibilities to regulate sound pressure through the sound
transmission pathway within the middle ear. In air, the ear
of UM-KPG-M 73 functioned the same way as terrestrial
mammals. The tympanic membrane area is broader than
that of the fenestra vestibuli, which implies an increase in
sound pressure within the sound transmission chain. In par-
allel, the lever ratio between the mallear and incudal lever
arms of UM-KPG-M 73 is typical of that of land mammals
(figure 2e) [16], indicating a decrease in particle velocity. By
contrast, the geometric transformer ratio (sensu [16]) of UM-
KPG-M 73 is lower than that of most land mammals and
similar to that of phocids (see electronic supplementary
material, table S1), probably in relation with their amphibious
lifestyle. Underwater, the ear of UM-KPG-M 73 functioned in
a way close to modern cetaceans. The surface of the tympanic
plate is broader than that of the fenestra vestibuli, which
increases sound pressure within the middle ear. However,
as explained above, sound pressure should be decreased to
avoid impedance mismatch between water and the cochlea.
Thus, to compensate the sound pressure increase induced
by the tympanic plate surface, particle velocity should be
even more increased. Hemilä et al. [36] propose two lever
mechanisms involving the tympanic bulla and the ossicular
chain that would be able to increase particle velocity within
modern cetacean’s middle ear. Unfortunately, in UM-KPG-
M 73, the gonial and part of the tympanic plate are broken,
and it is not possible to quantify these parameters. Neverthe-
less, based on strong morphological similarities and
equivalent sound pressure ratio (figure 2b), the middle ear
of UM-KPG-M 73 probably performed an efficient acoustic
impedance matching between the aquatic soundtope and
the inner ear, such as that of modern odontocetes.

This mosaic functional profile of the middle ear is also
observed in phocids (figure 2; electronic supplementary
material, figure S9) that are able to hear efficiently in both
aquatic and aerial soundtopes [72–78]. Although phocids
and UM-KPG-M 73 present different morphological adap-
tations towards amphibious hearing (such as a strong
increase in incudal mass for the former [69] and a potential
double sound input area for the latter), their middle ears’
functional profiles are very similar. The patchwork of func-
tional signals observed in these two phylogenetically
distant groups appears to be a hallmark of the mammalian
amphibious ear.
5. Summary and conclusions
The anatomical and functional studies of the first partially
complete protocetid middle ear support the amphibious
hearing signal found with the cochlea of its inner ear [13].
Functional analyses of the different links of the sound
transmission pathway within the middle ear highlight a com-
bination of aerial and aquatic signals (figure 2; electronic
supplementary material, figure S9). This indicates that the
ossicular chain is able to process the sound coming from
the two acoustic portals of the bulla (tympanic membrane
and tympanic plate) and to transmit sound waves efficiently
to the inner ear. This functional duality is tightly linked
with the morphology of the three ossicles that present a
mosaic of plesiomorphic (terrestrial artiodactyl) and derived
(fully aquatic cetacean) character states (figures 1 and 3).
Indeed, the morphological modularity of the ossicular chain
increases the adaptability of the protocetid’s hearing organ
[38,56–58,60], and thus makes it possible for a unique
middle ear to be in tune with two soundtopes with drastically
different physico-acoustic properties.
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