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ABSTRACT

The racellid artiodactyl indohyus indirae is known from northern Pakistan and
northwestern India, with substantial skeletal material found in the Sindkhatudi locality
near Kalakot in Kashmir. Eight specimens from this locality, two of which exhibit decid-
uous deniitions, offer invaluable insights into cranial osteology of Indohyus indirae. We
present a comprehensive examination of the cranial osteology of Indohyus, highlight-
ing detailed unique features using this material. These spacimens, though flattened
dorsovenirally and mediolateraily, allow for anatomical observations. Previous litera-
ture has extensively employed these specimens for phylogenetic analyses indicating
that Indohyus is a close relative of cetaceans. These findings are partly based on the
material described here. Notably, the cranial morphology of Indohyus differs in several
aspects from that of most early and middle Eocene artiedactyls. For instance, the ros-
trum of Indohyus is longer than that of most middle Eocene artiodactyls, resembling
Eocene cetaceans. The positioning of the nasal opening above the incisors is similar to
terrestrial artiodactyls. However, the ventral wall of the nasopharyngeal duct does not
extend to the ear region, which distinguishes it from Eocene cetaceans. Moreover, the
fronial bone is thick and has a concave profile, forming a dorsal shield for the laterally
facing orbits. Furthermore, the tympanic bone has an involucrum, a feature that char-
acterizes all cetaceans. These cranial features may be indicative of specific cranial
functions and, given their similarity in some regards to Eocene cetaceans, could be
related to the land-to-water transition. Further research, including explicit functional
studies, is required to investigate these hypotheses.
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INTRODUCTION

indohyus is a fox-sized racellid artiodactyl
from the Eocene of northwestern India and north-
ern Pakistan (Ranga Rao, 1971; Sahni and Khare,
1972; Sahni et al.; 1981; Thewissen et al.,, 2007,
Oriac and Ducrocq, 2011; Rana et al, 2021).
Much of the anatomy of Indohyus has been
described, including the postcranial skeleton (Coo-
per et al., 2011), dentition (Thewissen et al., 2020),
cranial endocast (Orliac and Thewissen, 2021),
footh wear pattems (Thewissen et al., 2011), mid-
dle ear {Mourlam, 2019) and dental eruption
sequence (Rodrigues et al.,, 2018).

The phylogenetic relationships of cetaceans
have been widely debated in the literature {e.g.,
Geisler and Uhen, 2005; O'Leary and (Gatesy,
2007; Uhen et al, 2011; Gatesy et al., 2013;
McGowen et al., 2014; Mourlam, 2018; Gohar et
al., 2021). Indohyus has been included in a num-
ber of these, and it, or the family it represents, has
been found to be the sister clade o cetaceans
{Gatesy et al., 2013; McGowen et al., 2014; Mour-
tam, 2019). Images of the skull of /ndohyus have
been included in some papers (Thewissen et al.,
2007, 2009, 2020; Thewissen, 2019), but no com-
prehensive description of cranial anatomy has
been published. In light of this gap, the goals of this
study are to describe the cranial anatomy of /indo-
hyus indirae and discuss possible implications for
its biology. As such, this study can form a founda-
tion for future phylogenetic and functional studies.

The basic taxonomy and distribution of /ndo-
hyus were reviewed by Thewissen et al. (2020).
The majority of fossils of Indohyus, including ail
specimens described here, were found at the
Sindhbkatudi locality, in rocks attributed to the Sub-
athu Formation of northem India (synonym of the
Kalakot Locality of Russell and Zhai, 1987). This
formation encompasses different lithologies, and
varies from red, to black, to green/purple in color.
Being in the foreland of the Himalayas, these fos-
sils have been severely deformed (Ranga Rao,
1971). The Sindhkatudi locality was discovered by
Mr. Anne Ranga Rao near the village of Kalakot in
Indian Jammu and Kashmir (locality description in
Russell and Zhai, 1987), close to the line-of-control
with Pakistani-held Kashmir. However, due to the
tenuous security situation, Ranga Rao moved

truckdoads of blocks from the locality to Dehra Dun,
and then extracted a small number of fassils from
these blocks. Following Ranga Rac's unexpected
death in 1989, his widow, Dr. Friedlinde Obergfell,
safeguarded the collection as part of the Ranga-
rao-Obergfell Trust for Geosciences {Thewissen,
2019). Eventually, she allowed one of us {J.G.M.
Thewissen} access to the collection, and publica-
tions followed, mostly after her passing in 2007.

MATERIAL AND METHODS

The current description is based on speci-
mens catalogued under the acronym RR {Ranga
Rao Collection) and housed at the Ranga Rao-
Obergfell Trust for Geosciences in Dehra Dun,
India. These specimens were extracted from sedi-
ment by Dr. Richard Conley of Northeast Ohic
Medical University. The study is based on several
specimens of Indohyus indirae, each providing
specific insights into the cranial anatomy and
related features. RR 601 is a dorsoventrally
crushed skull lacking the premaxilla and occiput
and with no details of the corbito-temporal region
preserved (Figure 1A-B). RR 207 is a dorsoven-
trally crushed skull, lacking the premaxilla and with
few details of the orbito-temporal region preserved
{Figure 1C-D), but with all molars and most premo-
fars in situ. RR 208 (Figure 2A-B) Is an obliquely
medio-taterally crushed skull lacking its premaxilla
and with few details of the orbito-temporal region.
RR 209 is an obliquely medio-laterally crushed
skull fragment that includes the caudal palatal
regions housing premolars and molars, the orbits,
and a part of the jugal arch (Figure 2C). RR 602 is
a dorsoventrally crushed rostrum featuring a com-
plete premaxilia, a partial maxifia, a complete nasal
opening, and several teeth {Figure 3A-B). RR 210
is a skull fragment with the left ear region, mandib-
ular fossa, occipital condyle, and a part of the
occiput (Figure 3C). RR 262 is a fragmentary juve-
nile skull with deciduous teeth and partial medio-
lateral and dorso-ventral crushing. It is attached to
the lower jaw of a different individual, but partially
retains the ear region (Figure 3D). RR 528 is a
medio-laterally crushed rostrum of a juvenile with
several deciduous and unerupted teeth. Three of
these specimens (RR 207, 208, and 601) were CT-
scanned under the supervision of one of us (Orliac)
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FIGURE 1. Cranial anatomy of Indohyus indirae. A, skull, dorsal view (RR 601). B, skull, ventral view (RR 801). C,

skull, dorsal view (RR 207). D, skull, ventral view (RR 207).

at the Institut de Sciences de I'Evolution in Mont-
pellier (Figures 4, 5). The methodology employed
for these scans is comprehensively detailed in the
work of Orliac and Thewissen (2021). The 3D data
acquisition was performed at the p-CT scanner
facility of the Montpellier Rio Imaging platform
(MRI} using an EasyTom 150 y-CT scanner. Seg-
mentation was performed using Avizo ® 9.3
(Thermo Fisher Scientific-FEIl) to virtually excise
the residual matrix. The reconstructions depicted in
Figure 6 are based on the CT scans. Measure-
ments of the cranial specimens of indohyus are

provided in Table 1. For a summary of dental mea-
surements, see Thewissen et al. (2020).

Anatomical abbreviations. ant.pal f., anterior pal-
atine foramen; aud.t., auditory tube; bas.occ.,
basioccipital; bas.oce.p., process of basioccipital
bone, bas.sph., basisphenoid; bul., bulla; coch.,
cochiea; d.po.orb.p., dorsal supraorbital process;
e.am., external auditory meatus; f.mag., foramen
magnum; fr., frontal; gr.pal.nt., greater palatine
notch; hy.f., hypoglossal foramen; inv., involucrum;
i.orb.f., infraorbital foramen; jug.ar., jugal arch;
jug.sq.s., jugo-squamosal suture; ta., lacrimal; la.f.,
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FIGURE 2. Cranial anatomy of Indohyus indirae. A, skull, left lateral view (RR 208). B, skull, right lateral view (RR
208). C, Obligue, ventral view {RR 2089). For abbreviations see text.
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FIGURE 3. Cranial anatomy of /ndohyus indirae. A, rostrum, dorsal view {RR 802). B, rostrum, ventral view {(RR 602).
C, Basicranium (RR 210). D, Juvenile skull with unassociated lower jaw {(RR 262).

lacrimal foramen; Itpter.pr., lateral pterygoid pro-
cess; man.fs.,, mandbular fossa; mx., maxilla;
mx.jug.s., maxilo-jugal suture; med.cr., median
crest; md.ptpr, medial plerygoid procass;
md.pt.p., medial pterygoid process; nas., nasal;
namx.s., naso-maxiliary suture; nas.se., nasal
septum; nu.cr., nuchal crest; occ.c., occipital con-
dyle; oec.sq.s., occipitosquamosal suture; olf.
chamber, olfactory chamber; opt.f., optic foramen;
ovf., oval foramen; pal., palatine; pal. mx_s., palato-
maxillary suture; pa., parietal; pa.em.f., parietal
emissary foramen; pa.frs., parieto-frontal suture;
parcce.p., paroceipital process; pa.occ.s., parieto-
occipital suture; pa.sg.s., parietosquamosal suture;
p.g.p., postglenoid process; pmx.mx.s., premaxilla-
maxilla suture; po.glp., posigienoid process;
po.orb.p., postorbital process; p.pal.tor., postpala-
tine torus; sag.cr, sagittal crest; sig.s., sigmoid
sinus; sq., squamosal; sup.orb.ca., supraorbital

canal; sup.orb.gr., supraorbital groove; sup.orb i,
supraorbital foramen; tr.sin, transverse sinus; turb.,
turbinate;  v.nas.gr, vomeronasal  groove;
v.po.orb.p., ventral postorbital process; v.petsf,
foramen for ventral petrosal sinus.

DESCRIPTION

Premaxilla. The premaxilla of /ndohyus is long and
narrow (Figure 3A-B). With the three incisor alveoli
arranged mostly in a2 rostro-caudal direction (I1-3
alv., a lateral view of premaxilla RR 331 was pub-
lished by Thewissen et ai., 2020: fig. 14.1 f-g. The
alveolus for |2 is the largest of the three but is
smaller than the canine alveolus. The alveolus of
C1is situated on the suture between the premaxilla
and the maxilla. On the palate, this suture extends
medio-rostrally from the anterior margin of the
canine alveolus to the anterior palatine foramen
(Figure 3A-B; antpalf). From the foramen, the
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FIGURE 4. Annctated CT slices highlighting the cranial anatomy of Indohyus indirae {(RR207), featuring detailed
tranaverse sections of the skull. A, siice 403. B, slice 817. C, slice 1043. D, slice 1180.

premayilla-maxilia suture (pmx.mx.s) extends
medic-caudally to the median plane at the level of
the canine. On the lateral side of the rostrum, the
premaxilla-maxilla suture extends dorso-caudally
to reach the nasal bones (RR 528).

Nasal. The nasal is long and slender and widens
caudally, but its anterior most extension is not pre-
served (Figures 1A-B, 3A-B; nas.). The posterior
edge of the nasal opening is dorsal to 13 (Figure
3A-B). The widest point is dorsal to P3, where the
left and right naso-maxiltary sutures (Figure 2A-B;
na.mx.s.) converge to reach the median plane dor-
sal to P3 or P4 (RR 528).

Maxitla. The maxilla (mx.) makes up most of the
palate, with the narrowest point occurring over P2,
an area of apparent weakness of the skull, as the
region rostral to this point is missing in most speci-
mens. On the palate, the maxilla has no diastem-
ata caudal to the canine (Figure 3A-B). The suture
between palatine and the maxilla (pal.mx.s.)
extends rosfrally from the palatal edge, with the left
and right sutures converging near P4 and meeting
in the midiine near P3 (Figure 1A-D). The caudal

]

edge of the palate is deeply indented by the
greater palatine notch (Figure 1A-D; gr.pal.nt.). P1-
3 are double-rooted, while P4 and the upper molars
are triple-rooted (Figure 1A-B). On the face, the
infraorbital foramen is located dorsal fo the area
where P2 and P3 meet (Figure 1C-D; i.orb.f.). The
suture between maxilla (mx.) and lacrimal {la.}
extends from the nasal bone ventro-caudally to the
rim of the orbit (Figure 2A-C). The mauxilla contrib-
utes to the floor or the orbit, but laterally, the entire
ventral edge of the orbit is formed by the jugal (Fig-
ure 1A-B). The ventral postorbital process is large,
extending dorsally over one-third of the orbital
iength (Figure 2C). The maxilla forms the rostral
part of this process, while the jugal bone forms the
caudal part. Rostrally, the suture between maxilia
and jugal reaches the lateral palatal edge over M3
{Figures 1C-D, 2C; jug.mx.s.).

Lacrimal. The iacimal has a sguare-shaped
appearance on the face (RR 207; Figure 1; la.).
The lacrimal foramen opens on the orbital side of
the lacrimal (Figures 1C-D, 2A-B; la.f.), but details
of the bone within the orbit are poorly preserved.
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FIGURE 5. Annotated CT slices highlighting the cranial anatomy of Indohyus indirae (RR207), featuring detailed
transverse sections of the skull. A, slice 1303. B, slice 2142. C, slice 2230. D, slice 2302
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FIGURE 6. 3D rendering of the basicranium of Indohyus indiras in oblique (A} and vental {B) views. In A, the foram-
ina opening into the endocast are highlighted in pink. in B, the buliae are depicted in orange.
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TABLE 1. Cranial measurement of Indohyus indirae. All measuremenis are paraliel or perpendicutar to the sagittal

plane.

Specimen Metric
Humbsar Variable {mm}
RR 601 Maximurm width across jugal arches 719
RR 601 Maximum width across iateral buliae 357
RR 601 Maximurn length of the left bulia 148
RR 601 Maximum width of the left bulla 14
RR 801 Vdidth of palate between medial side of M3s 185
RR 208 Length from caudal side of C to caudat side of occipital condyle 126.6
RR 207 Length from caudal side of C to caudal side of occipital condyle 116.5
RR 207 Width of palate between medial side of M/3s 19.4
RR A7 Maximum width across lateral bullae M8
RR 207 Maximum width across lateral side of mandibular fossae 658
RR 207 Maximum length of left bulla 135
RR 207 Maximum width of ieft bulla 9.9
RR 207 Maximum width across occipital condyles 206
RR 602 Width of palate between medial side of Cs 8.7
RR 602 Length from rostrum o caudal side of canine 381

The suture between lacrimal {la.) and frontal (fr.)
extends cranio-caudally, with the frontal overhang-
ing the lacrimal to a certain extent (Figure 1A-B).
Jugal. The jugal bone makes up the caudai side of
the ventral postorbitat process {Figure 1C-D;
v.p.orb.p), and forms most of the ventral orbital rim
(Figures 1A-D, 2C). The jugal bone narrows cau-
dally, terminating just rostral to the mandibular
fossa (man.fs.). Throughout its length in the tempo-
ral fossa, the jugal bone has a long dorsal suture
with the squamosal (Figure 1C-D; jug.sq.s.). This
squamosal process tapers rostrally and constitutes
the dorsal rim of the jugal arch.

Palatine. The posterior edge of the palate is
indented by a deep greater palatine notch {Figure
1A-B; gr.pal.nt.}. The postpalatine torus (p.pal.ior.)
is prominent, extending laterally from the median
plane, bending caudally at the greater palatine
notch, and alighing with the thickened edge of the
pterygoid process.

Sphenoid and pterygoid. The bony lateral walls
of the nasopharyngeal duct have a distinct suture
with the palatine at the postpalatine torus (Figure
2C). The dorsal aspect of the nasopharyngeal duct
bears a median crest that partially divides the duct
into ieft and right sides (Figure 1A-B; med.cr.) Cau-
dally, this wall divides info a pronounced medial
pterygoid process (Figure 1C-D; md.pt.p.) and a
weaker lateral pterygoid process (Figure 1A-B;
it.pter.por.}). The iateral pterygoid process continues
as a slight crest to the lateral side of the bulta, with

the oval foramen located just lateral to this crest
(Figure 3D; ovf) and parily covered, in ventral
view, by the bulla (Figure 1C-D}. The suture
between basioccipital and basisphenoid is obliter-
ated in most specimens, but visible in a juvenile
(RR 209; Figure 2C). This suture is located near
the cranial extent of the buliae.

Frontal. The frontal (fr.} is thick and medio-laterally
concave (Figures 1A-D, 2A-B). It forms the sharp
dorsal edge of the orbit, and the rostral part of the
dorsat supraorbital process (d.p.orb.p.). The suture
with the parietal runs along the caudal edge of the
dorsal supraorbital process (Figure 1A-D; pafrs.).
There is a distinct supraorbital foramen (Figure 1C-
D; sup.orb.f.), accompanied by a prominent greove
(Figure 1A-B; sup.orb.gr.} extending rostrally from
it.

Parietal. The dorsal and lateral sides of the brain-
case are formed by the parietais, and these form a
cone-shape that tapers rostrally up fo the frontal
shield. From the postorbital process, the suture
between parietal {pa.) and frontal {fr.) runs along
the temporai crest (Figure 1A-B; pa.frs.). Left and
right temporal crests join in the median plane to
form the sagittal crest (sag.cr.), which continues
caudally and crosses the suture between parietat
and occipital (Figure 1C-D; pa.occ.s.). This suture
is at the base of the nuchal shield. The suture
hetween squamosal and parietal reaches approxi-
mately halfway up the braincase (Figure 1A-D;
pa.eq.s.). A prominent parietal emissary foramen is
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situated dorsal to this suture in RR 207 {pa.em.f.)
and located close to the sagittal crest in RR 601
{Crliac and Thewissen, 2021).

Occipital. The occipital forms the nuchal shield,
with prominent nuchal crests (Figure 3C; nu.cr.).
The shield extends well beyond the occipital con-
dyles, forming an inverted U-shape in the caudal
view {Figures 1C-D, 2A-B, 3C). The central part of
the occipital extends over the dorsal edge of the
foramen magnum. The occipital condyles face
equally ventral and caudal and form two-thirds of
the lateral edge of the foramen magnum (Figure
1C-D; oce.c.). The exoccipital forms a prominent
paroccipital process (Figure 2A-B; parocc.p.),
which is trianguiar and flat, shielding the ear region
in caudal view (Figure 1C-D). The hypoglossal
foramen is located just rostral to the occipital con-
dyle on its ventrai side (Figure 3C-D; hyf.).
Although the condylar foramen remains invisible, a
trace of its vein was identified by Ordiac and
Thewissen {2021) based on CT scans. The basioc-
cipital bears bilateral prominences at the level of
the cranial extent of the buliae (Figure 1A-D;
bas.occp.).

Squamosal, The squamosal forms the lateral part
of the braincase and, in this area, articulates with
frontal, parietal, and occipital (Figures 1A-B, 2A-B,
3C; sg.). On the lateral aspect of the skull, the
occipito-squamosal suture (Figure 1A-B; oce.sg.s.)
extends rostrally from the nuchal crest. Laterally,
the squamosal contributes to the jugal arch, with its
suture (Figure 2A-B; jug.sg.s.) crossing the jugal
arch obliquely. The caudal side of the posiglenoid
process of the squamosal (Figure 1A-B; po.gl.p.} is
indented by the external auditory meatus (e.a.m.)
and bears a wide postglenoid foramen. The man-
dibular fossa (Figures 1A-D, 3C; man.fs.) is exten-
sive and flat, located immediately adjacent to the
lateral surface of the bulla. The postglenocid pro-
cess (Figures 1A-B, 3C; po.gl.p.} is small and trian-
gular.

Ectotympanic. The ectotympanic forms a promi-
nent bulla that shares sutures with occipital, squa-
mosal, and sphenoid (Figure 1A-D). Medio-
caudally, the bulla bears a groove that likely
housed the first segment of the hyoid in life. The
juguiar foramen is located in the area where this
groove fouches the occipital (Figure 1C-D; jug.f.).
Medial to the bulla, 2 small part of the petrosal is
exposed, situated laterally to the basioccipital. A
long and narrow foramen for the ventral petrosal
sinus separates these two bones (Figure 1C-D;
v.pet.s.). In a juvenile specimen (RR 262; Figure
3D) with the bulla is missing, the jugular foramen is

10

connected to the foramen for the ventral petrosal
sinus. Rostro-medially, the bulia is indented, bear-
ing a foramen for the auditory tube (Figure 1C-D;
aud.t.). Laterally, the bulla is immediately adjacent
to the mandibular fossa, with the joint surface of
the latter extends ventrally making a broad contact
with the bulla (Figure 1C-D). The medial part of the
buila is developed into the involucrum (Figure 2A-
B: inv.), and part of the sigmoid process is visible
on a fractured surface (Figure 2A-B; sig.p.). We
omitted the description of the petrosal and the mid-
dle ear cavity in this paper, which was already cov-
ered by Mourlam (2019). The external auditory
meatus indents the postglenoid process. Ventrally,
the meatus is ossified over a short distance lateral
to the hulia.

COMPARISON AND DISCUSSION

Length of the snout. The premaxilla of Indohyus
is surprisingly long for an artiodacty! of this size.
Although the premaxilla is not preserved as part of
the entire skull in any specimen, combining mea-
surements from different specimens (Table 1) esti-
mate that the distance between the snout tip and
posterior edge of the canine alveolus makes up
one-guarter of the ventrat skull length (Figures 2A-
B, 3A-B). In comparison, the premaxilla in other
early and middle Eocene artiodactyls {Diacodexis
and Heslohyus) is shorter. The length of the pre-
maxilla in Indohyus is attributed to the alignment of
the incisors in a rostral-caudal plane. The incisors
are lined-up on a very gentle rostro-caudally arch
in Indohyus, which is similar to pakicetid cetaceans
{Thewissen and Hussain, 1998) and some middle
Eocene articdactyls (Gujaratia; Russeli et al,
1983). However, the arch is more pronounced, and
thus the anterior palate broader in other artiodac-
tyls. it has been hypothesized as a synapomorphy
of racellids and cetaceans (Geisler and Uhen,
2005). It is suggested that the long premaxifla in
Indohyus is related to feeding, similar to small,
modern artiodactyls (Dubost, 1975). lsotopic evi-
dence indicates that Indohyus was an herbivore
(Thewissen et al., 2007), as can be expected for an
early artiodactyl, (Messelobunodon; Richter, 1981).
Howaever, its tooth wear suggests that oral process-
ing of the food resembled cetaceans, even though
those are carnivorous (Thewissen et al., 2011).
The dentition of Indohyus aiso resembles that of
Pakicetid cetaceans in the relative size of P4,
which has a higher crown {in the labial view) than
the upper molars (Thewissen and Hussain, 1988;
Thewissen et al.,, 2020). These proportions are
common in Eocene cetaceans. The diet of Indo-



hyus remains unclear and warrants firther investi-
gation, potentially utilizing stable isotype analysis
and tooth wear studies.

Orbit size and position. Nummela et al. (2006)
described the position and size of the orbiis in
Eocene cetaceans. They found that these charac-
teristics vary between families. Protocetids and
basilosaurids have large eyes that face iaterally
and are located under a thick supraorbital shield.
On the other hand, the orbits of Ambulocetus were
also large, but they were located close together
and dorsal on the skull while facing laterally. We
spaaulats that thizs hae implicatiene far faading
behavior. It is likely that Ambulocefus was not
exclusively hunting underwater but was also spying
prey while most of its body was submerged. Rem-
ingtonocetus has small eyes that faced laterally. lts
eyes were of less imporiance, given that it lived in
muddy water (Thewissen and Bajpai, 20089), and
had large middie ears, and prey detection might
have been based on acoustic clues. lis relative
Andrewsiphius also had small eyes; these are
located dorsally but face laterally (Thewissen and
Baipai, 2009). in pakicetids, the eyes are close to
the midline with a narrow interorbital region, but
their eyes face more dorsal than lateral, suggesting
that pakicetids hunted prey that was not sub-
merged. Meanwhile, the orbits of indohyus are
similar to those of other early and middle Eocene
artiodactyls and they face laterally, as in terrestrial
artiodactyls (Thewissen et al., 2007). Stable iso-
topes and skeletal histology (Thewissen et al.,
2007} suggest that Indohyus spent considerable
time in the water. However, given that it was not a
predator, the position of its eyes did not relate to
food gathering.

Frontal shape. A surprising feature of Indohyus is
the shape and position of the frontal bone. The
frontal is concave medioc-laterally, giving rise io a
distinct depression just rostral to the nuchal tempo-
ral crests. This feature is also present and even
more distinct in pakicetid cetaceans, where it has
been related to the dorsal convergence of the eyes
(Nummela et al., 2008). However, orbital conver-
_gence in Indohyus is much smaller than in paki-
cetids. The frontal has a concave profiie rostrally in
certain Oligocene artiodactyls, such as Leptomeryx
and Poebrotherium (Scott, 1940), but it is convex
caudally, presumably marking the presence of the
oifactory bulb deep to it. The olfactory bulb in indo-
hyus is small (Orliac and Thewissen, 2021), con-
sistent with the concave, and very thick frontal
which overlies it, and consistent with the small
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olfactory bulb in pakicetid cetaceans (Kishida et al.,
2015).

Middle ear and hearing. Mourflam (2019)
described the middle and inner ear of Indohyus,
with a specific interest in determining the frequen-
cies that the ears were tuned to. Thewissen et al.
{2007) noted that Indohyus had a thickened medial
bullar wall, a feature often used to diagnose ceia-
ceans (Gatesy et al.,, 2013), and referred to as an
involucrum in cetaceans. The funhction of the ceta-
cean involucrum has been reiated to bone-con-
ducted hearing, which is important in species that
live in denea media (watar) or whnse head is in
contact with dense media (soil) (Barklow, 2004,
Nummela et al., 2007). In Indohyus, this feature
can be taken as additional evidence of its transi-
tional nature between living on land and living in
water, supporting the aquatic adaptations sug-
gested by limb bone histology (Cooper et al., 2011)
and oxygen isotopes {Thewissen et al, 2007).
Although ear ossicles are not known for Indohyus,
it is known that even pakicetids have ear ossicles
that are larger, and of a different shape from those
of land mammals (Thewissen et al., 1993). Further
discoveries of Indohyus fossils may resolve the
question of whether its ossicles already show
some of the changes that characterize later ceta-
ceans.

Nasopharyngeal duct and hyoid bone. The
nasopharyngeal duct and plerygoid region of indo-
hyus match those of terrestrial artiodactyis, unlike
Eocene cetaceans. The bony palate does not
extend beyond the last molars, whereas the naso-
pharyngeal duct in pakicetids and ambulocetids is
ossified ventrally {Thewissen et al., 1996; Num-
mela et al., 2008). The lateral walls of the nasopha-
ryngeal duct terminate well anterior to the ear
region, whereas in Eocene cetaceans, they extend
to the ear region. indohyus retains a lateral ptery-
goid plate, unlike many modern artiodactyls and
Eocene cetaceans (Nummela et al., 2006; Thewis-
sen and Bajpai, 2009). /Indohyus and Eccene ceta-
ceans have a similar extensive ventrally projecting
medial pterygoid process, unlike modem articdac-
fyls (Getty, 1975). It is likely that threat morphology
changed significantly in the land fo water transition,
possibly to adapt to new types of food and feeding.
However, a detailed study into the functional
aspects of each of these changes is needed.

CONCLUSIONS

The skull of Indohyus has offered a plethora of
features that have been used to study the phyloge-
netic pesition of the clade. it shows a combination
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of features that are common in terrestrial articdac-
tyls, Eocene cetaceans, as well as younger,
« aguatic cetaceans. These findings underscore the
critical initial steps taken towards aquatic adapta-
tion. The functional analysis of the skull of /ndo-
hyus is still in its early stages. Much of craniai
design will be impacted by the evolution toward
aquatic behaviors in general or aquatic adaptations
of specific members of the cetacean clade. The
position of the nares, the size and position of the
orbits, the nasopharyngeal duct, the middie and
inner ear, the length and position of the snout, the
shape of the teeth, and the size and orientation of
the temporal fossae ail interact and affect skull
morphology and are related to the function of the
sense organs {vision, oifaction, hearing), food

acquisition and processing, and breathing. Study-
ing the evolution of these organs and comparing
them to terrestrial relatives and Eocsne cetaceans
will further elucidate cetacean evolution.
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