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SUMMARY

Mysticeti (baleen whales) and Odontoceti (toothed
whales) today greatly differ in their hearing abilities:
Mysticeti are presumed to be sensitive to infrasonic
noises [1–3], whereas Odontoceti are sensitive to ul-
trasonic sounds [4–6]. Two competing hypotheses
exist regarding the attainment of hearing abilities
in modern whales: ancestral low-frequency sensi-
tivity [7–13] or ancestral high-frequency sensitivity
[14, 15]. The significance of these evolutionary
scenarios is limited by the undersampling of both
early-diverging cetaceans (archaeocetes) and terres-
trial hoofed relatives of cetaceans (non-cetacean ar-
tiodactyls). Here, we document for the first time the
bony labyrinth, the hollow cavity housing the hearing
organ, of two species of protocetid whales from Lu-
tetian deposits (ca. 46–43 Ma) of Kpogam�e, Togo.
These archaeocete cetaceans, which are transitional
between terrestrial and aquatic forms, prove to be
a key for determining the hearing abilities of early
whales. We propose a new evolutionary picture for
the early stages of this history, based on qualitative
and quantitative studies of the cochlear morphology
of an unparalleled sample of extant and extinct land
artiodactyls and cetaceans. Contrary to the hypothe-
sis that archaeocetes have been more sensitive to
high-frequency sounds than their terrestrial ances-
tors [15], we demonstrate that early cetaceans pre-
sented a cochlear functional pattern close to that
of their terrestrial relatives, and that specialization
for infrasonic or ultrasonic hearing in Mysticeti or
Odontoceti, respectively, instead only occurred in
fully aquatic whales, after the emergence of Neoceti
(Mysticeti+Odontoceti).

RESULTS

Morphology of the Cochlear Canal
Our study of two protocetid specimens from Kpogam�e, Togo

(?Carolinacetus sp.: isolated petrosal bone UM-KPG-M164; Pro-

tocetidae indet.: cranial fragment UM-KPG-M73; [16]) revealed

that the morphology of their cochlear canal, housing the hearing
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organ, is unique within Cetacea and is closer to that of land artio-

dactyls andMysticeti than to that ofOdontoceti (Figures1,S1, and

S2; Table S1). The basal ridge, supporting the secondary bony

lamina (SBL) in cetaceans [17], runs 38% (UM-KPG-M164) and

40% (UM-KPG-M73) of the cochlear canal length, respectively.

These values fall within the range of Mysticeti (14%‒69%;

[11, 18]) and land artiodactyls (6%‒71%; Data S1), whereas the

extension of the SBL is greater in Odontoceti (62%‒94%;

[15, 19]). The coiling of the cochlear canal (UM-KPG-M73 = 2.1

turns; UM-KPG-M164 = 2.25 turns) falls within the overlapping

ranges of Mysticeti (2‒3.3 turns; [11]), Odontoceti (1.58‒2.3 turns;

[14, 20]), and land artiodactyls (e.g.,Capra hircus, 2.25 turns; Data

S1). In the two protocetid specimens from Kpogam�e, the apical

coiling is tight and the diameter of the cochlear canal strongly de-

creases toward theapex, recalling theconditionof terrestrial artio-

dactyls. The basal ratios (height of cochlea/maximum width of

basal turn; [20]) are 0.62 (UM-KPG-M164) and 0.56 (UM-KPG-M

73), values that also fall within the wide ranges of Mysticeti

(0.47–0.83; [11, 18]) and land artiodactyls (0.41–0.73; Data S1).

Conversely, Odontoceti display lower values (0.35‒0.58; [15]).

The separation between the basal turn and the second turn, or in-

ter-turn distance, exceeds that observed in landartiodactyls (Data

S1) and is similar to some Mysticeti, whereas Odontoceti display

higher inter-turn distance values [15]. The cochlear canal of mam-

mals is divided through most of its length into two Scalae: the

Scala tympani (ScT) and the Scala vestibuli (ScV). Compared

with other mammals, including land artiodactyls, fully aquatic ce-

taceans (Pelagiceti: Basilosauridae+crown Cetacea; [21]) have a

ScT larger than the ScV at the basal end of the cochlea ([17]; for

illustration, see also [11, 18]). The two protocetids from Kpogam�e

have distinct proportions: they differ from Pelagiceti in having a

ScVwider than theScT in thefirst half turn, and theyare thuscloser

to the condition known in land artiodactyls (Figure S3). The two

protocetids described here differ from each other in their cochlear

canal dimensions and in the orientation of their cochlea inside the

petrosal bone (Table S1; Figures 1A and 1E) as well as by the size

of their acousticwindows, smaller inUM-KPG-M73 (Figures 1 and

S1). The cochlear aqueduct, housing the perilymphatic duct, is

particularly long and narrow in both specimens. Its base is much

larger in UM-KPG-M164, suggesting the presence of an enlarged

membranous perilymphatic duct in the latter. For additional de-

scriptions, see Method Details in the STAR Methods.

Principal-component analysis (PCA) performed on cochlear

canal measurements places the two protocetids in an intermedi-

ate position between land artiodactyls, Mysticeti, and Odonto-

ceti, separated with no overlap (for additional information on
Ltd.
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Figure 1. Digital Endocasts of the Bony

Labyrinth of Protocetid Specimens from

Kpogam�e, Togo, with Highlighted Cochlea

(A–C) ?Carolinacetus sp. UM-KPG-M164.

(D–F) Protocetidae indet. UM-KPG-M73.

(A and D) In situ cochlea through a translucent

rendering of the petrosal bone presented in ventral

view.

(B, C, E, and F) Detail of the cochlea in medial

(B and E), ventral (C), and antero-ventral (F) views.

Abbreviations: ca, cochlear aqueduct; cc, cochlear

canal; fc, fenestra cochleae; fv, fenestra vestibuli;

pb, petrosal bone; sbl, secondary bony lamina

(imprint of basal ridge). See alsoFiguresS1, S2, and

S3, and Table S1.
PCA, see Data S2 and also Method Details and Quantification

and Statistical Analysis in the STAR Methods). Protocetids are

located outside themorphospace of Pelagiceti, and they consid-

erably extend the cetacean morphospace toward land artiodac-

tyls (Figure 2). PC1 (59.45% of the variance) separates strictly

terrestrial artiodactyls, which hear in air only, from Pelagiceti

and hippopotamids, which are able to hear directionally under-

water [14, 22]. Among the main parameters that vary along this

axis are increasing widths of the basal turn, increasing length of

the cochlear canal, and increasing cochlear height, which corre-

sponds to a general increase of the size of the cochlea.

Compared with terrestrial artiodactyls, aquatic and semi-aquatic

taxa possess more positive scores on this axis. Odontoceti and

Mysticeti are well separated on PC2 (27.13% of the variance).

This axismostly isolates high-frequency specialists, i.e., Odonto-

ceti, from other Artiodactyla. The principal drivers of variation

along this axis are the increasing number of turns and surface

of the fenestra cochleae and decreasing inter-turn distance,

spiral ganglion canal size, and SBL length. Increase in cochlear

canal length and height (positive values on PC1) has been corre-

lated to low-frequency hearing in cetaceans [19], aswell as a high

number of turns (positive values on PC2) [23]. Indeed, low-

frequency specialists, also known as ‘‘infrasonic’’ artiodactyls

(extant Mysticeti and Hippopotamus amphibius), have both pos-

itive values on PC1 and positive or slightly negative values on

PC2. High-frequency hearing abilities have been correlated to in-

crease in SBL length, inter-turn distance, and spiral ganglion ca-

nal size [17, 19, 24], parameters that have a negative contribution

on PC2. Indeed, ultrasonic-hearing Odontoceti have more nega-

tive scores on this axis, whereas land artiodactyls and low-fre-

quency or infrasonic-hearing Mysticeti have more positive

scores. The same pattern is observed within land artiodactyls:

taxa with a low low-frequency hearing limit have more positive

scores on PC2 (e.g., Sus scrofa and Bos taurus; [25]). The two

protocetids are distant on this axis (Euclidian distance = 1.21),
Current B
with UM-KPG-M164 being closer to

land artiodactyls and Mysticeti, and UM-

KPG-M73 being closer to Odontoceti.

Evolutionary History of Characters
Related to Hearing Abilities
We traced the evolutionary history of five

characters related to hearing physiology
traditionally used as markers of specialization toward low or

high frequencies and discussed in recent works on hearing abil-

ities of early cetaceans [11, 15]: (1) coiling of the cochlear canal

[23], (2) SBL length relative to cochlear canal length [19], (3) basal

ratio [17, 20], (4) diameter of the spiral ganglion canal (correlated

with the number of ganglion cells [15, 24]), and (5) inter-turn dis-

tance [17]. Reconstruction of ancestral character states illus-

trates the mosaic pattern of character state distribution along

branches within Artiodactyla and the complexity of the evolu-

tionary history of characters related to hearing (Figure 3). The

two studied protocetid petrosals show a combination close to

the reconstructed ancestral state for Cetacea, with no unambig-

uously marked signal of increased sensitivity for low or high fre-

quencies. The reconstructed ancestral character state combina-

tion for Neoceti implies that low-frequency sensitivity inMysticeti

and high-frequency sensitivity in Odontoceti are derived features

among Cetacea. Of note, two key characters related to high-

frequency hearing in cetaceans ([15]; indicated in red in Fig-

ure 3)—a large spiral ganglion (>4% of the area of the cochlear

window) and a long SBL (>20% of the cochlear canal)—are

also found in several terrestrial taxa (e.g., Ruminantia, Diaco-

dexis or Cebochoeridae). The greatest number of character

states associated with low-frequency sensitivity (indicated in

blue in Figure 3) is found in Mysticeti and in modern land artio-

dactyls with the lowest recorded hearing range, such as Suoidea

(Sus), Ruminantia (Bos), and Hippopotamoidea (Hippopotamus)

[22, 25]. Convergent acquisitions of characters associated with

low-frequency sensitivity occur in these four major artiodactyl

clades.

DISCUSSION

Protocetidae are ‘‘transitional forms’’: being flesh-eaters and

hunting in water, they were also most probably able to walk on

the ground, coming ashore for mating, giving birth, and nursing
iology 27, 1776–1781, June 19, 2017 1777



Figure 2. PCA of Nine Parameters of the Cochlea within Artiodactyla

This dataset was compiled based on the PCA of Churchill et al. [15], augmented by the two protocetids from Kpogam�e, ten land artiodactyls, and data from the

literature [11, 17]. Red stars represent the protocetids; red circles represent the other archaeocetes. Triangles represent extant (orange) and Paleogene (ochre)

land artiodactyls. Squares represent Oligocene (cyan), Miocene (light blue), and more recent (black) mysticetes. Crosses represent Oligocene (pink), Miocene

(magenta), and more recent (purple) odontocetes. The large symbols correspond to the centroid of the three main morphospaces. Abbreviations: IF, infrasonic

frequencies; MF, midfrequencies; UF, ultrasonic frequencies. Abbreviations of taxa are listed in Data S1. See also Data S2.
[27–29]. It can be hypothesized that theywere capable of hearing

both in air and underwater [9]. The cochlear canal of the studied

protocetid petrosals reflects this dual condition with both a ceta-

cean signature (wide basal ridge supporting the SBL; high inter-

turn distance) and characters and variables close to those of land

artiodactyls. The cochlear canal morphology of the two protoce-

tids studied here indicates that they were neither high-frequency

specialists (ultrasonic) nor low-frequency specialists (infrasonic).

The morphological distance to infrasonic taxa (i.e., Hippopota-

midae and extant Mysticeti) discards the hypothesis of an

increased sensitivity for low frequencies in the two protocetids

of our study. Like extant mysticetes [30–32], the extant Hippo-

potamidae Hippopotamus amphibius communicates underwa-

ter at long distance using infrasonic sounds [22]. We show

here that protocetids most probably did not communicate un-

derwater over long distances using low frequencies, which is

consistent with the hypothesis of a near-shore habitat [29, 33].

The two protocetids from Kpogam�e differ from land artiodactyls

and hippopotamids by a higher inter-turn distance, a character

related to the acoustical insulation of the hearing organ [17]

that could be linked with underwater hearing. Taken together,

these results show that cetaceans developed strategies for hear-

ing underwater different from those of extant amphibious hippo-

potamids, which is further highlighted by the deep differences in

their middle ear structure (Protocetidae [8, 9, 16]; Hippopotami-

dae [34]).
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Protocetidae are a diverse family considered as being

paraphyletic [35, 36], with differences in skull shapes and limb

proportions that indicate a diversity of prey preferences and

locomotor abilities [29, 37, 38]. Our study shows that contempo-

raneous protocetids were also diversified in terms of cochlear

shape and most likely had distinct hearing capacities. UM-

KPG-M164, with a longer cochlea and a higher basal ratio, is

morphologically closer toMysticeti, and as such the correspond-

ing animal might have been able to hear lower frequencies than

UM-KPG-M73, which is morphologically closer to Odontoceti.

Notably, UM-KPG-M164 differs fromUM-KPG-M73 by the pres-

ence of a wide base of the cochlear aqueduct, a character also

observed in basilosaurids [11, 15] and Mysticeti [11, 13, 18].

The cochlear aqueduct plays a role in maintaining fluid and

pressure balance between the inner ear and the cerebrospinal

fluid [39, 40] and might intervene in stimulating the cochlea at

low frequencies (‘‘vibroacoustic duct mechanism’’; [41]).

Based on a comparison with extant Hippopotamidae, Church-

ill et al. [15] concluded that archaeocetes could hear higher fre-

quencies than their terrestrial ancestors. Conversely, in including

protocetids and a wider sample of land artiodactyls (further

covering the diversity of crown clades among Artiodactyla), we

show that early cetaceans had hearing abilities close to those

of their terrestrial relatives. According to the ancestral character

state distribution, in the general context of Artiodactyla, the com-

mon ancestor to crown Cetacea was not specialized toward



Figure 3. Distribution and Ancestral States Reconstruction of Characters Traditionally Related to Hearing Physiology within Artiodactyla

Character list: (1) number of cochlear turns:R3, blue; 3> and R2, violet; <2, pink; (2) extension of the secondary bony lamina: %20%, blue; 20%< and %61%,

violet; >61%, pink; (3) spiral ganglion canal diameter expressed as a percentage of the area of the fenestra cochlearis:%4%, blue; 4%< and%8%, violet; >8%,

pink; (4) basal ratio:R0.6, blue; 0.6> andR0.5, violet; <0.5, pink; and (5) inter-turn distance expressed as a percentage of basal turn width: <0.7, blue; 0.7% and

<15, violet;%15, pink. Cochleae are illustrated inmedial viewwith secondary bony lamina highlighted in red and are not to scale. Black daggers (y) indicate extinct
taxa; gray daggers indicate both extinct and extant taxa. Topology is from Gatesy et al. [26] and Mourlam and Orliac [16]; ‘‘toothed mysticete’’ refers to the

specimen ChM PV5720 [18]. For more information on tree topology, matrix, character measurements, and discretization, see Method Details in the STAR

Methods. See also Data S1.
either ultrasonic or infrasonic hearing, which contrasts with pre-

vious hypotheses of low [11, 13] or high [14, 15] ancestral sensi-

tivity in cetaceans. In contrast, Odontoceti display a highly diver-

gent morphology from Oligocene times onward, and they have a

precocious specialization toward high-frequency hearing [12].

Conversely, cochleae of basilosaurids fall within the Mysticeti

morphospace, close to an unnamed toothed mysticete (ChM

PV5720; [18]), highlighting that earliest fully aquatic cetaceans

(Pelagiceti) were not markedly different from the earliest Mysti-

ceti, a result further supported by the ancestral character state

reconstruction. Yet, the toothed mysticete and basilosaurids
are distant from recent mysticetes on the PCA (black squares

in Figure 2), which suggests potential different hearing abilities.

Recent baleen whales have more positive scores on PC1. The

major drivers of variation on this axis can be summarized as a

general increasing size of the cochlea (increasing length, width,

height), and Ketten [19, 42] suggested that low-frequency co-

chlea in mysticetes were a consequence of increasing cochlear

size. Hippopotamus amphibius, one of the few terrestrial artio-

dactyls with recorded low-frequency abilities [22], presents the

largest cochlea of our terrestrial sample, further extending this

supposed correlation to terrestrial taxa. In turn, earliest whales
Current Biology 27, 1776–1781, June 19, 2017 1779



and basilosaurids have smaller cochleae, calling their infrasonic

abilities further into question (contra [13]).

Deeper in the cetacean tree, amphibious archaeocetes had

hearing capabilities close to those of their terrestrial kin. It can

also be inferred that the hypothetical common ancestor of Ceta-

cea did not show any specialization for either high- or low-fre-

quency hearing, but that it had mid-frequency hearing capabil-

ities instead, in an optimal range to hear in both air and water

[43] given its amphibious lifestyle.

The question of the ancestral hearing abilities of whales is

currently highly debated. Yet, its contours are often unclear,

and the answer might differ depending on how deep in the ceta-

cean evolutionary history the debate takes place: i.e., at the

Cetacea, Neoceti, or Pelagiceti level. Based on an unparalleled

sample of land artiodactyls and cetaceans including non-fully

aquatic taxa as a polarization criterion, we show that Protoceti-

dae, non-fully aquatic cetaceans, lie in a morphological space

between land artiodactyls, Mysticeti, and Odontoceti, and that

they had hearing capacities close to those of their terrestrial

kin. Based on ancestral character state reconstruction, we

conclude that the extreme hearing abilities of modern whales

derive from a mid-frequency ancestral ear, and that this also

constituted the ancestral condition for Pelagiceti and Neoceti.

Our findings show that infrasonic and ultrasonic hearing evolved

in Neoceti, after the emergence of fully aquatic whales.
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Kogia breviceps [15] MNHN 1877-277

Leucopleurus acutus [15] AMNH 143513

Lipotes vexillifer [15] AMNH 57333

Monodon monoceros [15] AMNH 254554

Phocageneus sp. [15] USNM 182942

Phocoena phocoena [15] MNHN AZ.MC.A3548

Phocoenoides dalli [15] MNHN 1992-47

Physeter macrocephalus [15] MNHN 1981-36

Pontoporia blainvillei [15] AMNH 254554

Sousa chinensis [15] MNHN 1993-88

Squalodon calvertensis [15] USNM 10484

Stem odontocete [18] ChM PV2776

Tursiops truncates [15] MNHN AZ.MC.1903-201

Zarhachis flagellator [15] USNM 10484

Zarhinocetus errabundus [18] SDSNH 86299

Ziphius cavirostris [15] MNHN 1902-218

Software and Algorithms

AVIZO 9.0 FEI https://www.fei.com/software/amira-avizo/

ISE-MeshTools 1.3 [46] http://morphomuseum.com/meshtools

Mesquite 3.2 [47] http://mesquiteproject.org

R 3.3.0 [48] https://www.r-project.org/

FactoMineR (R package) [49] https://cran.r-project.org/web/packages/FactoMineR/index.html

missMDA (R package) [50] https://cran.r-project.org/web/packages/missMDA/index.html

outliers (R package) [51] http://cran.r-project.org/package=outliers

Other

?Carolinacetus (3D model) MorphoMuseuM.com MorphoMuseuM: M3#149_UMKPG-M164

(https://doi.org/10.18563/m3.sf.149)

Protocetid indet. g (3D model) MorphoMuseuM.com MorphoMuseuM: M3#150_UMKPG-M73

(https://doi.org/10.18563/m3.sf.150)

Datasets used for PCA and for

the reconstruction of ancestral

character states

This paper Data S1
CONTACT FOR RESOURCE SHARING

Further information and requests for resources should be directed to, and will be fulfilled by, the corresponding author Maeva J.

Orliac (maeva.orliac@umontpellier.fr).

METHOD DETAILS

Acquisition of data
The two protocetid specimens were collected in the same bone bed at Kpogam�e, Togo; the fragmentary craniumUM-KPG-M73was

originally described by Gingerich and Cappetta [52]. The two specimens described here were subsequently referred to ?Carolinace-

tus sp. (UM-KPG-M164) and Protocetidae indet. g (UM-KPG-M73) byMourlam and Orliac [16]. The isolated petrosal UM-KPG-M164

was scannedwith a resolution of 36 mmusing the Skyscan/1076/ in-vivo CT scanner at theMRI CT-scan facility (Institut des Sciences

de l’Évolution, Universit�e de Montpellier, France). The fragmentary cranium UM-KPG-M73 was scanned at the AniRA-ImmOs (SFR

Biosciences Gerland-Lyon) microtomography facility using a General Electric Phoenix Nanotom S with a resolution of 70 mm. We

extracted virtually the endocast of the bony labyrinth slice by slice manually using the segmentation tools of AVIZO 9.0 (FEI). The
Current Biology 27, 1776–1781.e1–e9, June 19, 2017 e2

mailto:maeva.orliac@umontpellier.fr
https://www.fei.com/software/amira-avizo/
http://morphomuseum.com/meshtools
http://mesquiteproject.org
https://www.r-project.org/
https://cran.r-project.org/web/packages/FactoMineR/index.html
https://cran.r-project.org/web/packages/missMDA/index.html
http://cran.r-project.org/package=outliers
https://doi.org/10.18563/m3.sf.149
https://doi.org/10.18563/m3.sf.150


3D models are available at MorphoMuseuM.com (M3#149_UMKPG-M164, M3#150_UMKPG-M73). Detailed descriptions of the

petrosal bones of ?Carolinacetus sp. and Protocetidae indeterminate (morphotype g) are available in Mourlam and Orliac [16].

Description of the bony labyrinth of ?Carolinacetus sp.
Cast of the bony labyrinth

The bony labyrinth fills a small part of the petrosal volume (Figure 1): the cochlea occupies most of the volume of the pars cochlearis,

but the semicircular canals spread on a very small part of themastoid region of the pars canalicularis. Measurements of the 3D recon-

struction of the labyrinth endocasts of UM-KPG-M 164 are provided in Table S1. Part of the lateral semicircular canal cannot be re-

constructed because of a breakage of the petrosal and thinnest structures of the cochlea area, such as the secondary bony lamina

and thewall that separates the successive turns of the cochlear canal are only partially preserved. Themodiolus, the central bony axis

of the cochlea, is not preserved and the primary bony lamina cannot be observed.

Cochlear canal

The cochlea contributes 73.6% of the total volume of the bony labyrinth (Table S1). The coiling of the cochlear canal completes 2.25

turns (rotation of 810�) and the basal ratio equals 0.62. The axial pitch of the cochlea equals 2.33, and its slope equals 0.075. The

diameter of the cochlear canal strongly decreases toward the apex, and the height of the external wall of the second turn is half

that of the basal turn. The basal turn is globose with an oval cross section. The second turn is separated from the basal turn by a

thin layer of bone. The bony layer between the second and third turns is not preserved but must have been particularly thin, thinner

than that separating the second turn from the basal turn. The secondary bony lamina, projecting from the outer wall of the cochlear

canal, is partly preserved but its bony support, the basal ridge, leaves a wide and shallow groove on the cochlear cast that vanishes

very shortly around 180� (Figures S1A, S2A-C). The extension of the basal ridge covers around 38% of the cochlear canal length. The

cochlear aqueduct (housing the perilymphatic duct) is long and round in cross section. It is wide at its base (Lbase = 4.62 mm;

Wbase = 2.07 mm), but its diameter is rather thin on most of its length (diameter = 0.6 mm). It emerges at the dorsomedial edge

of the fenestra cochleae and projects posteromedially (Figures S1D and S1E). The basal turn of the cochlear canal is enlarged at

the level of the cochlear aqueduct. In section, the cochlear canal shows a Scala vestibuli wider than the Scala tympani in the first

half of the basal turn (Figure S3).

Vestibular system

The distinction between the spherical and elliptical recesses is subtle, the swelling of the small elliptical recess is visible in dorsal and

anterior views of the labyrinth and separated from the slightly more important bulge of the spherical recess by a slight depression

visible in anterior view (Figure S1). The elliptical recess is straight and elongated (dorsal view). The vestibular aqueduct (housing

the endolymphatic duct) exits the vestibule anterior to the basis of the short common crus and raises parallel to it. The anterior

semicircular canal (ASC) shows the greatest extent dorsally while the lateral semicircular canal (LSC), although broken, appears

to have the greatest radius and to be the longest of the three semicircular canals (Table S1). The posterior semicircular canal

(PSC) is the smallest. The posterior limb of the LSC does not empty into the vestibule via its own foramen, it fuses with the PSC shortly

before the posterior ampulla in a very short secondary common crus (Figure S1) in which the course of both canal can be distin-

guished. The ASC and PSC are straight along their course and lie in a single plane (Figure S1). The LSC seems to be slightly sigmoid,

but its course is interrupted by a breakage of the petrosal bone. The angle between the ASC and LSC is the smallest, and the

angle between the ASC and PSC is the widest (Table S1). The three ampullae are teardrop in shape. The posterior ampulla attaches

to the vestibule slightly below the level of the LSC horizontal plane, whereas the anterior ampulla is located slightly above this plane

(Figure S1). The long axis of the short common crus points dorsally to the posterior direction.

Description of the bony labyrinth of the Protocetidae indet. g
Bony labyrinth

The quality of the model of the bony labyrinth of the specimen UM-KPG-M 73 is limited due to the rather low contrast of the CT slices

resulting from high density of the bone and matrix. Measurements of the cast of the bony labyrinth are provided in Table S1 and Data

S1. Part of the posterior semicircular canal could not be reconstructed because of a breakage of the petrosal. Like in UM-KPG-M164,

the bony labyrinth fills a small part of the petrosal volume only (Figure 1).

Cochlear canal

Visualization of the cochlear canal through a translucent rendering of the petrosal bone shows that the orientation of the cochlea of

UM-KPG-M 73 differs from that of UM-KPG-M 164 referred to ?Carolinacetus by amore anterior orientation of the apex. The cochlea

contributes 69.6% of the total volume of the bony labyrinth (Table S1). The coiling of the cochlear canal completes 2.1 turns (rotation

of 765�) which is little bit less than in UM-KPG-M 164. The basal ratio equals 0.56, a little lower value than that calculated for UM-

KPG-M 164. The axial pitch of the cochlea equals 2.76, and the slope 0.103. Taken altogether these values slightly differ from those

of UM-KPG-M 164which presents a ‘‘higher cochlea’’ with higher turns. Like in UM-KPG-M 164, the diameter of the cochlear canal of

UM-KPG-M 73 strongly decreases toward the apex. The basal turn is globose and is oval in cross section, and the second turn is

separated from the basal turn by a thin layer of bone. The basal ridge supporting the secondary bony lamina is visible on only half

of the first turn of the cochlear canal cast (Figures S1F, S2D-S2F). It runs on 39.6% of the cochlear canal length and leaves a

wide and shallow groove on the cast of the cochlear canal. The cochlear aqueduct is particularly long and thin (diameter =

0.5 mm). Unfortunately, the total length of the cochlear aqueduct of UM-KPG-M 164 could not be determined because of breakage

of the petrosal and comparison are therefore impossible. However, the base of the cochlear aqueduct of UM-KPG-M 73 is much
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narrower than that of UM-KPG-M 164 (Lbase = 2.25 mm; Wbase = 1.35 mm) (Figure S1D versus S1I). In section, the cochlear canal

shows a Scala vestibuli wider than the Scala tympani in the first half of the basal turn (Figures S2F, S3).

Vestibular system

The distinction between the spherical and elliptical recesses is unclear due to the limited quality of the reconstruction. Like in UM-

KPG-M 164, the elliptical recess is straight and elongated (dorsal view). The available reconstruction of the vestibular aqueduct is too

partial to allow proper description. In UM-KPG-M 73, like in UM-KPG-M 164, the ASC shows the greatest extent dorsally and the LSC

has the greatest radius (Table S1). However, contrary to UM-KPG-M 164, the ASC is also the longest of the three semicircular canals

(and not the LSC). The ASC of UM-KPG-M 73 has a more circular profile. The PSC is the shortest semicircular canal. Like in UM-

KPG-M 164, there is a very short secondary common crus (Figure S1). The ASC is straight along its course and the LSC is only slightly

sigmoid. The angles between the semicircular canals are slightly more open in UM-KPG-M 73 (Table S1). The anterior and lateral

ampullae are slightly less inflated. Like in UM-KPG-M 164, the long axis of the short common crus points dorsally to the posterior

direction.

Inner ear measurements used in the analyses
Nine cochlear measurements related to hearing physiology have been selected in PCA and are used, mostly through ratios in the

ancestral character sate reconstruction section. The length of the cochlear canal has been measured following the protocol of

West [23] using the virtual line passing in the center of the cochlear lumen. The number of cochlear turns was determined according

to the protocol described in Geisler and Luo [53], also used in Ekdale and Rowe [54] and Ekdale [55]. The basal ratio corresponds to:

height of cochlea (Ch) /maximum width of basal turn (Cw) [20]. The width W2 corresponds to the shorter diameter of the basal turn,

perpendicular to Cw, as originally defined by Churchill et al. [15]. The inter-turn distance, ITD, corresponds to the thickness of the

bony wall separating the first turn from the second turn at the proximal end of the basal turn, following Ekdale and Racicot [11].

The diameter of the spiral canal was measured in the first quarter of the basal turn. Linear measurements were taken using the

3D measurement tool of AVIZO 9.0 (FEI) and the curve info option of ISE-MeshTools [46]. Volumes of the bony labyrinth were calcu-

lated including the endolymphatic and perilymphatic ducts, with AVIZO 9.0.

Reconstruction of ancestral character states
We mapped the character states of five characters related to hearing physiology traditionally used as markers of specialization

toward low or high frequency and discussed in recent works on hearing abilities of early cetaceans [11, 15]. All these characters

are ratios of measurements which allows to minimize the impact of the size of the specimen. Discretization of these continuous

variables follows the literature when possible. Otherwise, character states have been designed in order to highlight extreme values.

Correspondingmatrix is provided in Figure 3 and below. We followed the evolutionary history of these five characters using the Trace

Character History facility ofMesquite 3.2 [47] with parsimony ancestral state option.We used phylogenetic relationships proposed by

Gatesy et al. [26] and Mourlam and Orliac [16].

Character 1: Coiling of the cochlea

A greater number of coils reflects lower frequency sensitivity [23].

Character states: R 3, blue; 3 > and R 2, violet; < 2, pink

Character 2: Extension of the secondary bony lamina

The more the SBL is extended, highest the sensibility to high frequencies. In reverse, a weak extension of the SBL over the basilar

membrane (or cochlear canal) may correlate with low-frequency limits [19]. The extension of the SBL is here expressed as a percent-

age of the cochlear canal length. Bounds follow Churchill et al. [15, Figure 3] with ‘‘long’’ SBL > 20% and ‘‘very long’’ SBL > 61%.

Character states: % 20%, blue; 20% < and % 61%, violet; > 61%, pink

Mysticeti present the tree character states, they have been considered as ancestrally violet based on character reconstruction

state after the topology of Ekdale [18]. The character state% 20%, observed in Eubalaena glacialis has been considered as derived

within Mysticeti according to the cladogram provided by Ekdale [18, Figure 1] and was not indicated on Figure 3 in order to facilitate

reading.

Character 3: Spiral ganglion canal diameter

Larger spiral ganglion canal in the first part of the of the basal turn, where high-frequency sounds are detected, may correlate with

more ganglion cells and increased innervation and signal processing capability [15, 24]. The diameter of the spiral ganglion is here

expressed as a percentage of the area of the fenestra cochlearis following Churchill et al. [15, Figure 3] with ‘‘large’’ spiral ganglion

canal > 4% and ‘‘huge’’ ganglion canal > 8%.

Character states: % 4%, blue; 4% < and % 8%, violet; > 8%, pink.

The character state% 4%, observed inDelphinapterus leucas has been considered as derived within Odontoceti and was not indi-

cated on Figure 3 in order to facilitate reading.

Character 4: Basal ratio of the cochlea

The basal ratio reflects both expansion of the basal turn, where high-frequency sounds are detected, and the number of coils of the

cochlea. A high basal ratio correlates for ultrasonic hearing in cetaceans [20]. Basal ratio inferior to 0.6 is considered by Churchill et al.

[15, Figure 3] as a hallmark of ultrasonic hearing in Cetacea. We distinguished three arbitrary classes related to the basal ratio of the

cochlea including the 0.6 limit used by Churchill et al. [15].

Character states: R 0.6, blue; 0.6 > and R 0.5, violet; < 0.5, pink.
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Character 5: Inter-turn distance

The inter-turn distance is here expressed as a percentage of the width of the basal turn, in order to lessen the effect of size on this

variable. Thick walls observed in Odontocetes would enhance acoustical isolation of the hearing organ [17]. Wall thickness has been

proposed to characterize high-frequency sensitivity in Odontocetes [11, Figure 7; 17].

Character states: < 7%, blue; 7% % and < 15%, violet; % pink, 15%.

MATRIX

Poebrotherium 01110

Sus 00110

Tayassu 01110

Bos 10021

Ovis 11121

Moschiola 11121

Diacodexis 12?20

Hippopotamus 00010

Choeropsis 00010

Cebochoeridae indet 11120

UMKPGM164 11?01

UMKPGM73 11?11

Basilosauridae 111(10)1

Chaeomysticeti (01)(12)1(01)(01)

Other Odontoceti (12)2(12)(12)(12)

Toothed mysticete 11?11

Echovenator 12121

TREE

(Poebrotherium,((Sus,Tayassu),((Diacodexis,(Moschiola,(Bos,Ovis))),((Cebochoeridae,(Hippopotamus,Choeropsis)),(UMKPGM164,

(UMKPGM73,(Basilosauridae,((Chaeomysticeti, Toothed mysticete),(Other Odontoceti, Echovenator)))))))));

QUANTIFICATION AND STATISTICAL ANALYSIS

Additional information
The dataset is composed of 64 taxa: 5 archaeocetes, 22 odontocetes (including 8 fossils), 25 mysticetes (including 18 fossils) and 12

land artiodactyls (including 3 fossils), see Data S1 and the KRT in the STARMETHODS section for corresponding references list. The

hearing range is known for most of the land artiodactyls [25, 56] and some extant odontocetes [14, 57, 58]. The dataset has been

compiled based on the principal component analysis (PCA) of Churchill et al. [15] augmented by the two protocetid specimens

from Kpogam�e, Poebrotherium sp., Diacodexis ilicis, one indeterminate cebochoerid and seven extant land artiodactyls. We also

added data from the literature: one basilosaurid, 22 mysticetes and three odontocetes from Ekdale and Racicot [11] and Ekdale [18].

PCA was performed on measurements of the cochlea (Data S1) related to hearing physiology [11, 14, 15, 17]. Nine cochlear mea-

surements have been selected, following Fleischer [17], Ekdale and Racicot [11] and Churchill et al. [15]: the cochlear canal length

(Cl), the length of the secondary bony lamina (SBL), the number of turn of the cochlear canal (#T), the cochlear height (Ch), cochlear

width (Cw), the shorter diameter of the basal turn, perpendicular to Cw (W2), the interturn distance (ITD), the maximal radius of the

spiral ganglion canal (GAN) and the area of the fenestra cochlearis (FC). Measurements used in PCA are provided in Data S1. Missing

data (10.76% of the dataset) have been estimated using the R package ‘‘missMDA’’ [50] with the cross-validation method (‘‘Kfold’’;

number of simulation = 10,000). Outliers has been searchedwith the Grubbs’ test [59] using the R package ‘‘outliers’’ [51]. To perform

the PCA, we ranked the dataset in order to use the Spearman method, more appropriate than the Pearson method to deal with mea-

surements [60]. The Mahalanobis distance [61] have been calculated on the 5 first PCs. All analyses have been performed with

R version 3.3.0 [48].

Script for the analyses performed with R
## DATA

## Estimating missing data - missMDA

## Ranked dataset

## PCA - Spearman Method

## MAHALANOBIS and Euclidean distances

################################### DATA ##################################

tb<-read.csv2(00SI_Dataset_IE.csv00,h=T,dec=00,00,sep=00yt00,na.string=c(00NA00),row.names=1)

# the dataset is available in Data S1.

Names<-rownames(tb)
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Cat<-tb[,10]

Cat2<-tb[,11]

Cat3<-tb[,12]

## Missing data

miss<-sum(is.na(tb[,1:9])) # number of 00NA00

nobs<-nrow(tb)

nvar<-ncol(tb[,1:9])

permiss<-round(miss*100/(nobs*nvar),2)

resMiss<-c(miss,permiss)

resMiss

###################### Estimating missing data - missMDA #######################

library(missMDA)

nb<-estim_ncpPCA(tb[,1:9],ncp.min=0,ncp.max=5,method.cv=00Kfold00,nbsim = 10000)

XX<-nb$ncp

res.impute<-imputePCA(tb[,1:9], ncp=XX)

res.impute$completeObs

tb2<-data.frame(Names,res.impute$completeObs,Cat,Cat2,Cat3,row.names=1)

############################### Ranked dataset ###############################

rkCl<-rank(tb2[,1])

rkSBL<-rank(tb2[,2])

rkCw<-rank(tb2[,3])

rkCh<-rank(tb2[,4])

rkW2<-rank(tb2[,5])

rkITD<-rank(tb2[,6])

rkGAN<-rank(tb2[,7])

rkFC<-rank(tb2[,8])

rkTurn<-rank(tb2[,9])

tborder<-data.frame(Names,rkCl,rkSBL,rkCw,rkCh,rkW2,rkITD,rkGAN,rkFC,rkTurn,Cat,Cat2,Cat3,row.names=1)

########################### PCA - Spearman Method ###########################

library(FactoMineR)

library(factoextra)

res.pcasp=PCA(tborder,scale.unit=TRUE,ncp=5,quali.sup=10:12, graph=T)

summary(res.pcasp)

fviz_pca_ind(res.pcasp, axes=c(1, 2), choix=00ind00, habillage=10)
#################### MAHALANOBIS and Euclidean distances ####################

# Coordinate of the main centroids and the two protocetids on the 5 first PCs

coctr<-res.pcasp$quali.sup$coord

ctrAr<-c(coctr [1,1],coctr [1,2],coctr [1,3],coctr [1,4],coctr [1,5]) # Archaeoceti

ctrLA<-c(coctr [2,1],coctr [2,2],coctr [2,3],coctr [2,4],coctr [2,5]) # Land Artio

ctrMy<-c(coctr [3,1],coctr [3,2],coctr [3,3],coctr [3,4],coctr [3,5]) # Mysticeti

ctrOd<-c(coctr [4,1],coctr [4,2],coctr [4,3],coctr [4,4],coctr [4,5]) # Odontoceti

ctrBa<-c(coctr [8,1],coctr [8,2],coctr [8,3],coctr [8,4],coctr [8,5]) # Basilosauridae

ctrPro<-c(coctr [7,1],coctr [7,2],coctr [7,3],coctr [7,4],coctr [7,5]) # Protocetidae

ctrPel<-c(coctr [6,1],coctr [6,2],coctr [6,3],coctr [6,4],coctr [6,5]) # Pelagiceti

coind<-res.pcasp$ind$coord

(S<-cov(coind))

CoNames<-rownames(coind)

coind2<-data.frame(coind,CoNames)

coind2[coind2[,6]==00Pr_in00,1:5]
Origine5<-c(0,0,0,0,0)

CoGam<-as.numeric(coind2[coind2[,6]==00Pr_in00,1:5])
Gam<-c(CoGam [1],CoGam [2],CoGam [3],CoGam [4],CoGam [5])

CoCar<-as.numeric(coind2[coind2[,6]==00Ca_sp00,1:5])
Car<-c(CoCar [1],CoCar [2],CoCar [3],CoCar [4],CoCar [5])

# Mahalanobis distances

OO<-mahalanobis(Origine5, Origine5, S)

OCar<-mahalanobis(Origine5,Car, S)

OGam<-mahalanobis(Origine5,Gam,S)

OPr<-mahalanobis(Origine5, ctrPro, S)
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OBa<-mahalanobis(Origine5, ctrBa, S)

OAr<-mahalanobis(Origine5, ctrAr, S)

OMy<-mahalanobis(Origine5, ctrMy, S)

OOd<-mahalanobis(Origine5, ctrOd, S)

OPel<-mahalanobis(Origine5, ctrPel, S)

OLA<-mahalanobis(Origine5, ctrLA, S)

resOO<-c(OO,OCar,OGam,OPr,OBa,OAr,OMy,OOd,OPel,OLA)

CarO<-mahalanobis(Car, Origine5, S)

CarCar<-mahalanobis(Car,Car, S)

CarGam<-mahalanobis(Car,Gam,S)

CarPr<-mahalanobis(Car, ctrPro, S)

CarBa<-mahalanobis(Car, ctrBa, S)

CarAr<-mahalanobis(Car, ctrAr, S)

CarMy<-mahalanobis(Car, ctrMy, S)

CarOd<-mahalanobis(Car, ctrOd, S)

CarPel<-mahalanobis(Car, ctrPel, S)

CarLA<-mahalanobis(Car, ctrLA, S)

resCarCar<-c(CarO,CarCar,CarGam,CarPr,CarBa,CarAr,CarMy,CarOd,CarPel,CarLA)

GamO<-mahalanobis(Gam, Origine5, S)

GamCar<-mahalanobis(Gam,Car, S)

GamGam<-mahalanobis(Gam,Gam,S)

GamPr<-mahalanobis(Gam, ctrPro, S)

GamBa<-mahalanobis(Gam, ctrBa, S)

GamAr<-mahalanobis(Gam, ctrAr, S)

GamMy<-mahalanobis(Gam, ctrMy, S)

GamOd<-mahalanobis(Gam, ctrOd, S)

GamPel<-mahalanobis(Gam, ctrPel, S)

GamLA<-mahalanobis(Gam, ctrLA, S)

resGamGam<-c(GamO,GamCar,GamGam,GamPr,GamBa,GamAr,GamMy,GamOd,GamPel,GamLA)

PrO<-mahalanobis(ctrPro, Origine5, S)

PrCar<-mahalanobis(ctrPro,Car, S)

PrGam<-mahalanobis(ctrPro,Gam,S)

PrPr<-mahalanobis(ctrPro, ctrPro, S)

PrBa<-mahalanobis(ctrPro, ctrBa, S)

PrAr<-mahalanobis(ctrPro, ctrAr, S)

PrMy<-mahalanobis(ctrPro, ctrMy, S)

PrOd<-mahalanobis(ctrPro, ctrOd, S)

PrPel<-mahalanobis(ctrPro, ctrPel, S)

PrLA<-mahalanobis(ctrPro, ctrLA, S)

resPrPr<-c(PrO,PrCar,PrGam,PrPr,PrBa,PrAr,PrMy,PrOd,PrPel,PrLA)

BaO<-mahalanobis(ctrBa, Origine5, S)

BaCar<-mahalanobis(ctrBa,Car, S)

BaGam<-mahalanobis(ctrBa,Gam,S)

BaPr<-mahalanobis(ctrBa, ctrPro, S)

BaBa<-mahalanobis(ctrBa, ctrBa, S)

BaAr<-mahalanobis(ctrBa, ctrAr, S)

BaMy<-mahalanobis(ctrBa, ctrMy, S)

BaOd<-mahalanobis(ctrBa, ctrOd, S)

BaPel<-mahalanobis(ctrBa, ctrPel, S)

BaLA<-mahalanobis(ctrBa, ctrLA, S)

resBaBa<-c(BaO,BaCar,BaGam,BaPr,BaBa,BaAr,BaMy,BaOd,BaPel,BaLA)

ArO<-mahalanobis(ctrAr, Origine5, S)

ArCar<-mahalanobis(ctrAr,Car, S)

ArGam<-mahalanobis(ctrAr,Gam,S)

ArPr<-mahalanobis(ctrAr, ctrPro, S)

ArBa<-mahalanobis(ctrAr, ctrBa, S)

ArAr<-mahalanobis(ctrAr, ctrAr, S)

ArMy<-mahalanobis(ctrAr, ctrMy, S)

ArOd<-mahalanobis(ctrAr, ctrOd, S)
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ArPel<-mahalanobis(ctrAr, ctrPel, S)

ArLA<-mahalanobis(ctrAr, ctrLA, S)

resArAr<-c(ArO,ArCar,ArGam,ArPr,ArBa,ArAr,ArMy,ArOd,ArPel,ArLA)

MyO<-mahalanobis(ctrMy, Origine5, S)

MyCar<-mahalanobis(ctrMy,Car, S)

MyGam<-mahalanobis(ctrMy,Gam,S)

MyPr<-mahalanobis(ctrMy, ctrPro, S)

MyBa<-mahalanobis(ctrMy, ctrBa, S)

MyAr<-mahalanobis(ctrMy, ctrAr, S)

MyMy<-mahalanobis(ctrMy, ctrMy, S)

MyOd<-mahalanobis(ctrMy, ctrOd, S)

MyPel<-mahalanobis(ctrMy, ctrPel, S)

MyLA<-mahalanobis(ctrMy, ctrLA, S)

resMyMy<-c(MyO,MyCar,MyGam,MyPr,MyBa,MyAr,MyMy,MyOd,MyPel,MyLA)

OdO<-mahalanobis(ctrOd, Origine5, S)

OdCar<-mahalanobis(ctrOd,Car, S)

OdGam<-mahalanobis(ctrOd,Gam,S)

OdPr<-mahalanobis(ctrOd, ctrPro, S)

OdBa<-mahalanobis(ctrOd, ctrBa, S)

OdAr<-mahalanobis(ctrOd, ctrAr, S)

OdMy<-mahalanobis(ctrOd, ctrMy, S)

OdOd<-mahalanobis(ctrOd, ctrOd, S)

OdPel<-mahalanobis(ctrOd, ctrPel, S)

OdLA<-mahalanobis(ctrOd, ctrLA, S)

resOdOd<-c(OdO,OdCar,OdGam,OdPr,OdBa,OdAr,OdMy,OdOd,OdPel,OdLA)

PelO<-mahalanobis(ctrPel, Origine5, S)

PelCar<-mahalanobis(ctrPel,Car, S)

PelGam<-mahalanobis(ctrPel,Gam,S)

PelPr<-mahalanobis(ctrPel, ctrPro, S)

PelBa<-mahalanobis(ctrPel, ctrBa, S)

PelAr<-mahalanobis(ctrPel, ctrAr, S)

PelMy<-mahalanobis(ctrPel, ctrMy, S)

PelOd<-mahalanobis(ctrPel, ctrOd, S)

PelPel<-mahalanobis(ctrPel, ctrPel, S)

PelLA<-mahalanobis(ctrPel, ctrLA, S)

resPelPel<-c(PelO,PelCar,PelGam,PelPr,PelBa,PelAr,PelMy,PelOd,PelPel,PelLA)

LAO<-mahalanobis(ctrLA, Origine5, S)

LACar<-mahalanobis(ctrLA,Car, S)

LAGam<-mahalanobis(ctrLA,Gam,S)

LAPr<-mahalanobis(ctrLA, ctrPro, S)

LABa<-mahalanobis(ctrLA, ctrBa, S)

LAAr<-mahalanobis(ctrLA, ctrAr, S)

LAMy<-mahalanobis(ctrLA, ctrMy, S)

LAOd<-mahalanobis(ctrLA, ctrOd, S)

LAPel<-mahalanobis(ctrLA, ctrPel, S)

LALA<-mahalanobis(ctrLA, ctrLA, S)

resLALA<-c(LAO,LACar,LAGam,LAPr,LABa,LAAr,LAMy,LAOd,LAPel,LALA)

ResMAL<-data.frame(resOO,resCarCar,resGamGam,resPrPr,resBaBa,resArAr,resMyMy,resOdOd,resPelPel,resLALA)

ResMAL

# Euclidean distance

dist1= Gam [1]-Car [1]

dist2= Gam [2]-Car [2]

dist3= Gam [3]-Car [3]

ResDist=c(abs(dist1),abs(dist2),abs(dist3))

PCs<-c(00PC100,00PC200,00PC300)
ResDist<-data.frame(PCs,ResDist)

ResDist

###########################################################################
Current Biology 27, 1776–1781.e1–e9, June 19, 2017 e8



Detailed description of the PCA results
Outliers

Several variables (Cw, ITD, GAN and FC) present outliers and a total of three different outliers have been found (Physeter macroce-

phalus, the Balaenopteridae TMM42958-35 andEubalaena australis) for the whole dataset. The presence of these three outliers in the

analysis does not impact the result of the PCA.

PCA

The first factorial plane explains 86.58% of the total variation (Figure 2 and Data S2). On PC1 (59.45% of the variance), the main pos-

itive contributions come fromW2 (contribution (ctr) = 17.67%) along with Cw (ctr = 16.55%), Cl (ctr = 14.70%), and Ch (ctr = 13.61%).

The only negative contribution on PC1 is weak and comes from #T (ctr < 1%). PC2 (27.13% of the variance), opposes the positive

contributions of the variables #T (ctr = 33.61%) and FC (ctr = 11.52%)with the negatives ones of the variables ITD (ctr = 17.39%), GAN

(ctr = 13.76%) and SBL (ctr = 10.75%).

On PC1, the two protocetids from Kpogam�e are distant with a Euclidean distance (Ed) of 0.18. Yet, protocetid indeterminate g dif-

fers from ?Carolinacetus sp. by having wider cochlea (W2 = 7.0 versus 5.8) and a shorter cochlear canal (Cl = 22.44 versus 28.07). The

main differences between them are enlighten on PC2 (Ed = 1.21) with a smaller secondary bony lamina for protocetid indeterminate g

(SBL = 8.9 versus 10.4), smaller fenestra cochlearis (FC = 4.80 versus 8.55) and a higher interturn distance (ITD = 1.2 versus 0.9). The

Mahalanobis distance (Md; see Data S2) between the centroids of protocetids and land artiodactyls is 2.48 while it is 3.46 between

protocetids and Pelagiceti. Yet, protocetids includes only two specimens. In details, ?Carolinacetus sp. is closer to the centroid of

land artiodactyls (Md = 1.69) than the one ofMysticeti (Md = 4.33) and of Odontoceti (Md = 5.17), while the protocetid indeterminate g

is closer to that of Odontoceti (Md = 4.25) than that of land artiodactyls (Md = 4.08) and of Mysticeti (Md = 6.69).

The basilosaurid morphospace overlaps that of early mysticetes (cyan squares on Figure 2) and is included within the Mysticeti

morphospace. The centroid of the former is closer to that of Mysticeti (Md = 2.42) than to that of land artiodactyls (Md = 3.10) or

to that of Odontoceti (Md = 3.48). Yet, the centroid of Archaeoceti remains closer to that of land artiodactyls (Md = 2.60) than to

that of Mysticeti (Md = 3.24) and Odontoceti (Md = 3.56).

DATA AND SOFTWARE AVAILABILITY

The datasets used for the PCA and for the reconstruction of ancestral character states (character state discretization) are available in

this paper (Data S1).

The 3D model of the bony labyrinth of UM-KPG-M 164 referred to ?Carolinacetus sp. is available at http://MorphoMuseuM.com

under the number M3#149_UMKPG-M164 (http://dx.doi.org/10.18563/m3.3.2.e4).

The 3D model of the bony labyrinth of UM-KPG-M 73 referred to Protocetidae indeterminate (morphotype g) is available at http://

MorphoMuseuM.com under the number M3#150_UMKPG-M73 (http://dx.doi.org/10.18563/m3.3.2.e4).
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Figure S1. 

3D models of the casts of the bony labyrinths of ?Carolinacetus sp. (UM-KPG-M 164; A-D) and of the 

protocetid indeterminate (morphotype γ; UM-KPG-M 73; E-H) from Kpogamé illustrated in medial (A, 

E), anterior (B, F), lateral (C, G), dorsal (D, H) views. Related to Figure 1. Scale bar = 5 mm. Abbreviations: 

aa, anterior ampulla; asc, anterior semicircular canal; br, basal ridge (imprint); ca, cochlear aqueduct; cc, 

common crus; co, cochlear canal; er, elliptical recess; fc, fenestra cochleae; fv, fenestra vestibuli; la, lateral 

ampulla; lsc, lateral semicircular canal; pa, posterior ampulla; psc, posterior semicircular canal; scc, secondary 

common crus; sr, spherical recess; va, vestibular aqueduct.  



 

Figure S2. 

Cross sections through the bony labyrinths of ?Carolinacetus sp. UM-KPG-M 164 (A-C) and of the 

protocetid indeterminate γ UM-KPG-M 73 (D-F). Related to Figure 1. Abbreviations: br, basal ridge; bt, 

basal turn; ca, cochlear aqueduct; cn, cochlear nerve canal; fv, fenestra vestibuli; st, second turn; sta, stapes; ve, 

vestibule. 

  



 
 

Figure S3. 

Cross sections at ¼ turn through the cochlear canal of land artiodactyls, protocetids and mysticetes. 
Related to Figure 1. Specimen’s numbers are the same as in Table S2. Orange arrows and lines are indicative of 

Scala vestibuli width, blue arrows and lines are indicative of Scala tympani width. The contrast of the primary 

and secondary bony laminae has been artificially increased. Simplified block diagram of Eomysticetus drawn 

after Ekdale [S1, fig. 4E], that of Balaenoptera after Fleischer [S2, fig. 7]. Abbreviations: BR, basal ridge; PBL, 

primary bony lamina; SBL, secondary bony lamina; ScV, Scala vestibuli; ScT, Scala tympani; SG, spiral 

ganglion. 

  



 

  
?Carolinacetus sp. 

UM-KPG-M164 

Protocetid indet. 

UM-KPG-M73 

Labyrinth volume 179.22 116.76 

Cochlea volume 131.93 81.25 

Vestibule volume 47.29 35.51 

Cochlea vol/Vol tot 73.61 69.59 

Cochlear coil (°) 810 765 

Number of turns 2.25 2.10 

Cochlea height 4.82 4.85 

Basal turn width 9.24 8.81 

Cochlear canal 

length 
28.07 22.44 

SBL length 10.40 8.90 

SBL coil 180 180 

Axial pitch 2.33 2.76 

Basal ratio of cochlea 0.62 0.56 

Cochlear slope 0.075 0.103 

R A 1.80 1.79 

R L 2.10* 1.88 

R P 1.40 1.44* 

L A 7.35 7.7 

L L 8.28* 6.68 

L P 7.13 6.48* 

θAL 80 88 

θAP 95 99 

θPL 87 91 

 

Table S1. Measurements of the bony labyrinth endocast of Protocetid whales from Kpogamé. Related to 

Figure 1. 

Length and width expressed in mm, Volumes expressed in mm3; Height of cochlear canal and width of the basal 

turn measured following Ekdale and Rowe [S3]; axial pitch and basal (aspect) ratio of cochlea, and cochlear 

slope calculated following Ekdale and Racicot [S4]. The semicircular canal radius (R) corresponds to the quarter 

of the sum of the height (h) and the width (w) of the semicircular canal (i.e. R = (h + w)/4), following Spoor and 

Zonneveld [S5]. Angles between the planes of the semicircular canals were measured following Ekdale [S6: 

1900]. Cochlea vol/Vol tot corresponds to the contribution in percentage of the cochlea to the total volume of 

the bony labyrinth; the cochlea volume includes the cochlear aqueduct. R A, Canal radius of the ASC (mm); R 

L, Canal radius of the LSC (mm); R P, Canal radius of the PSC (mm); L A, Length of the ASC (mm); LL, 

Length of the LSC (mm); LP, Length of the PSC (mm); θAL, Angle between the ASC and LSC; θAP, Angle 

between the ASC and PSC; θPL, Angle between the PSC and LSC. * estimated values. 

 



Data S1. List of taxa and measurments included in the PCA and in ancestral character state 

reconstruction. Related to Figures 2 and 3. See spreadsheet.   

List of taxa included in the PCA (illustrated in Figure 2) with corresponding specimen number, abbreviation, 

reference, cochlear measurements and ratios used in the PCA (in grey) and in ancestral character state 

reconstruction (illustrated in Figure 3; colour code of the last 5 columns corresponds to the character state 

attribution). The first eight parameters correspond to those used by Churchill et al. [S7]; we added the number of 

turns as a ninth character. Abbreviations: (Ch) cochlear height, (Cl) cochlear canal length, (Cw) cochlear width, 

(FC) area of the fenestra cochlearis, (GAN) maximal radius of the spiral ganglion canal, (ITD) inter-turn 

distance, (SBL) length of the secondary bony lamina, (W2) shorter diameter of the basal turn, perpendicular to 

Cw, (#T) number of turn of the cochlear canal, (%GAN) diameter of the spiral ganglion expressed as a 

percentage of the area of the fenestra cochlearis [S7], (%ITD) inter-turn distance expressed as a percentage of 

the width of the basal turn [S7], (%SBL) extension of the SBL expressed as a percentage of the cochlear canal 

length. NA, indicates for non-available data. cat, cat2, cat3, refer to the different categories used in the PCA 

(see script for the statistical analyses). Abbreviations of museum collections: AMNH, American Museum of 

Natural History, New York City USA; CAS, California Academy of Sciences, San Francisco USA; CCNHM, 

Mace Brown Natural History Museum, Charleston USA; ChM, Charleston Museum, Charleston USA; CMM, 

Calvert Marine Museum, Solomons USA; GSM, Georgia Southern Museum, Statesboro USA; HSU, Natural 

History Museum, Humboldt State University, Arcata USA; IPHEP, Institute of Paleoprimatology, Human 

Paleontology: Evolution and Paleoenvironments, Poitiers France; LACM, Natural History Museum Los Angeles 

County, Los Angeles USA; MNHN, National Museum of Natural History, Paris France; SDNHM/SDSNH, San 

Diego Museum Natural History Museum, San Diego USA; TMM, Texas Natural Science Center, Austin USA; 

UM, University of Montpellier, Montpellier France; UO, Museum of Natural and Cultural History, University of 

Oregon, Eugene USA; USNM, National Museum of Natural History, Washington D.C. 

Data S2. Statistical supplements. Related to Figure 2. See spreadsheet.   

Contains the summary of the PCA and the Mahalanobis distances between the main groups and the two 

protocetids from Kpogamé. Additional information and script are provided in the STAR METHOD. 

Supplemental References 

S1. Ekdale, E.G. (2016). Morphological variation among the inner ears of extinct and extant baleen whales 

(Cetacea: Mysticeti). J. Morphol. 277, 1599–1615. 

S2. Fleischer, G. (1976). Hearing in Extinct Cetaceans as Determined by Cochlear Structure. J. Paleontol. 

50, 133–152.  

S3. Ekdale, E.G., and Rowe, T. (2011). Morphology and variation within the bony labyrinth of zhelestids 

(Mammalia, Eutheria) and other therian mammals. J. Vertebr. Paleontol. 31, 658–675. 

S4. Ekdale, E.G., and Racicot, R.A. (2015). Anatomical evidence for low frequency sensitivity in an 

archaeocete whale: Comparison of the inner ear of Zygorhiza kochii with that of crown Mysticeti. J. 

Anat. 226, 22–39. 

S5. Spoor, F., and Zonneveld, F. (1998). Comparative review of the human bony labyrinth. Am. J. Phys. 

Anthropol. Suppl 27, 211–251. 

S6. Ekdale, E.G. (2010). Ontogenetic Variation in the Bony Labyrinth of Monodelphis domestica 

(Mammalia: Marsupialia) Following Ossification of the Inner Ear Cavities. Anat. Rec. 293, 1896–1912. 

S7. Churchill, M., Martinez-Caceres, M., de Muizon, C., Mnieckowski, J., and Geisler, J.H. (2016). The 

Origin of High-Frequency Hearing in Whales. Curr. Biol. 26, 2144–2149. 

S8. Orliac, M.J., Benoit, J., and O’Leary, M.A. (2012). The inner ear of Diacodexis, the oldest artiodactyl 

mammal. J. Anat. 221, 417–426. 


	CURBIO13688_proof.pdf
	Infrasonic and Ultrasonic Hearing Evolved after the Emergence of Modern Whales
	Results
	Morphology of the Cochlear Canal
	Evolutionary History of Characters Related to Hearing Abilities

	Discussion
	Supplemental Information
	Author Contributions
	Acknowledgments
	References
	STAR★Methods
	Key Resources Table
	Contact for Resource Sharing
	Method Details
	Acquisition of data
	Description of the bony labyrinth of ?Carolinacetus sp.
	Cast of the bony labyrinth
	Cochlear canal
	Vestibular system

	Description of the bony labyrinth of the Protocetidae indet. γ
	Bony labyrinth
	Cochlear canal
	Vestibular system

	Inner ear measurements used in the analyses
	Reconstruction of ancestral character states
	Character 1: Coiling of the cochlea
	Character 2: Extension of the secondary bony lamina
	Character 3: Spiral ganglion canal diameter
	Character 4: Basal ratio of the cochlea
	Character 5: Inter-turn distance
	MATRIX
	TREE


	Quantification and Statistical Analysis
	Additional information
	Script for the analyses performed with R
	Detailed description of the PCA results
	Outliers
	PCA


	Data and Software Availability




