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A new Oligo-Miocene dolphin from New Zealand: 
Otekaikea huata expands diversity of the early Platanistoidea

Yoshihiro Tanaka and R. Ewan Fordyce

ABSTRACT

The New Zealand fossil dolphin Otekaikea huata (latest Oligocene to earliest Mio-
cene, in the range 22.28 to 24.61 Ma) is here identified as an early new species in the
clade Platanistoidea, which includes the endangered Ganges River dolphin (Platanista
gangetica). Otekaikea huata is known only from the holotype, which comprises a par-
tial skeleton from the marine Otekaike Limestone of the Hakataramea Valley, South
Island. Otekaikea huata has multiple procumbent tusks passing back to otherwise
near-homodont and polydont teeth, and an elevated face for the nasofacial muscles
implicated in production of echolocation sounds. The skull vertex is asymmetrical and
strongly left-skewed. Phylogenetic analyses based on morphological features place
Otekaikea huata in the clade Platanistoidea. The new species adds to the diversity of
the superfamily Platanistoidea near the Oligocene-Miocene boundary.
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INTRODUCTION

Fossil cetaceans of Oligocene age reveal the
dramatic early radiation of the Neoceti (Whitmore
and Sanders, 1977; Fordyce, 2009). In New Zea-
land, one of the key productive cetacean-bearing
units is the Otekaike Limestone, a late Oligocene
to earliest Miocene bioclastic grainstone that was
deposited largely below storm wave base in the
southern Canterbury Basin. Odontocetes from the

Otekaike Limestone include Waipatia maere-
whenua, Microcetus hectori and Otekaikea mar-
plesi, as well as undescribed squalodontids and
smaller platanistoid dolphins. Such fossils, and
described Oligocene odontocetes from elsewhere
in the world, show disparate morphologies (Abel,
1914; Allen, 1921; Fordyce, 1981; Fordyce, 2002)
that are consistent with a major early radiation of
odontocetes during the Oligocene. The reported
fossils have led to quite different phylogenetic
http://zoobank.org/F8462823-1EC9-4C8C-8A43-1EEED202F89C
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hypotheses (Fordyce, 1994; Geisler and Sanders,
2003; Uhen, 2008; Steeman et al., 2009; Geisler et
al., 2011; Murakami et al., 2012b; Aguirre-Fernán-
dez and Fordyce, 2014; Geisler et al., 2014) with
implications for the origin of modern families, tax-
onomy above genus level, and understanding of
ecological patterns amongst clades. Most of the
named Oligocene odontocetes listed by Uhen
(2008, Table 1) are based on fragmentary speci-
mens that give little insight into body form and
function or, in some cases, phylogenetic relations.
The description of associated partial skeletons, as
below, will improve understanding of the early his-
tory of odontocetes (Tanaka and Fordyce, 2014).

Recently, another New Zealand species,
“Prosqualodon” marplesi Dickson, was placed in a
new genus as Otekaikea marplesi (Tanaka and
Fordyce, 2014). Here, a second species of

Otekaikea is described from a naturally associated
skull, ear bones and forelimb materials. Such pres-
ervation is not common for early odontocetes. This
informative specimen expands the taxonomic and
structural diversity of early odontocetes, with impli-
cations for ecology and resource partitioning.

MATERIAL AND METHODS

Material was prepared by A. Grebneff using
pneumatic chisels and hand tools, and finished by
Y. Tanaka and R.E. Fordyce under a Zeiss SR bin-
ocular microscope. The positions of most sutures
were confirmed using the binocular microscope.
Dilute (5%) acetic acid was used to free the articu-
lated periotic from the squamosal and to remove
concretionary carbonate. Bone was glued with cya-
noacrylate and/or polyvinyl butyral solution, the lat-

TABLE 1. Measurements in mm of holotype, OU 22306, Otekaikea huata: skull and mandibles. Dimensions follow
Fordyce et al. (2002) and Perrin (1975). Measurements are rounded to the nearest 0.5 mm. For skull and mandible,
distances are either horizontal or vertical, unless identified as point to point. + means measurements of preserved dis-

tances of broken part.

Skull

total length, from the most anterior point to posterior of occipital condyles 790.0+

Cranial length 222.0+

width of premaxillae at a line across posterior limits of antorbital notches 39.0+

maximum width of premaxillae 127.5

preorbital width, at level of frontal-lacrimal suture 209.0+

postorbital width, across apices of postorbital processes 252.0+

maximum width across narial aperture 68.5

median length of nasals on vertex, point to point 7.5

maximum length of right nasal on vertex 31.5

median length of frontals on vertex 35.0

greatest width of right temporal fossa, measured to external margin of raised suture 60.5

greatest width of right temporal fossa at right angle to greatest length 114.0

mediolateral diameter of right temporal fossa proper 82.0

anteroposterior diameter of right temporal fossa proper 64.5

distance from posterior of occipital condyle to anterior apex of supraoccipital 38.5

vertical external height of skull, from most ventral part of braincase on basioccipital crest, to dorsal 
extremity of frontal at vertex

160.0

bizygomatic width 265.0

bicondylar width 85.5

Mandibles

maximum preserved length of left mandible 533.0+

maximum preserved height of left mandible 116.0+

height of condyloid process -

width of condyloid process -
2
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ter also used as a consolidant. Photographs were
taken with a Nikon D700 DSLR camera and a 105
mm micro lens. Most views show the specimen
coated with sublimed ammonium chloride, with
lighting from the upper left.

No permits were required for the described
study, which complied with all relevant New Zea-
land regulations.

Acronyms

AMNH - American Museum of Natural History,
New York, USA; OU - Geology Museum, University
of Otago, Dunedin, New Zealand; USNM - Depart-
ment of Paleobiology, National Museum of Natural
History, Smithsonian Institution, Washington, DC,
USA. All these institutions are accessible, perma-
nent repositories.

Geological Setting

The fossil dolphin OU 22306 was collected in
a single plaster jacket from the upper part of the
Otekaike Limestone at the Hakataramea Lime
Quarry, informally known as Haughs’ Quarry, in the
Hakataramea Valley, South Canterbury, around 16
km northeast of the nearest town of Kurow, North
Otago (Figure 1). Latitude 44°39'39.82"S, longi-
tude 170°38'57.22"E. The Geosciences Society of
New Zealand fossil record number is I40/f0219B.

The sequence at Haughs’ Quarry includes
three formations, from base to top: the Kokoamu
Greensand, the Otekaike Limestone, and the Mt.
Harris Formation. The Kokoamu Greensand
(Gage, 1957) is a bioturbated massive (lower, and
top) to diffusely dm-bedded (middle) fossiliferous
calcareous greensand. The Kokoamu Greensand
grades up into the Otekaike Limestone (Gage,
1957), which is a massive, fossiliferous, mostly soft
grainstone, yellow-brown bioclastic limestone with
fine glaucony grains and sometimes-abundant
shell fragments. In the Waitaki Valley region in gen-
eral, there are three members of Otekaike Lime-
stone, from bottom to top: Maerewhenua Member
(soft to cemented massive, glauconitic limestone),
Miller Member (yellow or brown calcareous silt or
bioclastic sandstone, sometimes with large low-
angle cross-beds), and Waitoura Marl (massive,
calcareous silt) (Gage, 1957; Ayress, 1993; Gra-
ham et al., 2000). At Hakataramea Lime Quarry,
only the Maerewhenua Member is present. A dif-
fuse shellbed with conspicuous Protula, about 20
cm thick, lies in upper part of the Maerewhenua
Member, 2-3 m below the gradational boundary

with the more-glauconitic and muddy Mt. Harris
Formation.

The matrix of OU 22306 is yellow shelly glauc-
onitic bioclastic silty-muddy sandstone with occa-
sional calcareous concretions. The horizon is a few
cm below the diffusely-bounded Protula-dominated
shellbed in the upper Maerewhenua Member. A
strontium isotope (87Sr/86Sr) determination from a
smooth-shelled scallop Lentipecten hochstetteri,
recovered by Fordyce from the top of the Protula
shellbed, is 0.708294 (±2SE 0.000013) (D.A. Tea-
gle, personal commun., 2005), equivalent to 22.28
± 0.13 (22.41 to 22.15) Ma (lookup table of McAr-
thur et al., 2012). Given that Vandenberghe et al.
(2012) cited the Chattian-Aquitanian boundary as
23.03 ± 0.1 Ma, the Sr/Sr date puts the upper limit
for O. huata in the lowermost Aquitanian, earliest
Miocene.

Foraminifera in matrix taken from the fossil
dolphin braincase include rare small specimens of
the planktic foraminiferan Globoturborotalita woodi,
indicating the G. woodi woodi planktic foraminiferal
zone of Jenkins (1965), in the middle of the New
Zealand Waitakian stage. The next younger zonal
species, Globoturborotalita connecta, was not
found. For the Otiake Trig Z section 18 km to the
south southwest, Graham, Morgans et al. (2000)
identified the incoming of G. woodi woodi in the
range 23.99 to 24.61 Ma, earlier than the Chattian-
Aquitanian boundary. Thus, the age from strontium
isotope and planktic foraminifera is in the range
22.28 to 24.61 Ma, straddling the Oligocene/Mio-
cene boundary.

The locality is an important vertebrate fossil
source in New Zealand (Fordyce and Maxwell,
2003; Fordyce, 2014). Two Waitakian penguins
(Fordyce and Jones, 1990) and a Duntroonian bill-
fish (Gottfried et al., 2012) from the Otekaike Lime-
stone have been reported from the quarry. Several
undescribed mysticetes also are known (Fordyce,
2009). The paleoenvironment is probably below
storm wave base, in a sheltered middle shelf set-
ting, with warm paleotemperature indicated by
bivalve taxa (Fordyce and Maxwell, 2003). Rich
mollusc-dominated invertebrate assemblages are
also known from the locality.

SYSTEMATIC PALEONTOLOGY

Order CETACEA Brisson, 1762
Unranked taxon NEOCETI Fordyce and de 

Muizon, 2001
Suborder ODONTOCETI Flower, 1867

Superfamily PLATANISTOIDEA Gray, 1863
3
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Family not specified
Genus OTEKAIKEA Tanaka and Fordyce, 2014

Type species. Prosqualodon marplesi Dickson,
1964 = Otekaikea marplesi (Dickson, 1964) sensu
Tanaka and Fordyce (2014).
Included species. O. marplesi (Dickson, 1964)
and O. huata n. sp.
Diagnosis. Genus Otekaikea includes longirostral
odontocetes with: condylobasal length around
790+ mm; procumbent tusks; presence of an intra-
premaxillary foramina in each premaxilla; large and
rounded carotid foramen; and a deep voluminous
facial fossa. Otekaikea has the following synapo-
morphies: ventromedial edge of the internal open-
ing of infraorbital foramen is formed by both the
maxilla and palatine; both nasals have a point on
the midline and gap with the premaxillae; nasals
are relatively narrow; and accessory ossicle is

fused on the periotic. Otekaikea differs from
Waipatia in skull features that include: rostrum is
relatively longer; premaxillary sac fossa is more
elevated; posterolateral plate and posteromedial
splint of the premaxilla are more distinct, with an
infra-premaxillary foramen on the right or bilater-
ally; vertex is less symmetrical, with nasals sub-
rhomboidal rather than transversely oval;
ascending process of the maxilla is less-rounded;
frontal on the vertex is anteroposteriorly shorter;
postglenoid process is tapered rather than squared
in lateral view; zygomatic process is more robust in
ventral view; and paroccipital process has a medi-
ally-developed tongue-like articulation for the stylo-
hyal. The teeth are near-homodont, and the
cheekteeth mostly lack denticles; the mandibles
have a fused symphysis. The periotic differs from
Waipatia in that: anterior keel is less distinct;
accessory ossicle is fused; a less-strongly project-

FIGURE 1. Locality map and stratigraphic sections of the Otekaikea huata type locality. Arrow shows type locality.
Foraminiferal zonation and geochronology are based on Graham et al. (2000).
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ing lateral tuberosity; a wider and more-circular
internal acoustic meatus; posterior process is lon-
ger and subrectangular rather than elongate
comma-shaped, and angled relative to the axis of
the periotic from ventral or dorsal views. The poste-
rior process of the bulla has less prominent sutures
for the periotic, posterior meatal ridge, and post-
tympanic process.

Otekaikea differs from Squalodontidae and
Prosqualodon in lacking large robust heterodont
cheekteeth. Differs from Notocetus, Squalodelphis,
Huaridelphis, and Platanistidae in lacking: orbital
fossae for extensions of pterygoid sinuses; thick-
ened maxilla or elevated maxillary crest over orbit.

Otekaikea differs from other archaic Odonto-
ceti including Xenorophidae, Simocetus, Agoro-
phius, Patriocetus, Prosqualodon, Squalodontidae,
and Waipatia, in the unique combination of apo-
morphies involving: broad dished face; nasals ele-
vated, nodular, and subrhomboidal; frontals
elevated; premaxillary sac fossae smooth-sur-
faced, without prominent premaxillary sulci devel-
oped posteriorly; premaxillae bifurcated posteriorly,
each with an intra-premaxillary foramen at the
junction between posterolateral plate and postero-
medial splint, and elevated crests on the maxillae;
periotic with long, slender, parallel-sided posterior
process. Otekaikea differs from crown odontocetes
other than Platanistoidea in lacking: the supracra-
nial basin of Physeteriidae and Kogiidae; an
enlarged hamular fossa of Ziphiidae; medially
located aperture for the cochlear aqueduct of
Eurhinodelphinidae; and the orbital fossae for
extensions of pterygoid sinuses, parabullary ridge
of periotic, and saddle-shaped involucrum of the
bulla of Delphinida.
Comment on higher taxonomy. Gray (1863) was
the first to use the family-group name Platanisti-
dae. The content of the family varied in later years,
to include species of Platanista, and also Inia and
Pontoporia, and finally Lipotes. Simpson (1945)
used a new rank in the family group, Superfamily
Platanistoidea, to encompass a single family, Pla-
tanistidae Gray, 1863. He justified the superfamily
rank in general terms with the comment “The num-
ber of genera and families [amongst Odontoceti]
has become so large that I have introduced super-
families for the association of families that appear
to be specially related” (Simpson, 1945, p. 215).
According to the International Code of Zoological
Nomenclature (1999), Article 50.3, Gray (1863)
remains the author. This authorship for Platanis-
toidea follows Fordyce and de Muizon (2001).

Otekaikea huata, new species
Figures 2-20, Tables 1-3

zoobank.org/CFD7D54E-00B2-40F1-830E-E60644595463

Diagnosis. Otekaikea huata is an odontocete with:
a skull of medium size (bizygomatic width 265 mm,
cranial length 222+ mm, likely condylobasal length
790+ mm); apical teeth procumbent with a large
tusk (197+ mm in length, not including broken
crown); more-posterior teeth near-homodont and
polydont, with subconical crowns and at least one
tooth with vestigial denticles; supraoccipital
depressed; condyles prominent; zygomatic pro-
cesses robust; and cervical vertebrae unfused.
Otekaikea huata is slightly larger than the holotype
of O. marplesi in terms of bizygomatic width (8 mm
larger), maximum anteroposterior length of the
periotic parallel to dorsal margin (7 mm larger) and
also all measurements of preserved postcranial
elements (each several mm larger). The one
cheek-tooth known for O. marplesi has double
roots, whereas the cheekteeth in O. huata are all
single-rooted, including at least one with a vestigial
longitudinal groove as if separating two fused
roots. Otekaikea huata also differs from O. mar-
plesi in: ascending process of the premaxilla is
reduced, stopping at the level of the nasal (charac-
ter 58); lateral expansion of the maxillae roofs the
temporal fossa (character 101); nasal has an
anterolateral process; fenestra rotunda of the peri-
otic is very narrow and slit-like (character 174);
caudal tympanic process of the periotic is postero-
ventrally projecting (character 178); and a promi-
nent fold separates the infraspinous fossa and
teres fossa on the scapula (character 236).
Etymology. From the Maori language: huata, a
spear, alluding to the long tusk of the holotype
specimen.
Material. Holotype only: OU 22306; the skull, right
periotic and sigmoid process of left bulla, fused
mandibles, 60 isolated conical-crowned teeth,
atlas, axis, three other cervical vertebrae, 12 tho-
racic vertebrae, two lumbar vertebrae, eight ribs,
scapulae, humeri, radii, an ulna, a carpal and nine
digits. Collected by R.E. Fordyce, A. Grebneff,
B.V.N. Black, and O. Sarll, 15 January and 12-13
February 1996; field number REF12-2-96-2.
Type locality. Informally-named Haughs’ Quarry,
Hakataramea Valley, South Canterbury, New Zea-
land (Figure1). See details above.
Horizon. A few centimeters below the diffuse Prot-
ula shellbed in the upper part of the Maerewhenua
Member, Otekaike Limestone (Figure 1). See
details above.
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Age. Waitakian stage, Oligo/Miocene boundary, in
the range 22.28 to 24.61 Ma. See details above.

General Description

Descriptions are based on the right or left
side, whichever is more informative, with differ-
ences between them mentioned only if directional
asymmetry is evident. Morphological terms follow
Mead and Fordyce (2009) for the skull; postcranial
terms mainly follow Flower (1885a), and Evans
and de Lahunta (2013). Surface detail is lost in
places from bioerosion, as noted when major.
Some adherent concretionary carbonate remains.
Body size. The body size of Otekaikea huata can
be inferred by the Pyenson and Sponberg (2011)
formula for stem Platanistoidea, Log(L)=0.92*
(log(BIZYG)-1.51)+2.49. BIZYG (bizygomatic
width) of O. huata is 26.5 cm, giving a recon-
structed body length of 2.57 m. As with O. mar-
plesi, this is a similar body length to modern
Platanista gangetica: 2.6 m in adult female, 2.2 m
in adult male (Jefferson et al., 2008). The gender of
the type specimen of O. huata is uncertain. Closely
related fossil species have comparable sizes: W.
maerewhenua, bizygomatic width 24.4 cm (=

length 2.39 m); O. marplesi, bizygomatic width
25.7 cm (= length around 2.5 m (Tanaka and
Fordyce, 2014). For O. huata, the minimum condy-
lobasal length of 79.0+ cm would comprise around
30 % of the BIZYG-predicted body size of 2.57 m,
implying a long rostrum and large cranium with a
short trunk. Not enough postcranial material is
known to provide independent evidence of body
length.
Ontogenetic age. Skull sutures are mostly closed
but distinct. All preserved vertebral epiphyses (in
the atlas, axis, three cervical, 12 thoracic, and two
lumbar vertebrae) are fused. These features sug-
gest that O. huata is equivalent in ontogenetic age
to stage VI, physically mature adult, in Stenella
attenuata as proposed by Perrin (1975, p. 42). The
skull lacks obvious roughened or eroded bone that
might indicate a gerontic age. Otekaikea huata
also has an ossified carpus, which supports an
adult age class based on a flipper radiograph study
on Phocoena sinus by Mellor et al. (2009).
Skull topography. The cranium is moderately
complete dorsally (Figures 2-9), while the sepa-
rated rostrum is broken and represented by dorsal
parts (porcelanous portions) of the isolated right

FIGURE 2. Dorsal views of the type skull, OU 22306, Otekaikea huata (1 and 2). 3, dorsolateral view, figure is not to
scale.
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and left premaxillae, the posterior end of the right
maxilla, and anterior of the vomer with the attached
posterior end of the left maxilla (Figure 7). The sep-
arated rostral elements can be placed close to orig-

inal articulation with the cranium, although minor
burial-related distortion prevents exact matches
that would allow full reassembly. The incomplete
rostral left maxilla, which is sutured with the vomer

FIGURE 3. Ventral views of the type skull, OU 22306, Otekaikea huata. Pa, the parietal.
7
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and can be articulated with the cranium, preserves
an elongate, flat, medially-dipping suture that
matches a corresponding suture on the ventral sur-
face of the premaxilla; a comparable suture is on
the right. Both premaxillae (porcelanous parts) can
be articulated with the flat sutures on the maxillae
to indicate approximate life position on the rostrum
(below). To reconstruct the skull, the right premax-
illa was positioned to match the left; there was no
independent evidence of bilateral asymmetry in the
rostral sections of premaxilla. The face has a wide
hexagonal shape in dorsal view, is flat anteriorly
and rises steeply posteriorly. Compression slightly
distorts the skull; additionally, the vertex is naturally
skewed to left, as seen clearly in a posterior view,

which shows the right nasal and frontal in the mid-
line. Natural directional asymmetry affects the
nasals, frontals, premaxillae, and maxillae. In lat-
eral view (Figures 6 and 8), the posterior part of the
face has very steep medial and posterior walls
involving both maxilla and premaxilla, and these
walls form a strongly elevated but anteroposteriorly
short vertex comprised of the maxillae, premaxil-
lae, nasals, and frontals. The temporal fossa is
mostly invisible in dorsal view because of the later-
ally expanded temporal crest. The orbit is long and
weakly arched, with relatively thin antorbital and
postorbital processes, above which the frontal is
almost fully overlapped by the maxilla. The anteri-
orly broken external nares open from a subvertical

FIGURE 5. Posterior views of the type skull, OU 22306, Otekaikea huata.

FIGURE 6. Right lateral views of the type skull, OU 22306, Otekaikea huata.
8
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narial passage about level with the postorbital pro-
cesses. The nuchal crest is not developed. The
pterygoids and most of the palatines are missing.
Rostrum. Most of the anterior part of the rostrum,
comprising the maxillae and ventral parts of the
premaxillae, is not preserved. The long, straight
dorsal remnants of premaxillae are reconstructed
based on posterior connections with the maxillae
(see below). This reconstruction is consistent with

a narrow, parallel-sided and deep mesorostral
groove, while the broken margins of the mandible
suggest a narrow elongate Y-shaped lower jaw
and, by implication, a narrow rostrum. The thick
posterior part of the vomer (Figure 7) sits medially,
with sutured remnants of the maxillae indicating a
posteriorly wide rostrum. Bone is damaged at the
right antorbital notch, but the profiles of the lacri-
mojugal and adjacent frontal suggest an open

FIGURE 7. Disarticulated rostral elements, OU 22306, Otekaikea huata. 1, dorsal view. 2, left premaxilla lateral view.
3, right premaxilla lateral view. 4, ventral view. 5 and 6, detailed photos of the premaxilla.
9
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notch with a little-projecting lateral antorbital pro-
cess.

The rostral porcelanous part of each premax-
illa is incomplete posteriorly; this is interpreted as
postmortem break when the cranium and rostrum
separated before final burial. The elongate oblique
suture on the maxilla is consistent with the premax-
illa passing back to merge with the cranial parts of
the premaxillary sac fossae that rise steeply to the
vertex. Surficial structures include the rounded dor-
sal surface of the premaxilla, the remnant of a shal-
low premaxillary sulcus at the posterior end of the
rostrum, and a steep-walled mesorostral groove
(see Figure 8).
Premaxilla. The rostral and cranial parts of the
premaxillae are present (Figure 7), but separated
post-mortem. Each bone is represented by the
long, thin, posteriorly-narrowing, faintly bowed
(barely concave laterally) porcelanous part of the
rostral surface, each found separate from the cra-
nium; more-ventral rostral parts of the premaxilla
are lost. In life, the straight medial margin of each
premaxilla would have partly roofed the mesoros-
tral groove, converging toward each other anteri-

orly, as reconstructed in Figure 8. The left
premaxilla is distorted slightly outwards and down
toward the rostral apex, probably a result of burial.
Both ends are incomplete for each premaxilla, and
bone is missing between the posterior of the rostral
part and the premaxillary sac fossa on the cranium.
Anteriorly, the rounded external surface on the ros-
tral left premaxilla (511.5+ mm long) rises steeply,
facing obliquely outwards. Posteriorly, the external
surface becomes narrower and more abruptly
rounded, and rotates gradually to face obliquely
medially at the posterior apex of the porcelanous
part. The posterior ~200 mm of the ventral surface
of premaxilla is smooth at the suture for the under-
lying flat dorsal face of the maxilla; this flat suture
on the maxilla is horizontal anteriorly on the ros-
trum but posteriorly it rotates to become steeply
oblique by the level of the antorbital notch, facing
medially and slightly dorsally. Here, each premax-
illa narrows posteriorly, and is deflected slightly
outwards. A broken narrow medial shelf on the left
premaxilla, barely visible in dorsal view, is pre-
sumed to be part of the anteromedial sulcus, origi-

Figure 8. Skull of Otekaikea huata, OU 22306. Right 1, lateral view and 2, dorsal view.
10
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FIGURE 9. Details of right basicranium part, OU 22306, Otekaikea huata. 1 and 2, ventral view. 3 and 4, ventrolat-
eral view. Ali, alisphenoid. Bo, basioccipital. Bs, basisphenoid. Pa, parietal. Vo, vomer.
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nally arising further posteriorly from the now-
missing premaxillary foramen.

Posteriorly, each premaxilla thickens, widens,
and rises upward. In dorsal view, the lateral edge
of the premaxillae is widest (125.1 mm) at the level
of the nares. In spite of some compaction crushing,
there is some directional asymmetry in the cranial
parts of the premaxillae: 1, the right premaxilla is
wider, lies further toward the midline, with a more-
laterally flanged posterolateral plate than the left; 2,
the right intra-premaxillary foramen, which opens
dorsally between the maxilla and the posterolateral
plate, is larger (elliptical; 10.6 mm long, 4.8 mm
wide), and the lip of the foramen is formed mostly

by the premaxilla, with maxilla contributing postero-
medially. The left intra-premaxillary foramen opens
almost the same level with the right, and it is
smaller (also elliptical; 3.0 mm long, 1.2 mm wide;
occluded by cemented matrix) and formed by the
premaxilla; 3, the blunt right posteromedial splint
reaches half way back along the nasal, bounded
laterally by a slightly raised crest and vertical face
of maxilla, whereas the left splint appears not to
reach the nasofrontal suture and the adjacent max-
illa is lower and more-nodular. The intra-premaxil-
lary foramen is probably one of many foramina
from the infraorbital complex, as discussed below.

FIGURE 10. The type teeth, OU 22306, Otekaikea huata. Scales vary as indicated, depending on specimen size. 1
and 2, largest incisor. 1, worn surface view. 2, lateral view. 3 and 4, two long tusks, showing worn surface. 5 and 6,
two medium teeth. 7-9, single rooted smaller medium teeth. 10-12, buccolingually flattened teeth. 13 and 14, tooth
with small denticles. 13, buccal view. 14, lingual view.
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Maxilla. The rostral part of the left maxilla is firmly
sutured with the vomer (possibly cemented by
matrix); the two bones can be placed close to their
original positions against the cranium, with the
maxilla close to the antorbital notch. The rostral
part of the right maxilla, not attached to the vomer
(but originally sutured), can be mirrored against the
left. Dorsally, each maxilla has an elongate planar
suture dipping obliquely ventromedially, formed by
dense rather than cancellous bone, for the premax-
illae (Figures 7 and 8); the sutural face can be
traced back onto the cranium. A small (2.6 mm
diameter) dorsal infraorbital foramen opens bilater-
ally, facing outwards, toward the posterior of the
rostral maxilla. Ventrally, the maxillae form a medi-
ally arched palate with flattened lateral margins at
the base of the rostrum.

Posteriorly, the cranial part of the maxilla is
overlaid by the premaxilla, with clear sutures with
the frontal and lacrimal. In places (e.g., left near the
position of the maxillary-premaxillary suture), the
maxillary surface is dense and porcelanous; adja-
cent irregular cancellous surface is interpreted as
(bio) eroded. About 25 mm medial to the right

antorbital notch, the maxilla has an anteroposteri-
orly long, wide and smooth trough, presumably
partly for the premaxilla, extending ~15 mm ante-
rior and ~40 mm posterior to the level of the antor-
bital notch (Figures 2.2, 7.4). This trough has a
steep lateral face that passes sharply at an elon-
gate fold onto the flat supraorbital process of the
maxilla.

On the braincase, dorsally, the cranial part of
the maxilla covers most of the frontal except the
lateral part of the postorbital process (right side;
Figure 2). The maxilla on the supraorbital process
is flat and smooth; it is not obviously thickened and
it lacks a pneumatic maxillary crest. At the level of
the right lacrimojugal, behind the antorbital notch, a
small anterior dorsal infraorbital foramen (1.4 mm
diameter) opens into a short oblique sulcus (Figure
2.2). The region is damaged on the left. The pos-
teromedial surface of the maxilla is very steep; at
the level of the nasal/frontal border, two posterior
dorsal infraorbital foramina open on each side,
which are small and rounded (right side diameters:
anterior, 3.4 mm; posterior, 4.6 mm), opening into
sulci that run toward the posterolateral edge of the

FIGURE 11. Periotic in original position in the right squamosal, ventral view, OU 22306, Otekaikea huata.
13
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FIGURE 12. The type tympanoperiotics. OU 22306, Otekaikea huata. 1-6, right periotic. 7 and 8, sigmoid process of
left bulla. 1, medial view. 2, lateral view. 3, ventral view. 4, dorsal view. 5, posterior view. 6, anterior view. 7, ventral
view. 8, posterior view.
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FIGURE 13. Key features of the type tympanoperiotics. OU 22306, Otekaikea huata. 1-6, right periotic. 7 and 8, sig-
moid process of left bulla. 1, medial view. 2, lateral view. 3, ventral view. 4, dorsal view. 5, posterior view. 6, anterior
view. 7, ventral view. 8, posterior view.
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FIGURE 14. The type mandible, OU 22306, Otekaikea huata. 1, anterior view. 2, left lateral view. 3, dorsal view. 4,
mandibular symphysis in dorsal view. 5, posterior view. 6, ventral view. 7, anterior end in ventral view. 8, right lateral
view.
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FIGURE 15. The type cervical vertebrae, OU 22306, Otekaikea huata. 1-5, anterior views. 6-8, lateral views. 9-10,
dorsal views. 1, atlas. 2 and 8, axis, 3, fourth cervical vertebra. 4, fifth cervical vertebra. 5, sixth cervical vertebra. 6
and 9, atlas and axis. 7 and 10, third to sixth cervical vertebrae. 7, mirrored image.
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maxilla. The squared apex of each maxilla meets
the frontal medially and the supraoccipital posteri-
orly. Just lateral to the nasal and frontal, the medial
border of the weakly curved crest on the right max-
illa rises abruptly. At the anterior end of the nares,
a small area of the maxilla is exposed medially;
whether this was originally covered by now-lost
premaxilla, or exposed to form a maxillary intrusion
(sensu Arnold and Heinsohn, 1996) is uncertain.

In ventral view (Figure 3), the better-pre-
served right maxilla forms the borders for two infra-
orbital foramina: a larger and more posteromedial
foramen in the common position for odontocetes
anterior to the antorbital ridge, and a smaller fora-
men a little anterolateral. The larger posterior fora-
men is bounded by frontal, palatine and maxilla,
and opens anteriorly into a sulcus in the maxilla.
The smaller anterior foramen is bounded mainly by

maxilla and lacrimojugal, plus a small contribution
of frontal; the lacrimojugal cleft is immediately lat-
eral. It is likely that this smaller foramen was origi-
nally covered by maxilla that was lost postmortem,
with the sulcus representing the infraorbital canal.
On the type of Otekaikea marplesi, the single visi-
ble ventral infraorbital foramen is equivalent to the
posterior foramen in O. huata.
Palatine. Ventrally, a vertical plate-like robust frag-
ment of palatine underlies the maxilla (Figure 7),
slightly posteromedial to the infraorbital foramen,
and connected with the frontal posteriorly. The pal-
atine has a smooth lateral wall and, medially, a
grooved vertical surface that contributes to the lat-
eral wall of the nares.
Pterygoid. A fragment of pterygoid is lateral to the
posterior end of the vomer, posterior to the nares.
Otherwise the bone is lost. A facet for the medial

FIGURE 16. The type thoracic and lumbar vertebrae, OU 22306, Otekaikea huata. 1-3, anterior view of three thoracic
vertebrae. 4 and 5, a posterior thoracic vertebra, anterior and left lateral views. 6, lumbar vertebrae from anterior view.
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lamina of the pterygoid covers the anterior two
thirds of the basioccipital crest.
Nasal. The smooth, flat, asymmetrical nasals lie
just behind, rather than roofing, the nares (Figure
2). In anterior view, the nasals are dorsoventrally
thick and nodular. The smaller left nasal is sub-
oblong, transversely wide and anteroposteriorly
narrow; the lateral and posterior margins are
rounded, the anterior, straight. The sagittally-
placed larger right nasal is a rounded irregular tri-
angle, transversely wide and anteroposteriorly lon-
ger than the left, and projected forward more than
the left. Both have a prominently rounded medial
corner and a semicircular posterior margin. The
anterior edge of each nasal lies far posterior to the
antorbital process, almost level with the posterior
end of the postorbital process. The anteromedial
angle projects strongly, while the posteromedial
angle is displaced by the narial process of the fron-
tal. Each nasal has a plate-like anterolateral pro-
cess of the nasal [new term] laterally, ~ 20 mm long

and ~4 mm wide, projecting forward to meet the
posteromedial margin of the premaxilla, and sepa-
rated from the main part of the nasal (anterior view)
by a deep groove; the anterior margins of the two
nasals form a W-shape. A slightly similar condition
of the groove on the anterior surface of the nasal is
seen on some kentriodontids (Pithanodelphis cor-
nutus Abel, 1905, Delphinodon dividum True, 1912
and Kentriodon pernix Kellogg, 1927), but the
grooves are much shallower and the anterolateral
process less marked than in Otekaikea huata. An
undescribed platanistoid OU 22126, from the
Otekaike Limestone of Waitaki district (Fordyce,
2003), shows an anteroposteriorly thin nasal with-
out a groove on the anterior surface, but the plate-
like anterolateral process of the nasal projects well
anteriorly. The internarial, nasofrontal, nasopre-
maxillary, and nasomaxillary sutures are deep and
wide. The internarial suture is invaded by narrow
fingers of frontal, forming the narial process. In

FIGURE 17. The type ribs. OU 22306, Otekaikea huata, from anterior view.
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anterior view, the nasal is medially very thick but
laterally thin, resulting in a triangular profile.
Ethmoid. The ethmoid is used in the sense of
Mead and Fordyce (2009), but note that Ichishima
(2011) suggested that the mesethmoid might be
absent in odontocetes. Morphological terms of the
ethmoid follow Godfrey (2013).

The profile of the ethmoid is uncertain but in
the mesethmoid ridge (area for attachment of the
mesorostral cartilage) of the vomer, there is a
spongy bone with a foramen at the center (Figure
4). The large void dorsal to the foramen may be for
the missing or undeveloped area of the cribriform
plate of the mesethmoid. On the posterodorsal
part, the cribriform plate has a pair of large and
strongly curved crescentic foramina. Between the
foramina, there is a tubercle, which is assumed to
be the mesethmoid.
Vomer. The robust rostral part of the vomer is bro-
ken and isolated from the cranium (Figure 7). The
mesorostral groove is anteriorly shallow and U-
shaped, and posteriorly deep and more V-shaped.
Its lateral wall is unexpectedly thick, thinning ven-
trally; the greatest bilateral width is 75.4 mm, with
one side attaining a thickness of 27.6 mm, and the
depth is around 30 mm. From the widest point, the
vomer narrows rapidly, both anteriorly and posteri-
orly. Both ventrally and laterally, the vomer is cov-
ered by the maxilla cemented by matrix; the
sutures are not fused. In ventral view (Figures 7
and 8), the vomer carries two flat areas, which
might be sutures for the maxilla (this feature occurs
in an unfused young individual of Cephalorhynchus
hectori and in Otekaikea marplesi). Vomer is pres-
ent below the olfactory region, as shown in broken

section in anterior view. Posteriorly, the vomer cov-
ers the basisphenoid.
Lacrimojugal. The right lacrimal and jugal are
fused without evident suture. There is no obvious
lacrimal foramen or groove. A transversely long
(36.3+ mm), thin (6.8 mm), and bar-like anterior
margin of lacrimojugal contributes to the right
antorbital notch (Figure 3.2), and is separated from
the rest of the bone by a lacrimojugal cleft. There is
no evident base for the styloid process of the jugal.
Medially, the anterior margin enlarges to become
subspherical, sutured with the maxilla in a fossa
(seen ventrally on the left maxilla) close to a promi-
nent anterior infraorbital foramen. The lacrimojugal
does not, however, reach the larger more-posterior
infraorbital foramen. More posteriorly, the lacrimo-
jugal is plate-like, as also implied by the slightly
ridged planar suture for the missing lacrimojugal
under the left antorbital process of the frontal.
Frontal. Each frontal contributes a large surface to
the orbit and a small exposure at the vertex (Figure
2). At the vertex, the frontals are bounded by the
nasals, maxillae, and supraoccipital; there is a
clear but irregular median interfrontal suture, not to
be confused with a mollusc shell imprint (limpet
homing mark?) on the right nasal. Each frontal is
trapezoidal and has a long finger-like medial pro-
jection which forms a narial process. The frontals
are asymmetrical: wider on the left and longer on
the right. Each frontal contacts the parietal laterally.
On the face, the left ascending process of the max-
illa is lost and shows the profile of the postorbital
process; the right process, which is almost covered
by maxilla, appears not to project as far as the left,

FIGURE 18. The type sternum. OU 22306, Otekaikea huata. 1, ventral. 2, left lateral. 3, dorsal.
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judging from the profile of the bar-like jugal
(above).

Ventrally, the frontal forms the anterodorsal
wall of the braincase and most of the shallow and
long orbit (Figure 3). A weak preorbital ridge
(Fordyce, 1994) is indistinct at the antorbital pro-
cess laterally, but becomes elevated and narrow
toward the posterior margin of the narial passage.
The frontal contributes the posterior and lateral
margins of the infraorbital foramen. Medially, an

oval presumed optic foramen (3.0 mm diameter)
opens anterolaterally. The strongly posteriorly-con-
cave postorbital ridge is sharp, high, and meets the
postorbital process, which is a blunt, ventrally-pro-
jecting triangular shape as seen in lateral view.
Between these ridges, the triangular roof of the
orbit is anteroposteriorly long and dorsoventrally
shallow. Foramina for the diploic vein are absent.
Orbitosphenoid. The orbitosphenoid (Figure 3) is
identified by the presumed ethmoid foramen, which

FIGURE 19. The type right forelimb bones in lateral view, OU 22306, Otekaikea huata. 1, right scapula. 2, humerus.
3, ulna. 4, radius.
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opens 61-62 mm medial to the orbital margin, lat-
eral and anterior relative to the region of the optic
foramen. The foramen is surrounded by a smooth
bone surface, presumed orbitosphenoid, in the roof
of the orbit toward the optic foramen. No sutures
are evident.
Parietal. The parietal forms the lateral wall of the
braincase (Figure 6) at the temporal fossa, which is
strongly excavated medially and anteroposteriorly
shorter than in Archaeoceti and stem Odontoceti,
which have dorsally more open temporal fossa.
Anteriorly, the parietal has a roughly rectangular
thin supratemporal flange [new term], directed
obliquely forward to encroach the frontal in the roof
of the right temporal fossa. (The flange is lost on

the left, but an exposed suture is apparent.) Such a
flange is also clear in the undescribed specimen
OU 22540 and is uncertainly present (the bone sur-
face is damaged) in Otekaikea marplesi. Within the
temporal fossa, the parietosquamosal suture is not
clear in O. huata, and there is no obvious postpari-
etal foramen. Parietal forms a ventral exposure
between the basioccipital and squamosal, separat-
ing the foramen ovale from the cranial hiatus as in
Waipatia maerewhenua and O. marplesi. The pari-
etal-alisphenoid suture is clear on the left, between
the foramen ovale and the base of the falciform
process. "Foramen 1" sensu Fordyce (1994) is
seen in O. huata further suggesting the position of
parietal (see ventral details of the squamosal,

FIGURE 20. The type forelimb bones, OU 22306, Otekaikea huata. 1, right scapula in medial view. 2, right scapula in
distal view. 3, left scapula in lateral view. 4, left scapula in distal view. 5-8, right humerus. 5, posterior view. 6, medial
view. 7, anterior view. 8, proximal view. 9, carpus. 10, ulna in posterior view.
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below). The clear parietal-alisphenoid suture has
foramen 1 on its junction with the squamosal, but
otherwise the relationships of the foramen and
sutures are obscure. The parietal contacts "fora-
men 2" sensu Fordyce (1994) posteriorly and the
cranial hiatus medially.
Squamosal. Description is based mainly on the
right. In dorsal view (Figure 2), a wide (34.2 mm at
the subtemporal crest) and long zygomatic process
(90.1 mm) projects slightly laterally, posterior to the
orbit. The anterior end is blunt and narrower than
the posterior, and reaches to the level of the poste-
rior end of the nasals, still distant from the postor-
bital process (14.6 mm gap between the
processes, possibly widened by postmortem dis-
tortion). The temporal fossa is exposed widely in
lateral view, is not obvious in dorsal view, and is
widely open to posterior view. The temporal fossa
has an unclear squamosal-parietal suture on its lat-
eral wall on the right (Figure 6). In lateral view, the
anterior end of the squamosal is squared. On the
lateral surface, a triangular, depressed neck mus-
cle fossa (34.0 mm long) occupies midpoint of the
zygomatic. This depression has been termed ster-
nomastoid fossa in recent literature on fossil Ceta-
cea, but the muscle insertions in extant species are

quite variable (Schulte, 1916; Howell, 1927, 1930;
Cotten et al., 2008), and the more-general term
neck muscle fossa (Fordyce, 1981, p. 1035) makes
fewer assumptions about homologies.

Ventrally (Figures 3 and 9), the zygomatic pro-
cess has a wide and shallow mandibular fossa
without an obvious anterior border, a slightly swol-
len lateral portion, and a strongly curved internal
face. The postglenoid process is not thickened
anteroposteriorly, nor markedly expanded laterally,
and slopes obliquely posteroventrally. The large,
prominent tympanosquamosal recess separates
the zygomatic process from the falciform process,
occupying the squamosal from the subtemporal
crest to the anterior meatal crest and spiny pro-
cess. Posteriorly, the recess descends down the
medial margin of the postglenoid process, while
posteromedially the recess deepens toward the
spiny process. The periotic apposes the falciform
process dorsally and anteriorly, separated by a
small gap. In the articulated periotic, the position of
the lateral tuberosity lies more ventrally than the
margin of the falciform process (Figure 11). The
apex of the spiny process points forward toward
the lateral tuberosity of the periotic, to bridge (pass
ventrally to) the path of the middle sinus. An irregu-

TABLE 2. Measurements in mm of holotype, OU 22306, Otekaikea huata: periotic and tympanic bulla. Dimensions fol-

low Fordyce et al. (2002), Perrin (1975), and Kasuya (1973). Measurements are rounded to the nearest 0.5 mm.

Periotic

maximum anteroposterior length, from anterior apex of anterior process to apex of posterior process 44.0

maximum anteroposterior length parallel to dorsal margin 43.0

maximum dorsoventral depth anterior process, perpendicular to axis of periotic 15.0

length of anterior process, from anterior apex to level of posterior of mallear fossa 22.5

length of anterior process, from anterior apex of anterior process to level of anterior of pars cochlearis 
in notch immediately lateral to fine ridge

14.5

dorsoventral depth at fovea epitubaria 1.5

length facet on posterior process point to point 17.5

facial canal anteroposterior diameter 2.0

maximum width of anterior process at base 11.5

approximate anteroposterior length of pars cochlearis 18.0

approximate transverse width of pars cochlearis, from internal edge to fenestra ovalis 10.5

transverse width of periotic, internal face of pars cochlearis to apex of lateral tuberosity 22.0

length of posterior process of periotic 18.5

length of posterior process parallel to posterior profile/ steeply acute to long axis of body 18.0

Tympanic bulla

width of sigmoid process 14.0

height of sigmoid process 8.5
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TABLE 3. Measurements in mm of holotype, OU 22306, Otekaikea huata: postcranial elements. Dimensions follow
Fordyce et al. (2002) and Perrin (1975). Measurements are rounded to the nearest 0.5 mm. + means measurements of

preserved distances of broken part.

Atlas

maximum preserved length 63.0

maximum preserved height 70.5+

maximum preserved width 101.0+

length of body 60.0

height of anterior articular surface 48.5

width of anterior articular surface 90.0

height of posterior articular surface 47.5

width of posterior articular surface 87.5

Axis

maximum preserved height 76.0

maximum preserved width 129.0

length of body 55.5

length of dens 23.0

height of anterior articular surface 36.0

width of anterior articular surface 88.5

height of posterior articular surface 49.0

width of posterior articular surface 54.5

4th cervical vertebra 

maximum preserved length 39.5

maximum preserved height 88.0+

maximum preserved width 80.5+

length of neural spine 79.0+

height of neural spine 11.0+

length of body 28.0

height of anterior articular surface 47.0

width of anterior articular surface 45.5

height of posterior articular surface 40.5

width of posterior articular surface 46.5

5th cervical vertebra 

maximum preserved length 28.5+

maximum preserved height 71.5+

maximum preserved width 98.0+

length of body 27.0

height of anterior articular surface 51.5

width of anterior articular surface 51.5

height of posterior articular surface 49.0

width of posterior articular surface 51.0

6th cervical vertebra 

maximum preserved height 74.0+

maximum preserved width 85.5+
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TABLE 3 (continued).
length of body 26.5

height of anterior articular surface 44.0+

width of anterior articular surface 47.0

height of posterior articular surface 47.0+

width of posterior articular surface 46.5+

Thoracic vertebra 1 in Fig. 14

maximum preserved height 66.0+

maximum preserved width 107.0+

length of body 32.0

Thoracic vertebra 2 in Fig. 14

maximum preserved length 49.0+

maximum preserved height 120.0+

maximum preserved width 89.0+

length of neural spine 23.0+

height of neural spine 49.5+

length of body 44.0

Thoracic vertebra 3 in Fig. 14

maximum preserved length 83.5+

maximum preserved height 128.0+

maximum preserved width 83.5+

length of neural spine 56.5+

height of neural spine 49.0+

length of body 58.0

Thoracic vertebra 4 and 5 in Figure 14

maximum preserved length 73.5+

maximum preserved height 95.5+

maximum preserved width 81.5+

length of neural spine 52.0+

height of neural spine 16.0+

length of body 63.0

Thoracic vertebra 6 in Figure 14

maximum preserved height 60.5+

maximum preserved width 244.0+

length of body 74.5

Scapula left right

maximum preserved length 284.0+ 328.0

maximum preserved height 118.0+ 224.0

length of acromion process 79.0+ 95.5+

length of glenoid fossa 52.5 50.5

width of glenoid fossa 47.5 48.5

depth of glenoid fossa 10.0 9.0
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TABLE 3 (continued).
lar transverse depression lies lateral to the spiny
process, immediately in front of the anterior meatal
crest and behind a small anterior transverse ridge
sensu Fordyce (2002, p. 203); this may include the
sigmoid fossa sensu Geisler et al. (2005, p. 16).
The long base of the well-developed falciform pro-
cess arises near the squamosal-alisphenoid suture
at the subtemporal crest, and extends to the spiny
process. There is no evidence that a lateral lamina
was directed forward from the falciform process to
bound the pterygoid sinus fossa. The falciform pro-
cess is skewed medially to underlie the alisphe-
noid; its ventral tip has a small oblique facet
probably for the outer lip of the bulla, while further
dorsally the concave posterior face closely paral-
lels the anterior process of the periotic. Laterally,
the margin of the falciform process closely
matches the anterior process and lateral tuberosity
of the periotic; the spiny process fills the hiatus epi-
tympanicus but with the periotic articulated it is
apparent that a few mm of the spiny process is
missing (there is incomplete contact posteriorly at
the hiatus epitympanicus). The walls of the exter-
nal auditory meatus form a narrow triangle medi-
ally, widening a little laterally, where the meatus
undercuts the postglenoid process and passes into
a groove that rises forward onto the lateral face of
the squamosal ventral to the neck muscle fossa.

Associated with the latter groove is a small notch at
the lateral end of the meatus. The anterior meatal
crest is damaged; the posterior crest is arched
transversely, with a facet on the posterior face at
the suture for the posterior process of the bulla.

The anteroposteriorly long periotic fossa is
hidden when the periotic is in situ; it includes ante-
rior and posterior portions that are transversely
wide and divided by a strong ridge. In the middle of
the anterior portion, the foramen spinosum has two
openings, anterior and posterior, which are sepa-
rated by an elliptical tubercle, as also seen in
Otekaikea marplesi. The anterior foramen spino-
sum is associated with a deep groove (the parietal-
squamosal and parietal-alisphenoid sutures),
which runs to the foramen ovale. The posterior por-
tion of the periotic fossa is transversely wide (15.9
mm) and deep, and contains the suprameatal pit.
When in situ, the periotic sits firmly in a single posi-
tion in the periotic fossa, with the apex of the poste-
rior process in close contact with the squamosal,
medial to the post-tympanic process, but separated
a few mm from the exoccipital. A conical space,
which opens medially between the periotic and
exoccipital, could be for part of the peribullary
sinus. The squamosal is fissured, with several
foramina, directly above the posterior process of
the periotic. The ventrolateral apex of the post-tym-
Humerus left right

Length 153.0 151.0

narrowest length of shaft 55.0 56.0

width of shaft at the narrowest point 39.5 41.5

Ulna left right

Length - 146.0

length without olecranon process - 103.0

narrowest length of shaft - 40.0

width of shaft at the narrowest point - 21.0

Radius left right

Length 115.0 120.0

narrowest length of shaft 34.0 37.0

width of shaft at the narrowest point 26.5 27.5

Sternum

preserved length 97.0+

preserved widest width 86.5+

preserved narrowest width 58.0+
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panic process lacks obvious grooved sutures for
the tip of the posterior process of the tympanic
bulla, in contrast to the structure in Waipatia.
Basioccipital. Ventrally (Figure 3), the basioccipi-
tal is a trapezoid. Anteriorly, the basisphenoid-
basioccipital synchondrosis is fused. Each basioc-
cipital crest gradually widens posteriorly, forms a
gently curved ventral profile, and has an indistinct
muscular tubercle on the medial surface of the
crest. Between the crests, the basioccipital basin is
trapezoidal and flat. The lateral border of the
basioccipital, which is slightly excavated behind the
carotid foramen, contributes to the anterior and
medial margins of the cranial hiatus. It is not clear
whether the exoccipital contributes to the postero-
dorsal part of the basioccipital crest medial to the
jugular notch.
Supraoccipital and exoccipital. Posteriorly, the
supraoccipital is rugose and roughly squared, and
constricted by the temporal fossa. The nuchal crest
is weakly developed. The dorsal condyloid fossa is
deep and wide (60.9 mm) and curves over the con-
dyle. Each occipital condyle has a smooth and
small surface, is semicircular in lateral view, is less
obviously curved horizontally (dorsal view), is
somewhat elliptical in posterior view, and has a
very short but distinct pedicle that is slightly nar-
rower than the condyle. The right pedicle has a
small foramen (2.7 mm diameter), on the ventral
surface. The foramen magnum is a dorsally wider
trapezoid, widely open, wider than high (37.9 mm
wide and 29.0 mm height), and slightly arched dor-
sally; the profile may result from dorsoventral
crushing. The intercondyloid notch is U-shaped.
Laterally, the exoccipital is a thin rectangular plate.
There is no distinct posterior sinus fossa here.

In ventral view, the exoccipital extends later-
ally almost as far as the adjacent post-tympanic
process of the squamosal. The ventral surface is a
smooth, transversely elongate, narrow, tabular to
slightly depressed, tongue-shaped paroccipital pro-
cess for stylohyal articulation. The rounded tip of
the process extends medially to within about 5 mm
of the basioccipital crest, and partly underlies the
oblique narrow jugular notch (2.9 mm wide, 10.1
mm deep) that opens posterolaterally above the
paroccipital process. The small hypoglossal fora-
men opens in the medial end of the jugular notch.
Alisphenoid. The large alisphenoid forms the pos-
teromedial margin of the subtemporal crest. On the
basicranium (Figures 3 and 9), the alisphenoid is
posterior to the frontal, anterior to the squamosal
and basisphenoid, and lateral to the pharyngeal
crest; there are clear sutures with the squamosal

and parietal, but the contact with the frontal is bro-
ken. A blunt projection of alisphenoid extends back
to the base of the falciform process, but does not
form a posterolaterally-prolonged wedge. There is
no distinct suture with the basisphenoid medially;
the latter is indicated by the carotid foramen, but its
lateral extent beyond the foramen is uncertain.

Anteriorly, the pterygoid sinus fossa com-
prises 3 small shallow depressions between the
subtemporal crest, the large medially-placed fora-
men for the optic nerve, foramen rotundum and
orbital fissure, and the foramen ovale. The foramen
for the optic infundibulum is anteroposteriorly long
and elliptical (31.4 mm long and 25.6 mm wide); it
is bordered by alisphenoid posteriorly, basisphe-
noid medially, and frontal (and orbitosphenoid?)
anteriorly. Just slightly posterior to the pterygoid
sinus, a weak transverse ridge on the alisphenoid
marks the groove for the mandibular nerve and
associated vessels between the small foramen
ovale (8.8 mm wide and 7.6 mm long) and the
anterior end of the falciform process. The foramen
ovale is complete, formed entirely by alisphenoid,
which is apparently sutured with itself posteriorly.
The alisphenoid is separated from the cranial hia-
tus by 25-26 mm of parietal and possibly by basi-
sphenoid. A prominent rod-like projection of
alisphenoid underlies the anterior border of the
foramen ovale, prolonged toward the basisphe-
noid.
Basisphenoid. Anteriorly, the basisphenoidal-
vomer suture has two foramina, which open poste-
riorly into anteroposteriorly long shallow grooves
(Figure 3). The basisphenoid-basioccipital syn-
chondrosis is fused. Laterally, a large and rounded
carotid foramen (5.3 mm diameter) opens, just
posteromedial to the foramen ovale. The basisphe-
noid apparently does not contribute to the margin
of the foramen ovale or, anteriorly, to the border of
the foramen for the optic infundibulum (the com-
bined openings for the foramen rotundum and
infra- and superior orbital fissures).
Periotic. The periotic is a structurally complex and
phylogenetically informative bone, and deserves
detailed description. Figure 11 shows the orienta-
tion of the periotic in its original position on the
skull. When the periotic is in situ, the ventral fora-
men of the facial canal can be seen in ventral view,
but the fenestra ovalis is partially obscured by the
pars cochlearis.

The right periotic (Figures 12 and 13) has a
slender anterior process, slightly smaller posterior
process, and a dorsoventrally weakly inflated pars
cochlearis between these processes. Both the
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anterior and posterior processes make a wide
angle with the anteroposterior axis when the peri-
otic is placed into original position on the skull.

The anterior process is prolonged anteriorly,
with a blunt apex. The anterior process is deep and
somewhat laterally widened, as seen in Waipatia
maerewhenua. Dorsally, a very weak anteroexter-
nal sulcus runs from just anterior to the lateral
tuberosity to the anterior end of the dorsal crest.
The parabullary sulcus (Tanaka and Fordyce,
2014) is deep and strongly curved (C-shaped). The
anteroventral angle, as seen anteriorly, is a small
bump just medial to the anterior bullar facet. There
is no obvious anterior keel or anterodorsal angle,
and this region of the anterior process is smoothly
rounded. A small tubercle on the medial surface of
the anterior process has a tiny foramen or vertical
canal as seen in W. maerewhenua. On the weak
tubercle, a straight groove runs from the anterior
incisure. The anterior bullar facet is a shallow
groove, about 8.5 mm long, with raised parallel-
sided margins (3.7 mm width). The fovea epi-
tubaria is occupied by a slightly damaged and
moderate sized accessory ossicle, which is pre-
served between the anterior bullar facet and the
mallear fossa. The ossicle has a thin subrectangu-
lar flange on its medial side. The flange has a shal-
low groove on its margin (see Figures 12 and 13.2)
and is also widely grooved anteroposteriorly on its
dorsal face, possibly forming a sulcus for the ten-
sor tympani muscle. Just posteromedial to the
accessory ossicle, there is a tiny foramen. The dor-
sal surface of the periotic has a prominent dorsal
crest, medial to which is a deep anteroposterior
groove (9.1 mm), as seen in Otekaikea marplesi
but longer and shallower. The anterior incisure is
less distinctly grooved than seen in Waipatia mae-
rewhenua and Otekaikea marplesi.

The pars cochlearis is hemispherical ventrally,
transversely compressed, and long relative to
width. The smooth anteromedial corner passes
back into a straight medial margin then an obtuse
posteromedial angle. The internal auditory meatus
opens on the center medially. A tiny slit-like fora-
men for the hiatus Fallopii opens on the anterior
incisure. The internal auditory meatus is open, pos-
teriorly wider, and rounded tear-shape (maximum
length, 8.8 mm). The meatus contains four foram-
ina or groups of foramina: the proximal opening of
the facial canal, the foramen singulare, the spiral
cribriform tract, and the area cribrosa media. A
very low transverse ridge separates the small, nar-
row proximal opening for the facial canal (2.6 mm)
from the foramen singulare, which is also small and

narrow. Between the foramen singulare and the
spiral cribriform tract, there is a higher crest that
bounds a large (anteroposterior length; 5.6 mm),
deep and rounded area, which is shared by a clus-
ter of foramina forming the spiral cribriform tract,
and a pit for the area cribrosa media. As with some
other odontocetes (Mead and Fordyce, 2009), the
area cribrosa media is not clearly perforate. The
spiral cribriform tract has a rounded opening and
screw structure.

The fenestra rotunda is an anteroposteriorly
short compressed reniform opening (transverse
diameter 3.3 mm). The aperture for the cochlear
aqueduct is subcircular and small (1.3 mm diame-
ter). The small aperture for the vestibular aqueduct
is a transversely long ellipse (2.6 mm). Just ventral
to the medial margin of the internal auditory
meatus, there is a weak groove that might be the
median promontorial groove (see Mead and
Fordyce, 2009, p. 122).

The posterior extremity of the pars cochlearis
is lying lateral to the fenestra rotunda and medial to
the fossa for the stapedial muscle, with a small
tubercle of the dorsoventrally slightly thin caudal
tympanic process, which projects posteroventrally.

On the body of the periotic, ventrally, the mal-
lear fossa is deep, wide, and slightly reniform in
shape; the rim of the fossa connects with the
accessory ossicle anteriorly. The lateral tuberosity
is weakly developed. A short grooved facial crest
arises at the base of the mallear fossa and
descends posteriorly to the apex of the posterior
process. An indistinct depression lateral to the
crest at the posterior part of the mallear fossa is
probably the fossa incudis. Further posteriorly and
lateral to the facial crest, the large hiatus epitym-
panicus comprises a smooth anterior depression
and a rugose grooved posterior part just anterior to
and parallel with the face of the posterior process.
The narrow groove between the facial crest and
the facial sulcus is possibly the tympanohyal sul-
cus, as seen in Otekaikea marplesi. The fenestra
ovalis is rounded, small (2.1 mm), and filled by the
footplate of the stapes (the head is missing). The
ventral foramen of the facial canal is small, round,
and posteriorly directed, located about level with
the anterior of the fenestra ovalis; the foramen is
slightly covered by the facial crest. The facial sul-
cus runs along the posteromedial face of the poste-
rior process, close to the posterior bullar facet,
becoming indistinct about 3 mm behind the level of
the caudal tympanic process (13-14 mm anterior to
the tip of the posterior process). The stapedial
muscle fossa runs back along the face of the pos-
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terior process to within about 10 mm of the tip of
the posterior process, separated from the facial
sulcus by a faint ridge. Most of the stapedial mus-
cle fossa lies immediately behind the fenestra
ovale; the fossa is deep and slightly longer than
wide, and forms a subcylindrical depression on the
face of the caudal tympanic process.

The posterior process is rectangular and slen-
der (17.6 mm long and 7.8 mm wide). The poste-
rior bullar facet has three sections separated by
faint ridges: small anterior and posterior sections,
and a larger medial section. The dorsal margin of
the tip of the process was originally sutured with
the squamosal; the periotic was freed by removing
matrix with dilute acetic acid and was found to be
unfused with the squamosal.

Posterior to the lateral tuberosity, the distinc-
tive articular rim projects laterally. Medial to the
articular rim, there are at least three large pre-
sumed posteroexternal foramina. A deep groove
runs from anteromedial to posterolateral, at the lat-
eral end of the posterior process, so that the
anterolateral part of the posterior process is a thin
flange. Posterior to the groove, there are many
weak striae on the posterolateral end of the poste-
rior process.
Stapes. The stapes has a wide footplate, in situ in
the right periotic. The crura are broken at the dor-
sal level of the stapedial foramen. The footplate is
anteroposteriorly long and sub-elliptical, with
slightly perpendicular anterior and medial margins,
and slightly rounded posterior and lateral margins.
A fine crest spans between the two broken crura;
whether the stapedial foramen was open is uncer-
tain. Ventrally, the head provides a small articula-
tion for the incus. Just dorsal to the head,
posteromedially, there is a large rounded muscular
process. This preservation, broken in the mid-
height, is very similar with the stapes of Prosqual-
odon davidis (Flynn, 1948, figure 7), perhaps
reflecting weakness caused by a large stapedial
foramen. Conversely, some more-crownward pla-
tanistoids (Platanista gangetica and Notocetus
vanbenedeni AMNH 29026) reportedly lack the
stapedial foramen (Anderson, 1878; de Muizon,
1987). In Tursiops, the foramen is vestigial and
non-patent (Mead and Fordyce, 2009).
Bulla. Only the rounded left sigmoid process (Fig-
ures 12 and 13) is preserved. The dorsal surface
lacks the slightly flattened facet that, in some other
odontocetes, matches the sigmoid fossa on the
squamosal. Anterior to the sigmoid process, on the
ventral surface, there is a depressed area with a
few weak grooves. In ventral view, the margins of

the sigmoid process are thickened. Inside the sig-
moid process, the tympanic sulcus runs from the
posteromedial end to anterolateral part of the sig-
moid process. A broken fossa for malleus is on the
medial base of the sigmoid process.
Mandibles. The fused mandibles preserve the
symphysis and the alveoli but lack the anterior and
posterior ends. The incomplete mandible is 520+
mm long; judging from premaxillary length, at least
170 mm is missing from the anterior.

The anterior part of the mandible is flat ven-
trally, with at least five mental foramina directed
anteriorly on the ventral surface (Figure 14.7). The
most anterior preserved foramen is notably long
(131 mm) and deep. The anteroposteriorly long
and shallow (20.5 mm height) mandibular symphy-
sis has three foramina on its suture on the dorsal
surface (Figure 14.4). The damaged part of the
symphysis shows internal openings of the mental
foramina. Some of the internal areas are filled by
cemented matrix, suggesting that the mandible
contains canals for the nerves, vessels, and espe-
cially the intra-mandibular fat body. Mental foram-
ina are preserved on the ventral surface of the
mandible (Figure 14.8). The ventral surface of the
mandibular symphysis has a triangular depression
between the prominent ventral margins. The dorsal
surface is tabular.

Around 28 mm lateral from the posterior end
of the mandibular symphysis, the long bilateral
alveolar groove opens dorsolaterally, widening
posteriorly. Width ranges from 4.5-7.5 mm. Posteri-
orly, there are slightly elongate alveoli (around 17
mm long and 6 mm width). Here, the body of each
mandible swells laterally; the dorsal border rises
gradually. The most dorsal part of the coronoid pro-
cess is broken but the base of the process shows a
strong coronoid crest. Medially, each mandibular
fossa is long and high. Only the dorsal border is
preserved near the coronoid process, indicating a
maximum depth of about 95 mm. The profile of the
inflated lateral margin suggests that the fossa
could have been 150+ mm long.
Teeth. Otekaikea huata is near-homodont and
polydont (Figure 10). Fifty-one single-rooted teeth
are preserved isolated; in at least one cheek-tooth,
the roots are vestigially double but almost com-
pletely fused. Tooth positions are identified with ref-
erence to other archaic odontocetes, especially
Waipatia maerewhenua. The term dimension is
used in preference to “length” for overall size, as
length is an anteroposterior or mesiodistal mea-
surement, akin to diameter in most of the teeth
described below.
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An extremely long-rooted tusk (Figure 10.1-2)
with a worn crown, presumably an incisor, is thick
at the crown and the upper part of the root, taper-
ing and becoming slightly flattened toward the root
apex. The rough-surfaced root is long (197+ mm)
and becomes thickest (16.1 mm widest diameter)
slightly below the crown; this root is around 2.5
times longer and 1.6 times the diameter than the
largest tooth in Otekaikea marplesi. The crown is
naturally worn, leaving the crown base (11.9 mm
maximum diameter at the enamelo-dentin junction)
with exposed dentin and a pulp cavity infilled by
matrix. Of note, the wear pattern around the crown
is asymmetric and elliptical; one side is worn more
than the other, retaining a small area of enamel.
From another view, the worn end is slightly curved
like a shovel (Figure 10.2).

Two more tusks (Figure 10.3-4, 93.5 and 93.1
mm, respectively) are shorter than the former
tooth. Both are also worn, with exposed dentin.
Their diameters are 7.7 mm and 9.6 mm, respec-
tively, narrowing toward the root tip. They have a
stronger curve than the large tusk, viewed from the
worn surface and are presumed to be posterior
incisors (i.e., second or third incisors).

Four conical medium-sized teeth (Figure 10.5-
6) are 48-57 mm in total dimension and 7-8 mm in
diameter. In the figured tooth, the crown, which is
slightly laterally compressed, comprises 40% of the
total dimension; it is slightly worn on the apex. A
small enamel slit may indicate the posterior face,
judging from the single-rooted teeth of Waipatia
maerewhenua (Tanaka and Fordyce, 2014). The
outer surface (probably labial, rather than buccal)
of the conical crown is weakly convex. A little
below the crown, the root swells on one face and
forms the thickest part on the tooth. Apically (away
from the crown), the root becomes thinner and
slightly laterally compressed, with a shallow long
groove on the presumed labial face.

Thirty-six smaller moderately curved teeth
(Figure 10.7-9) are from 31 to 26 mm in total
dimension and 5.7-6.7 mm diameter. The crown is
about 30% of the total dimension. Loch et al.
(2015) examined one tooth from this specimen,
and reported the enamel as thin (75-85 microns),
with an inner layer of radial enamel and an outer
layer of prismless enamel. Some teeth are worn
markedly; most show slight wear. They also have a
small enamel slit posteriorly.

Eleven buccolingually flattened teeth (Figure
10.10-12) are 21-23 mm total dimension and 6.4-
6.7 mm diameter. Around 30% of the total dimen-
sion comprises the crown. There are elongate

grooves on the buccal and lingual surfaces of the
root.

One tooth, with a large main denticle and two
small posterior accessory denticles (Figure 10.13-
14), is the only tooth indicating some vestigial het-
erodonty, in contrast with the homodont teeth of
most extant odontocetes (single rooted teeth with a
conical crown and no accessory denticles). Dimen-
sions are 23.2 mm from tip of crown to tip of root,
7.0 mm anteroposteriorly and 5.7 mm buccolin-
gually. The crown comprises 30% of the total
dimension. Its anterior keel is worn along a narrow
(1.0 mm wide) band. The accessory denticles
barely project from the posterior keel; the more-
apical (more-anterior) denticle is slightly larger and
more prominent than the more basal denticle. Both
faces on the crown have subvertical long enamel
ridges that are more-regularly subparallel buccally.
Lingually, a weak entocingulum is developed. The
single root has marked grooves on both buccolin-
gual surfaces, as if marking the junction of two con-
fluent roots. Just below the crown base, the root
swells markedly posteriorly.
Atlas. The atlas (Figure 15.1, 15.6 and 15.11) is
anteroposteriorly thick and not fused to the axis.
The epiphyses are fused with the body. Only basal
parts of the neural arch are preserved, including
part of the margin of the transverse foramen (for
the first spinal nerve and vertebral artery; see
Flower, 1885b, figure 15). The neural canal and
confluent odontoid fovea have a dorsally wide
open V-shape. The maximum dorsal width is 41.9
mm, and height (between a line of both sides of the
fragmentary neural arch and the ventral border of
the neural canal) is 37.5 mm. The upper transverse
process is small (25.0+ mm projection beyond the
body) and directed strongly dorsolaterally. The
lower process is smaller but more robust than the
upper transverse process, is wide (9.2 mm long)
and low (10.9 mm in thickness), and projects pos-
terolaterally. The condyloid facets (articular sur-
faces) for the occipital condyles are deep and
distinctly separated ventrally with clear ridges. In
lateral view, the condyloid facets face down at
about 20 degrees to the plane of the tabular articu-
lar facets for the axis. The latter facets are sepa-
rated by the deep fovea for the odontoid process of
the axis. On each articular facet, oblique strong
tubercles descend forward to delimit the odontoid
region; the transverse ligament (see Struthers,
1872) probably arose from the ridge. From the pos-
teroventral margin of the ventral arch, a long robust
hypapophysis (ventral tubercle) projects postero-
ventrally from an elongate base. The process
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extends 12.9 mm below and 15.7 mm behind the
body. Its cross-section is elliptical.
Axis. The axis (Figure 15.2, 15.7, and 15.12) is
anteroposteriorly thinner than the atlas and not
fused with the adjacent vertebrae. The epiphyses
are fused with the body. The neural spine is broken
but the transversely robust neural arch curves and
rises dorsally. In anterior and posterior view, the
neural canal appears ventrally wide and subtrian-
gular, with a prominent median crest that separates
bilateral depressions at the base of each pedicle.
Each transverse process is thick, high, and
strongly projected laterally, with bifurcated extremi-
ties. There is no vertebrarterial canal, but the weak
depression on the posterior surface of the trans-
verse process is probably the homologous feature.

The wide and flat articulations for the atlas
anteriorly merge at the smooth surface under the
strongly projecting odontoid process. The elliptical
(wide) posterior epiphysis is depressed at the cen-
ter, has a vertical crease, has an indistinct noto-
chordal pit, and has indistinct circumferential
striations for the annular ligament. The ventral mar-
gin projects, passing into a weak crest on the ven-
tral surface of the body to the odontoid process.
Cervical vertebrae. Three cervical vertebrae (Fig-
ure 15.3-5, 15.7, and 15.10), probably the fourth to
sixth, are preserved; all the vertebral epiphyses are
ankylosed. Each vertebra has a tiny neural spine,
thin neural arches, a wide rounded-pentagonal
neural canal, and strongly ventrolaterally projecting
and wide transverse processes, each inferred to
have formed a vertebrarterial canal. The antero-
posteriorly flattened body has a slightly convex
anterior face, and has a sagittal ventral keel and a
low dorsal sagittal crest separating bilateral dorsal
depressions. On the lateral surface of the body,
there is a deep and large depression, dorsal to the
transverse process. The bodies of the posterior
cervical vertebrae are anteroposteriorly thicker
than the most anterior one.
Thoracic vertebrae. Twelve thoracic vertebrae are
preserved (Figure 16; not all are figured), all with
the anterior epiphyses ankylosed. Each thoracic
vertebra has: a high, long, and flat neural spine; a
small fovea (synovial articulation) for the rib on the
robust transverse process, and a larger fovea on
the body; a weakly depressed anterior surface of
the body; an anteroposteriorly long body (length-
ens progressively posteriorly in the series); and no
distinctive ridge on ventral surface of the body. On
the dorsal surface of the body, there are paired
anteroposteriorly long oval dorsal foramina.

Thoracic vertebra 1 on Figure 16 is assumed
to be an anterior thoracic vertebra because the
transverse process arises in a lower position. It has
a wide and low neural canal, short body and
anteroposteriorly shortest neural arch. Two to four
thoracic vertebrae are more posterior and have an
anteroposteriorly long neural spine, high pentago-
nal shaped neural canal, and a longer body. The
transverse process arises from a high point dor-
sally on the neural arch. Vertebra 4 shows a short
and blunt transverse process from the dorsal part
of the body. It has a deep and tear-shaped fossa
on the anterior base of the transverse process.

Two lumbar vertebrae (Figure 16.6) have the
anterior epiphyses ankylosed. Each lumbar verte-
bra has a very long wing-like transverse process;
flat anterior and posterior surfaces of the body; and
an anteroposteriorly long body. Vertebra F on Fig-
ure 16 is 139.3+ mm wide across the transverse
processes and 54.4+ mm long, while another lum-
bar vertebra (not pictured) is 52.5 mm wide and
43.1 mm long.
Ribs. In total, 12 ribs (Figure 17); two right and two
left, and six others with only the mid-part of the
shaft (their sides are uncertain) are preserved. Two
right and left anterior double-headed ribs, dam-
aged ventrally, are 180+ and 176+ mm chord
length, respectively, anteroposteriorly flat and
wide. There is a diffuse triangular and shallow cav-
ity on the posterior surface. On the shaft, anterior
and posterior surfaces are weakly swollen and flat,
respectively. The rib portion converges distally.

Four presumed mid-series of ribs show a con-
ical shaft with slightly anteroposterior flattening,
and with medial and lateral blunt margins. The lon-
gest preserved rib is 402+ mm chord length,
around 13 mm length and 20 mm width around at
the mid-shaft. The anterior and posterior surfaces
are weakly swollen and flat, respectively. A left rib
has the strong tubercle at around 70 mm distal to
the capitulum on the lateral edge. Two right ribs
show that both dorsal and ventral ends are wid-
ened dramatically, twice as wide as the mid-shaft.
The dorsal end is short (or anteroposteriorly flat).
The ventral end is thick and shows transversely
long elliptical surface for the cartilaginous sternal
ribs.
Sternum. The symmetrical flat manubrium (or
presternum) (Figure 18) has incomplete outlines.
Dimensions are 96.9+ mm long, 85.6+ mm wide,
and 17.4 mm thick. The presumed ventral side is
ventrally warped. The presumed anterior is wider,
perhaps providing an area for the cartilaginous
sternal ribs.
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Scapula. The right scapula is better preserved
(Figures 19, 20), but the left scapula (Figure 20)
retains the coracoid process, which is broken on
the right. For this description, the orientation of the
scapula has the glenoid fossa ventral, and the
suprascapular border dorsal as figured (Figure 19).
The fan-shaped scapula is transversely thin and
longer than high and has two projections (the acro-
mion and coracoid) anteriorly.

The scapular blade is anteroposteriorly long
(wide in lateral view), with the angle of the lines
from the anterior and posterior borders is 106°.
Anteriorly, the narrow prescapular (supraspinous)
fossa and the large postscapular (infraspinous)
fossa are separated by a rounded ridge. Both fos-
sae have a smooth undulating surface; there is
strong depression at the center of the scapula. The
posterior convexity for the border between the
infraspinatus and the teres major lies slightly pos-
terior to the center of the scapula. On the medial
surface, two ridges may be origins for tendons of
the subscapularis muscle.

The acromion projects slightly ventrally when
the glenoid cavity of the scapula is sitting on a flat
plane, and curves gently laterally at the base and
stops anteromedially. It provides a huge space for
the supraspinatus muscle. The long (94 mm) acro-
mion is parallel-sided anteriorly. A relatively small
rod-like coracoid is long relative to diameter (25.3
mm long, versus diameters of 8.3 mm and 7.8 mm
at mid-length), and robust at the base (13.7 mm
width, 14.2 mm height). The neck of the scapula is
strongly constricted. The scapula has a deep
rounded glenoid cavity ventrally with a small fora-
men in the center.
Humerus. The right and left humeri are well pre-
served (Figures 19.2 and 20.5-8). The humerus is
long, cylindrical (153 mm), and transversely slightly
flattened (40 mm width and 65.4 mm length at the
mid-shaft). For identifications of the muscle attach-
ments, our direct examination of Globicephala
melas and previous studies on the Odontoceti are
used (Schulte and Smith, 1918; Howell, 1930;
Smith et al., 1976; Strickler, 1978).

Proximally, a rounded, transversely long, ellip-
tical, and smooth head is exposed laterally, occu-
pying around 30% of the total length of the
humerus. Medial to the head, there is a wide flat
area for the subscapularis muscle. Below the head,
there are weak anterior and posterior constrictions
(proximal view). The small tuberosity lies posterior
to the head and provides a small corner probably
for the triceps muscle. Between the tuberosities,

the bicipital groove appears to be absent. Anterior
to the angle for the coracobrachialis, there is a
large steep step for the supraspinatus muscle,
formed by the proximal part of the humeral anterior
margin. Anterior to the head, distal to the steep
step for the supraspinatus, is a large proximodis-
tally long depression for the infraspinatus muscle,
beyond which is a large nutrient foramen at the
level of the mid-shaft. The anterior margin of the
humerus is thin and sigmoidal. Just slightly proxi-
mal to the fossa for the infraspinatus, there is a
rough surface for the mastohumeralis muscle on
the anterior edge. At the same level with the fossa
for the infraspinatus, there is a small tubercle,
probably for the serratus muscle on the posterior
margin of the humerus. Just proximal to the distal
end of the humerus is a weak crescent depression
for the deltoid muscle. On the medial surface, mus-
cle origins are uncertain (i.e., the teres major and
minor). Distally, the joints for the ulna and radius
are smooth with weak depressions on their cen-
ters. These joints are separated by a ridge. The
posterior angle carries the joint for the ulna and
has a small tubercle anteriorly and a strongly pro-
jected tubercle (an attachment for the triceps mus-
cle) posteriorly. The anterior half of the distal end of
the humerus is the joint for the radius.
Ulna. The right ulna is robust proximally and trans-
versely thin distally (Figures 19.3 and 20.10). The
olecranon projects posteriorly and is slightly curved
laterally from proximal and distal view. The base of
the olecranon and the proximal articular face for
the humerus are thick (or wide). The trochlear
notch is strongly curved (angle around 90°). The
interosseous and the outer borders are straight,
and gradually and weakly widened distally. On the
distal end, the epiphysis is not fused. The distal
end is an anteroposteriorly long ellipse (length
47.9+ mm and width 22.8+ mm).
Radius. The right and left radii (Figure 19.4) are
preserved. The right radius shows an exact fit with
the humerus. The shaft is weakly curved anteriorly
and slightly thinner than the ulna. Both proximal
and distal epiphyses are not fused. The proximal
end is triangular with a small projection at the ante-
rior end of the posteriorly-tilted articular face for the
humerus. The anterior margin is thin, and the pos-
terior margin shows a flattened area. The shaft
widens gradually to the distal end.
Carpus. A single carpus (Figure 20.9) is 40+ mm
long, 26 mm wide, and 18.3 mm thick. It may be a
proximal carpus because it is very wide and is
almost the same width as the ulna and radius.
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PHYLOGENETIC ANALYSIS

The phylogenetic position of Otekaikea huata
was analyzed using the matrix of Tanaka and
Fordyce (2014) with 16 additional characters from
previous studies (de Muizon, 1987; Fordyce, 1994;
Bianucci et al., 2013; Gutstein et al., 2014) (see
Appendices 1-6). Originally, the matrix was modi-
fied from that of Murakami et al. (2012b), which
was designed to focus on Odontoceti phylogeny,
particularly Delphinoidea. The matrix of Tanaka
and Fordyce (2014) included 76 extant and extinct
taxa, all named and described, and 278 characters
(with 31 soft tissue characters) cited and/or modi-
fied from previous studies (Barnes, 1985a, 1985b;
Heyning, 1989; Barnes, 1990; Fordyce, 1994;
Arnold and Heinsohn, 1996; Heyning, 1997; Mes-
senger and McGuire, 1998; Geisler and Sanders,
2003; Lambert, 2005; Lambert and Post, 2005;
Lambert et al., 2008; Aguirre-Fernández et al.,
2009; Geisler et al., 2011; Murakami et al., 2012a,
2012b; Murakami et al., 2014).

The matrix of Tanaka and Fordyce (2014) was
modified in minor ways (see Appendix 5). Five taxa
were added: Otekaikea huata of this study, the
archaic Odontoceti Simocetus rayi (based on study
of the holotype USNM 256517, on a cast at OU,
and on Fordyce, 2002), Phocageneus venustus
(based on study of referred specimen USNM
21039, and on Kellogg, 1957), Microcetus hectori
(based on study of the holotype MoNZ Ma 653), M.
ambiguus (based on the type teeth photos), M.
sharkovi (a cast of the type held at OU), and an
undescribed species (based on study of OU
22125). An archaeocete, Georgiacetus vogtlensis,
was the outgroup taxon. (The new genus Huaridel-
phis Lambert et al. (2014) appeared in print when
this article was in review, too late for formal inclu-
sion in the cladistic analysis, although we offer
some comments elsewhere in the text.) Percent-
ages of missing data were: for Otekaikea huata
43% (includes soft tissue characters) and 36%
(excludes soft tissue), Simocetus rayi 48%
(includes soft tissue characters) and 41%
(excludes soft tissue), Phocageneus venustus 89%
(includes soft tissue characters) and 88%
(excludes soft tissue), Microcetus hectori 86%
(includes soft tissue characters) and 85%
(excludes soft tissue), M. ambiguus 97.6%
(includes soft tissue characters) and 97.3%
(excludes soft tissue), M. sharkovi 90% (includes
soft tissue characters) and 97.3% (excludes soft
tissue), OU 22125 73% (includes soft tissue char-

acters), and 70% (excludes soft tissue). In sum-
mary, the present matrix has 83 taxa and 292
characters.

Character data and tree data were managed
using Mesquite 2.75 (Maddison and Maddison,
2011). The matrix files are in Appendices 1 (nexus
format), 2 (tnt format), and 3 (text). Two sorts of
cladistic analyses were performed with TNT, 1.1
(Goloboff et al., 2008). All characters were treated
as unweighted and unordered (analysis 1), or
implied weights with K=3 without ordering (analysis
2). Both analyses used New Technology Search
with the setting: recover minimum length trees =
1000 times. To measure node stability, we used the
decay index method (Bremer, 1994) for the strict
consensus trees. After the analyses, as above,
species in the more-diverse families crown-ward of
Papahu (particularly Physeteroidea, Ziphiidae,
Phocoenidae and Delphinidae) were merged for
ease of illustrating. The full cladograms which
show positions for all OTUs are provided as tree tif
files in Appendices 7 and 8.

Phylogenetic Relationships

Analysis 1; unweighted and unordered. The
phylogenetic analysis shows 1266 of the shortest
trees of 1858 steps each. The strict consensus tree
(Figure 21) shows almost the same topology as the
Tanaka and Fordyce (2014) unweighted and unor-
dered strict consensus tree, except that Papahu
taitapu now appears immediately crownward to the
clade Platanistoidea, thus clustering with later-
diverging Odontoceti.
Analysis 2; implied weighting. The phylogenetic
analysis recovers 18 trees with a score of 138.02
(Figure 21). The strict consensus tree also shows
almost the same topology as the Tanaka and
Fordyce (2014) single tree, except that Papahu tai-
tapu is again crownward to the Platanistoidea.

In both analyses, Otekaikea belongs in a
clade with the Platanistidae and Waipatiidae. In
analysis 2, the clade with Otekaikea is broadly the
same as the Platanistoidea proposed by de Muizon
(1987). Otekaikea huata forms a clade with O. mar-
plesi, separate from Waipatia. The genus
Otekaikea is supported by three synapomorphies:
the ventromedial edge of the internal opening of
infraorbital foramen is formed by the both maxilla
and palatine (Character 44); there is a fused
accessory ossicle on the periotic (Character 199);
and an intra-premaxillary foramen is present bilat-
erally, bounded by the premaxilla and maxilla.
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FIGURE 21. Phylogenetic analysis of Otekaikea huata and the Odontoceti. Top, strict consensus tree of equally
weighted analysis 1 with decay index values shown. This figure shows simplified cladograms, with species in the
more-diverse families crown-ward of Papahu merged for ease of illustrating. Complete trees are provided in Appen-
dices 7 and 8. Bottom, strict consensus tree of implied weighted analysis 2 with decay index labeled. Synapomor-
phies for some nodes are: Platanistoidea (sensu lato), Characters 59, 169, 186, 195, 196, 212; Platanistoidea (sensu
stricto), Characters 166, 167, 175, 288, 291.
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DISCUSSION

Function – Face

The excavated and voluminous facial fossa
would have held enlarged nasofacial muscles,
inserting around the nasal diverticula, implying a
well-developed echolocation apparatus, but there
are no features that clearly show particular muscle
origins or imply particular acoustic specializations.
The premaxillary sac fossa has a transversely con-
vex surface, rather than the concave surface seen
in Waipatia; implications for shape and function of
the premaxillary sac are uncertain. The antorbital
notch appears to have been shallow, judging from
the remnant preserved on the right, but the size of
the antorbital process, if any, is uncertain.

The newly named intra-premaxillary foramen
is one of many dorsal foramina of the facial fossa
that are part of the infraorbital canal-foramen com-
plex (Figure 22). Previously, Tanaka and Fordyce
(2014) reported the foramen in Otekaikea marplesi
as lying between the posterior extremities of the
maxilla and premaxilla, and used the name poste-
rior accessory foramen, earlier proposed by Vélez-
Juarbe and Pyenson (2012) for a comparable fora-
men in the Monodontidae. Closer study shows that
the foramina in the Monodontidae and in Otekaikea
have different bone relationships, below, suggest-
ing independent origins. Thus, the foramen in
Otekaikea is here named the intra-premaxillary
foramen. Both species of Otekaikea have the fora-
men associated with the maxilla and the bifurcated
premaxilla (the posterolateral plate and posterome-
dial splint). The posterolateral plate passes back
toward the nearly-vertical medial part of the max-
illa, which is elevated to form a vertex crest. The
intra-premaxillary foramen opens in the premaxilla

in the fold between the maxillary vertex crest and
posterolateral plate, partly covered by the premax-
illa. Conversely, in Monodon and Delphinapterus,
the posterior accessory foramen is formed mainly
by the maxilla, because of shortening of the pre-
maxilla, more-lateral to the nares, and well below
the vertex. The premaxilla may contribute to the
anterior part of the posterior accessory foramen,
but does not cover most of the foramen; further, the
homologies in terms of posterolateral plate and
posteromedial splint are uncertain. Thus, the fora-
men is exposed as a long groove on the maxilla,
posterior to the ascending process of the premax-
illa. The intra-premaxillary foramen should not be
confused with the premaxillary foramen, which
supplies vessels to the anterior part of the premax-
illary sac fossa.

The phylogenetic patterns for the intra-pre-
maxillary foramen are not well documented. The
foramen is absent in the basal platanistoid Waipa-
tia. In some Squalodontidae and putative Dalpiaz-
inidae, the fold between the posteromedial splint
and posterolateral plate is fissured, possibly for a
vessel. In squalodontid OU 21798, a large dorsal
infraorbital foramen opens close to the fold, but
slightly laterally. Similarly, some platanistoids,
extant P. gangetica, Zarhachis flagellator USNM
10911, reported by Kellogg (1926) and Huaridel-
phis raimondii Lambert et al. (2014) show a fora-
men on the medial part of the maxilla, just
posterolateral to the end of the premaxilla. Could
such a foramen arise by the migration, medially, of
an existing dorsal infraorbital foramen, or might it
be a neomorphic structure? To consider the origin
and significance of foramina on the face, all the
taxa in the phylogenetic analysis have one dorsal
infraorbital foramen (Agorophius pygmaeus,

FIGURE 22. Close-up photo of the intra-premaxillary foramen of 1, Otekaikea huata and the posterior accessory
foramen of 2, Monodon monoceros and 3, Delphinapterus leucas. Figures are not to scale. Fr, frontal. Ma, maxilla.
Na, nasal. Pmax, premaxilla.
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Otekaikea marplesi, and Papahu taitapu), or some-
times two as an adjacent pair (Simocetus rayi,
Waipatia maerewhenua, Zarhachis flagellator, and
Notocetus vanbenedeni). None has a set of three,
which if one foramen were to migrate medially,
might otherwise be a precursor situation for the
structure in Otekaikea huata.

Function – Basicranium

Ventrally, Otekaikea lacks the enlarged orbital
fossae for the basicranial pterygoid sinuses that, in
Platanista (Fraser and Purves, 1960), Notocetus
and Huaridelphis (Bianucci et al., 2014; Lambert et
al., 2014), are linked to development of maxillary
thickenings or crests on the face. The presence of
a subtemporal crest in O. huata further suggests
that lobes of the pterygoid sinus did not invade the
orbit. Shallow fossae on the alisphenoid for parts of
the pterygoid sinus are comparable in development
to those of Waipatia. There is no evidence that the
pterygoid sinus fossa had a bony lateral lamina
running forward from the falciform process. The
tympanosquamosal recess, which forms the fossa
for the middle sinus, is prominent, with a distinct
posteromedial sulcus marking the probable origin
of the sinus from the middle ear via the epitym-
panic hiatus. The periotic sits snugly in the skull
without evidence, however, of bony fusion with the
squamosal. Cavities between the periotic and peri-
otic fossa indicate a marked volume of soft tissues,
but whether vascular or pneumatic sinus is uncer-
tain. Whether these are truly parts of the foramen
spinosum must be established by dissection of
modern material. The significance is uncertain for
the elongate, tongue-like paroccipital process;
there are no obvious modern equivalents. Its trans-
versely elongate structure could have been a later-
ally extensive base for a widened stylohyal, or
alternatively may have allowed the base of the sty-
lohyal to move in a transverse plane during feeding
(for the role of the stylohyal in feeding, see Reiden-
berg and Laitman, 1994).

Systematics – Family Waipatiidae

The family Waipatiidae was established for
the single species Waipatia maerewhenua
Fordyce, 1994. Recently, Tanaka and Fordyce
(2014) used cladistic analysis to identify Otekaikea
marplesi as a second species in the family. The
cladistic analysis here allows revision of the
Waipatiidae to include only two species (W. maere-
whenua and Microcetus hectori), with the clade
characterized by having a squared postglenoid
process in lateral view (character 115). Analyses 1

and 2 (Figure 21) now show two different relation-
ships for W. maerewhenua. Analysis 1 (equally
weighted characters) shows a clade with five spe-
cies: Waipatia maerewhenua and Microcetus hec-
tori as sister-species in Waipatiidae and, more
basally, the unnamed OU 22125, and the two
Otekaikea sister-species. Analysis 2 (implied
weights) also recovers Waipatia maerewhenua and
Microcetus hectori as sister-species in Waipatiidae,
with the unnamed OU 22125 immediately basal,
but the two Otekaikea species now lie immediately
crown-ward. The clade Waipatiidae + Otekaikea
and OU 22125 of equal-weights analysis 1 is sup-
ported by six characters, three of which have
mosaic state distributions in different lineages.
These homoplasous characters are down-
weighted in the implied-weights analysis 2. Two of
six synapomorphies in analysis 1 are reversals (or
show the same states as the outgroup). Only one
character is a synapomorphy for the clade Waipati-
idae + Otekaikea and OU 22125 (poorly defined
ventromedial keel of the tympanic bulla: character
212). One taxonomically important and enigmatic
species included here, Microcetus hectori, is
known from a single incomplete specimen for
which 86% of skeletal characters could not be
coded. It is axiomatic that relationships will proba-
bly change as new material becomes available to
study. Such fossils include five more recently-iden-
tified small odontocetes, with skulls, from the upper
Otekaike Limestone of Hakataramea Valley.

Systematics – Content of the Platanistoidea

Another difference between analyses 1 and 2
is the position of the genus Squalodon. In analysis
1, Squalodon appears as a stem Odontoceti, but in
analysis 2, Squalodon appears within the Platanis-
toidea sensu lato. Prosqualodon does not form a
clade with Squalodon in this study. The Platanis-
toidea sensu stricto (namely, with Squalodon
excluded) is supported by six synapomorphies:
presence of the posterior dorsal infraorbital foram-
ina of the maxilla (character 59); C-shaped or
weakly curved parabullary sulcus (character 169);
presence of the articular rim (character 186); pres-
ence of the anterior spine of the tympanic bulla
(character 195); presence of the anterolateral con-
vexity of the tympanic bulla with anterolateral notch
(character 196); and presence of the ventral
groove (median furrow) of bulla anteriorly (charac-
ter 212). Derived states for one of six characters
(character 59) are seen in other linages, not only
for the Platanistoidea sensu lato. Other synapo-
morphies of the Platanistoidea sensu lato were
36



PALAEO-ELECTRONICA.ORG
mentioned in previous studies (de Muizon, 1987,
1991; Fordyce, 1994; Lambert et al., 2014; Tanaka
and Fordyce, 2014). Monophyly of the Platanis-
toidea is supported by relatively low decay indices,
because this taxon contains only one extant spe-
cies, plus related fossils. It is axiomatic that future
analyses with new fossils will probably change
topology and clade content.

Paleoecology

Otekaikea marplesi and O. huata are similar
in geological age, and the uncertainties about
exact ages make it possible that the species could
have been coeval. In addition, their skull sizes are
similar. To what extent, then, might these species
have had similar ecologies? Otekaikea huata can
be distinguished clearly from O. marplesi by char-
acters given in the diagnosis. To consider some
possibly functional differences, the dentition of O.
huata is near-homodont, while O. marplesi is prob-
ably heterodont (based on the presence of at least
one denticulate double-rooted tooth). Other pla-
tanistoids from New Zealand (here, Otekaikea,
Waipatia maerewhenua, Microcetus hectori and
OU 22125) show better-developed double rooted
posterior teeth. In addition, uniquely O. huata has
an extremely large tusk (197+ mm, admittedly not
in place, and worn) and smaller long tusks (see
description and Figure 10) with a long root. The
largest tusk originally had a crown estimated at 280
mm long, based on the proportions of the procum-
bent incisors of Waipatia maerewhenua, and of OU
22397. Otekaikea marplesi and W. maerewhenua
also have tusks (Fordyce, 1994; Tanaka and
Fordyce, 2014), but smaller than in O. huata. Large
tusks in odontocetes have been reported from
other lineages (at least the Kentriodontidae, Mono-
dontidae, Odobenocetopsidae, Dalpiazinidae, and
Ziphiidae) (de Muizon and Domning, 2002; Nweeia
et al., 2012). Tusk function is problematic (de Mui-
zon et al., 2002; Fordyce et al., 2013). Erupted
mandibular tusks are sexually dimorphic in living
Ziphiidae, occurring in adult males, and perhaps in
some fossil ziphiids (Lambert et al., 2010). Other
structural differences imply differences in function
and thus ecology: O. huata has a relatively deeper
facial fossa, more asymmetrical nasals, and a
tongue-like paroccipital process. The latter implies
a stylohyal articulation, and presumably mode of
action, without a comparable modern equivalent.

Taphonomy

At the locality, the Otekaike Limestone is sub-
horizontal and diffusely bedded, suggesting depo-

sition below storm wave base and in conditions
with limited traction currents. The matrix of
Otekaikea huata contains well-preserved macroin-
vertebrates, consistent with quiet waters. The
ostracod Bisulcocythere (Cytheroidea; Ostracoda)
implies a paleodepth of roughly mid-shelf (50-100
m) (Ayress and Swanson, 1992; Ayress, 1993).
Molluscan studies suggest that the Otekaike Lime-
stone represents a sheltered, warm water, middle
shelf setting (Fordyce, 2009; Fordyce and Maxwell,
2003).

Otekaikea huata was preserved right side
down. Figure 23 shows the specimen, which is
exposed with the lower side visible and the lower
part of the field plaster jacket partly removed. The
upper figure is based on the original distribution of
bones, as traced on plastic sheets by Andrew
Grebneff during preparation in 1996. The skeleton
(from the skull to lumbar vertebrae) is not articu-
lated, but most of the elements (include both scap-
ulae and mandible, and a digit close to the
scapula) are near to original positions in the 2 m
long limestone field block. Such semi-articulated
specimens are not reported commonly (Kellogg,
1925; Lancaster, 1986; Fordyce and de Muizon,
2001). In contrast to the inferred preservation of O.
huata, Schäfer and Craig (1972) noted that marine
mammal carcasses may "drift for weeks on the sur-
face of the sea," with parts such as the mandibles
and skull lost (dropped) from the trunk early on.
Such preservation has been noted in previous
studies (Bianucci et al., 2010; Boessenecker,
2013).

The carcass sank to the sea floor with little
loss of bones, presumably shortly after death. The
lack of bedding in the limestone suggests that trac-
tion currents were weak, but water movement may
have sufficed to move a carcass made almost
buoyant by decomposition gas. Immediately post-
mortem, the rostrum and mandible were broken
off, filled by matrix, and scattered along with small
bone fragments. A rib and left forelimb elements
lay close to the skull. Bioturbators probably were
invertebrates, such as burrowing crustaceans, with
additional movement from scavengers such as
bony fish and chondrichthyans. Most damage
probably occurred before full burial, but some bio-
erosion could have been infaunal. The braincase
was also filled by matrix with well-preserved shells.
Molluscan scars include inferred homing marks
from limpets such as Crepidula and Sigapatella.
Figure 22 shows some of the large shells around
the dolphin carcass. Traces of bioactivity on bone
surface include some bite marks, albeit not abun-
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dant (Figure 14.4). There is no sign of death from
predation. The skeleton was slightly scattered by
bioturbation and scavenging before burial.

CONCLUSION

The archaic dolphin Otekaikea huata
(Otekaike Limestone, Oligo/Miocene boundary),
from Hakataramea Valley, South Canterbury, New
Zealand, is described as a new species of
Otekaikea. The single known specimen adds to
odontocete structural and taxonomic diversity

during the Waitakian Stage, latest Oligocene to
earliest Miocene (22.28 to 24.61 Ma) in the South-
west Pacific Ocean. Otekaikea huata and other
dolphins from the Oligocene of New Zealand (O.
marplesi and Waipatia maerewhenua) were at
least 2.6 m long. The type specimen of Otekaikea
huata preserves at least one large tusk and an ele-
vated face for the nasofacial muscles implicated in
production of echolocation sounds. New terms for
skull features are: the anterolateral process of the
nasal and the intra-premaxillary foramen. The phy-

FIGURE 23. The original distribution of type elements, OU 22306, Otekaikea huata. Top, line art based on tracing of
bone outlines as uncovered during preparation. Bottom, partly prepared field jacket with bones partly exposed.
Andrew Grebneff is holding loose teeth. Photo © R. Ewan Fordyce.
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logenetic analyses based on morphological fea-
tures place Otekaikea huata as a near-basal
member of the clade Platanistoidea. The new spe-
cies implies wider diversity of the superfamily Pla-
tanistoidea in latest Oligocene time.
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APPENDIX 1, 2 AND 3. 

1. Cladistic matrix in nexus format.
2. Cladistic matrix in TNT format.
3.Cladistic matrix in TXT format.
Files for Appendixes 1-3 are available in one zipped file online at palaeo-electronica.org/content/2015/
1161-fossil-platanistoid-dolphin.
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APPENDIX 4. 

Morphological characters used in the phylogenetic analysis.
Terminology generally follows that of the cla-

distic papers cited, which in a few cases does not
agree with the recommended uses of Mead and
Fordyce (2009). For each character, references are
given for the main past uses, with the relevant pub-
lished character number given with a hatch # thus:
Murakami et al. (2012a) #1.

Rostrum, Dental, and Mandibular 

(1) Length of rostrum as percent skull length: mod-
erately long, 50–55% (0); long, 55–60%
(1); very long, >60% (2); medium, 50–40%
(3); very short, 40–35% (4). (Murakami et
al. (2012a, 2012b) #1; modified from
Arnold and Heinsohn (1996) #8; Bianucci
(2005) #1; Lambert (2008) #1).

(2) Premaxillae transverse proportion: trans-
versely inflated almost entire length of ros-
trum (0); flat almost entire length of the
rostrum (1). (Murakami et al. (2012a,
2012b) #2).

(3) Premaxillae mediolateral proportion: not com-
pressed mediolaterally (0); compressed
mediolaterally at anterior of rostrum (1).
(Murakami et al. (2012a, 2012b) #3).

(4) Premaxillae at apex of rostrum: with lateral mar-
gins parallel or diverging (0); narrowing (1).
(Murakami et al. (2012a, 2012b) #4; modi-
fied from Bianucci (2005) #2).

(5) Maxilla length as percent rostrum length: short,
<85%, tips of maxillae not reaching tip of
rostrum, (0); long, >89%, tips of maxillae to
within 10% of rostrum tip (1); same as
state 1 except lack of alveoli (2).
(Murakami et al. (2012a, 2012b) #5; modi-
fied from Lambert (2005) #1).

(6) Mesorostral groove: V-shaped or U-shaped
opening (0); partially or completely filled in
with vomer, becoming a solid rod of bone
(1); absent (2). (Messenger and McGuire
(1998) #1429; Geisler and Sanders (2003)
#5; Geisler et al. (2011, 2012) #5;
Murakami et al. (2012a, 2012b) #6;
derived from Moore (1968)).

(7) Mesorostral groove constricted posteriorly,
anterior to the nares and behind the level
of the antorbital notch, then rapidly diverg-
ing anteriorly: absent (0); present (1).
(modified from Murakami et al. (2012b)
#279).

(8) Lateral margin of rostrum anterior to maxillary
flange: concave (0); straight (1); convex
(2); absent (3) (Murakami et al. (2012a,
2012b) #7; modified from Bianucci (2005)
#3).

(9) Rostral constriction: absent (0); constriction
anterior to antorbital notch (1); constriction
anterior to maxillary flange (2). (Murakami
et al. (2012a, 2012b) #8; modified from de
Muizon (1984); Barnes (1985b); Messen-
ger and McGuire (1998) #1424; Geisler
and Sanders (2003) #6; Geisler et al.
(2011, 2012) #6).

(10) Antorbital notch: absent or weakly developed
(0); well developed (1). (Messenger and
McGuire (1998) #1426; Fajardo-Mellor et
al. (2006) #6; Murakami et al. (2012a,
2012b) #9).

(11) Width of premaxillae at mid-rostrum as percent
greatest width of maxillae at level of
postorbital processes: wide, >25% (0);
medium, 25–15% (1); narrow, <15% (2).
(Murakami et al. (2012a, 2012b) #10; mod-
ified from Aguirre-Fernández et al. (2009)
#4) If the supraorbital process of the max-
illa does not reach above the postorbital
process, then the width is measured as a
percent of the frontal width, excluding the
postorbital process at the postorbital line.

(12) Width of rostrum at mid-length as percent
greatest width of maxillae at level of
postorbital processes: wide, >35% (0);
medium, 35–30% (1); narrow, <30% (2).
(Murakami et al. (2012a, 2012b) #11; mod-
ified from Aguirre- Fernández et al. (2009)
#6).

(13) Width of rostrum at antorbital notch as percent
greatest width of maxillae at level of
postorbital processes: wide, >68% (0);
medium, 68–45% (1); narrow, <45% (2).
(Murakami et al. (2012a, 2012b) #12; mod-
ified from Geisler and Sanders (2003) #7;
Geisler et al. (2011, 2012) #7).

(14) Premaxillae in dorsal view: contacting along
midline for less than half length of rostrum
(0); widely separated by mesorostral
groove in rostrum (1); narrowly separated
by mesorostral groove in rostrum (2); con-
tacting along midline for approximately half
the entire length or more than of rostrum
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but not fused (3); contacting along midline
for approximately half the entire length or
more than of rostrum and partially fused
(4); converging (either contacting and sep-
arating) in mid-rostrum (5). (modified from
Murakami et al. (2012a, 2012b) #13; modi-
fied from de Muizon (1988); Fordyce
(1994) #52; Messenger and McGuire
(1998) #1405; Geisler and Sanders (2003)
(9); Geisler et al. (2011, 2012) #9).

(15) Suture between maxilla and premaxilla on ros-
trum: unfused except distal tip of rostrum
(0); fused partly or along most of rostrum
(1). (Murakami et al. (2012a, 2012b) #14;
modified from Fordyce (1994) #36; Mes-
senger and McGuire (1998) #1418; Geisler
and Sanders (2003) #10; Lambert (2005)
#2; Geisler et al. (2011, 2012) #10).

(16) Posterior wall of antorbital notch: maxilla (0);
lacrimal and jugal, or maxilla appeared in
small area posterior to antorbital notch
parallel with lacrimal and jugal (1); no
notch but horizontal groove inferred to be
for the facial nerve in the maxilla laterally
on the face well above the margin of the
rostrum (2). (Murakami et al. (2012a,
2012b) #15; modified from Geisler and
Sanders (2003) (15); Geisler et al. (2011,
2012) #15).

(17) Vomer anterior to maxilla-palatine suture in
ventral view: not exposed (0); width of
vomer <10% length of vomer, (1); vomer
width ratio >10% vomer length (2). (Mes-
senger and McGuire (1998) #1428;
Murakami et al. (2012a, 2012b) #16;
derived from Zhou (1982).

(18) Anterior sinus fossa: absent (0); between
anterior extremity of pterygoid sinus and
posterior extremity of upper tooth row (1);
between posterior extremity of upper tooth
row and midpoint of rostrum (2); beyond
midpoint of rostrum (3). (Murakami et al.
(2012a, 2012b) #17; modified from de Mui-
zon (1988); Barnes (1990); Bianucci
(2005) #13; Arnold and Heinsohn (1996)
#21; Geisler and Sanders (2003) #157;
Aguirre-Fernández et al. (2009) #18; Geis-
ler et al. (2011, 2012) #157; derived from
Fraser and Purves (1960)).

Teeth

(19) Number of double-rooted teeth in maxilla: 6–8
(0); 0 (1). (modified from Geisler and

Sanders (2003) #23; Geisler et al. (2011,
2012) #23; Murakami et al. (2012a, 2012b)
#18).

(20) Tooth enamel: reticulating striae (0); smooth
(1); nodular (2); absent (3). (Murakami et
al. (2012a, 2012b) #20; modified from
Messenger and McGuire (1998) #1469;
Geisler and Sanders (2003) #26; Geisler et
al. (2011, 2012) #26; derived from Zhou
(1982)).

(21) Teeth: heterodont and some teeth with denti-
cle (0); conical, with or without accessory
cusp (1); spatulate (2); laterally com-
pressed (3). (Murakami et al. (2012a,
2012b) #21; modified from Heyning (1989)
#40; Heyning (1997) #72; Arnold and Hein-
sohn (1996) #25; Messenger and McGuire
(1998) #1470; Geisler and Sanders (2003)
#27; Geisler et al. (2011, 2012) #27; Lam-
bert (2008) #16; derived from Barnes
(1984a)).

(22) Upper anterior "teeth": about same size as
upper posterior teeth (0); greatly enlarged
(1); clearly smaller than upper posterior
teeth or absent (2). (modified from
Murakami et al. (2012a, 2012b) #22).

(23) Cheek teeth ectocingulum: present (0); absent
(1). (Murakami et al. (2012a, 2012b) #23;
modified from Geisler and Sanders (2003)
#31; Geisler et al. (2011, 2012) #31).

(24) Cheek teeth entocingulum: present (0); absent
(1). (Geisler and Sanders (2003) #32;
Geisler et al. (2011, 2012) #32; Murakami
et al. (2012a, 2012b) #24).

(25) Greatest diameter of largest functional tooth
as percent of greatest width of maxillae at
the level of the postorbital processes:
large, >5% (0); medium, 5–3% (1); small,
<3% (2). (Murakami et al. (2012a, 2012b)
#25; modified from Aguirre-Fernández et
al. (2009) #15).

Mandible 

(26) Anterior mandibular teeth: deeply rooted, root
>50% of tooth (0); not deeply rooted, root
<50% of tooth (1). (Messenger and
McGuire (1998) #1471; Geisler and Sand-
ers (2003) #28; Geisler et al. (2011, 2012)
#28; Murakami et al. (2012a, 2012b) #26;
derived from Flower (1872); Moore
(1968)). 

(27) Anterior-most mandibular "tooth": about same
size as posterior teeth (0); smaller than
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posterior teeth (1); greatly enlarged (2);
forming a tusk (3). (Murakami et al.
(2012a, 2012b) #27; modified from de Mui-
zon (1991); Geisler and Sanders (2003)
#36; Messenger and McGuire (1998)
#1477; Geisler et al. (2011, 2012) #36;
derived from Flower (1872)).

(28) Number of teeth in mandible: 16–11 (0); 9–8
(1); 2 (2); 1 (3); 17–23 (4); 24–27 (5); 28–
39 (6); >40 (7). (Murakami et al. (2012a)
#28; modified from Messenger and
McGuire (1998) #1468; Geisler and Sand-
ers (2003) #37; Geisler et al. (2011, 2012)
#37).

(29) Length of mandibular symphysis as percent of
mandible length: long, >20% (0); short,
<20% (1). (Murakami et al. (2012a, 2012b)
#29; modified from Messenger and
McGuire (1998) #1465; Arnold and Hein-
sohn (1996) #7; Bianucci (2005) #26).

(30) Mandibular symphysis: sutured but unfused
(0); fused (1). (Fordyce (1994) #5; Mes-
senger and McGuire (1998) #1466; Geisler
and Sanders (2003) #40; Geisler et al.
(2011, 2012) #40; Murakami et al. (2012a,
2012b) #30; derived from Flower (1885b)).

(31) Longitudinal groove on underside of mandi-
bles: absent (0); present (1). (Geisler and
Sanders (2003) #41; Geisler et al. (2011,
2012) #41; Murakami et al. (2012a, 2012b)
#31; derived from Miller (1923)).

(32) Mandible: bowed medially (0); straight (1);
slightly bowed laterally (2). (Sanders and
Barnes (2002); Geisler and Sanders
(2003) #42; Geisler et al. (2011, 2012) #42;
Murakami et al. (2012a, 2012b) #32;
derived from Miller (1923)).

(33) Elevation of coronoid process: very high (0);
moderate (1); low (2). (Murakami et al.
(2012a, 2012b) #33; modified from Geisler
and Sanders (2003) #44; Bianucci (2005)
#27; Geisler et al (2011, 2012) #44).

Orbit 

(34) Antorbital process of maxilla in from dorsal
view: triangular (0); robust and globose or
rectilinear (1); absent (2). (Bianucci (2005)
#4; Murakami et al. (2012a, 2012b) #34).

(35) Angle of anterior edge of supraorbital process
and the median line: oriented slightly
anterolaterally, at an angle <30° (±) with
sagittal plane (0) oriented anteromedially
(1). (Murakami et al. (2012a, 2012b) #35;

modified from Geisler and Sanders (2003)
#49; Geisler et al. (2011, 2012) #49).

(36) Ratio of length of antorbital process of lacrimal
to length of the orbit: <0.6 (0); ≥0.6 (1).
(Murakami et al. (2012a, 2012b) #36).

(37) Lacrimal: wrapping around anterior edge of
supraorbital process of frontal and slightly
overlying its anterior end (0); appearing
dorsally and forming most of antorbital pro-
cess (1); appearing dorsally but not promi-
nently in antorbital process (2); restricted
to below the supraorbital process of max-
illa (3). (Murakami et al. (2012a, 2012b)
#37; modified from Geisler and Sanders
(2003) #51; Geisler et al. (2011, 2012) #51;
derived from Kellogg (1923); Miller
(1923)). 

(38) Lacrimal foramen or groove: present (0);
absent (1). (Geisler and Sanders (2003)
#52; Geisler et al. (2011, 2012) #52;
Murakami et al. (2012a, 2012b) #38).

(39) Lacrimal and jugal: separated (0); fused (1).
(Heyning (1989) #7; Heyning (1997) #39;
Geisler and Sanders (2003) #53; Geisler et
al. (2011, 2012) #53; Murakami et al.
(2012a, 2012b) #39; derived from Flower
(1868); Schulte (1917); Miller (1923)). 

(40) Lacrimal and jugal: contacting each other
externally (0); lacrimal excluded from edge
of skull, jugal directly contacting anterior
edge of frontal (1). (Geisler and Sanders
(2003) #54; Geisler et al. (2011, 2012) #54;
Murakami et al. (2012a, 2012b) #40;
derived from Miller (1923)).

(41) Jugal: thick and sturdy (0); thin, splint, or
absent (1). (Geisler and Sanders (2003)
#56; Lambert (2005) #21; Geisler et al.
(2011, 2012) #56; Murakami et al. (2012a,
2012b) #41; derived from Miller (1923);
Barnes (1990)).

(42) Combined anteroposterior length of the lacri-
mal and jugal exposure that is posterior to
antorbital notch: With skull in ventral view,
exposure is small and combined length
forms <50% of anteroposterior distance
from antorbital notch to postorbital ridge
(0); intermediate, forms between 50 and
62% of that distance (1); large, forms
between 62 and 69% that distance (2);
very large, forms >69% of that distance
(3). (Murakami et al. (2012a, 2012b) #42;
modified from Geisler and Sanders (2003)
#55; Geisler et al. (2011, 2012) #55).
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(43) Dorsolateral edge of internal opening of infra-
orbital foramen: formed by maxilla (0);
formed by maxilla and lacrimal and/or jugal
(l); formed by lacrimal and/or jugal (2);
formed by frontal (3). (Geisler and Sanders
(2003) #57; Geisler et al. (2011, 2012) #57;
Murakami et al. (2012a, 2012b) #43;
derived from Miller (1923)).

(44) Ventromedial edge of internal opening of infra-
orbital foramen: formed by maxilla (0);
formed by maxilla and palatine and/or pter-
ygoid (1); formed by palatine and/or ptery-
goid (2). (Geisler and Sanders (2003) #58;
Geisler et al. (2011, 2012) #58; Murakami
et al. (2012a, 2012b) #44; derived from
Miller (1923)).

(45) Maxillary tuberosity: present (0); absent (1).
(Geisler and Sanders (2003) #59; Geisler
et al. (2011) #59; Geisler et al. (2012) #59;
modified from Murakami et al. (2012a)
#45; derived from Miller (1923)). 

(46) Direction of apex of postorbital process of
frontal: projected posterolaterally and
slightly ventrally (0); directed ventrally (1);
not clear because of extremely reduced
process (2). (modified from Murakami et al.
(2012a, 2012b) #46; Geisler and Sanders
(2003) #61; Geisler et al. (2011, 2012)
#61).

(47) Shape of postorbital process of frontal: robust,
blunt descending posteriorly (0); pointed,
attenuated, or acute triangular (1); triangu-
lar, trapezoidal, or an anteroposteriorly
widened falciform (2); dorsoventrally long
falciform (3). (modified from Murakami et
al. (2012a, 2012b) #47).

(48) Frontal-maxilla suture angled posterodorsally
at an angle of 50–70° (±) from axis of ros-
trum, with lateral exposure of frontal thick-
ening posteriorly: absent (0); present (1).
(Geisler and Sanders (2003) #48; Geisler
et al. (2011, 2012) #48; Murakami et al.
(2012a, 2012b) #48; derived from Miller
(1923)).

Facial Region

(49) Anterior dorsal infraorbital foramina: one (0);
two (1); three or more (2). (Murakami et al.
(2012a, 2012b) #49; modified from Barnes
(1984b); Geisler and Sanders (2003) #64;
Geisler et al. (2011, 2012) #64).

(50) Rostral basin: absent or poorly defined (0);
present, situated medial to antorbital notch

and anterior to supraorbital process of
frontal (1). (Geisler and Sanders (2003)
#65; Geisler et al. (2011, 2012) #50;
Murakami et al. (2012a, 2012b) #50).

(51) Width of premaxillae at antorbital notches as
percent width of rostrum at antorbital
notch: narrow, <49% (0); moderate, 50–
64% (1); wide, >65% (2); antorbital notch
absent (3). (Geisler and Sanders (2003)
#66; Geisler et al. (2011, 2012) #66; modi-
fied from Murakami et al. (2012a, 2012b)
#51).

(52) Premaxillary foramina: absent (0); one on right
side (1); two on right side (2); three on right
side (3). (Geisler and Sanders (2003) #69;
Geisler et al. (2011, 2012) #69; Murakami
et al. (2012a, 2012b) #52; derived from
Barnes (1990)).

(53) Size of premaxillary foramen: right and left
subequal (0); right much larger than left
(1); premaxillary foramen absent (2). (Mes-
senger and McGuire (1998) #1415;
Murakami et al. (2012a, 2012b) #53; modi-
fied from Geisler and Sanders (2003) #70;
Geisler et al. (2011, 2012) #70).

(54) Position of premaxillary foramen: anterior of
antorbital notch and anterior edge of
supraorbital process (0); approximately
medial to or posterior to antorbital notch
region (1); premaxillary foramen absent
(2). (Geisler and Sanders (2003) #71;
Geisler et al. (2011, 2012) #71; Murakami
et al. (2012a, 2012b) #54).

(55) Premaxillary foramen locating: medial (0);
midpoint to lateral (1) absent (2). (modified
from Murakami et al. (2012b) #280).

(56) Lateral margin of the right premaxilla posterior
to premaxillary foramen: widen posteriorly
(0); straight (1). (Murakami et al. (2012b)
#281).

(57) Posterolateral sulcus: deep (0); shallow or
absent (1); presence of additional postero-
lateral sulcus (longitudinal striation) (2).
(Murakami et al. (2012a, 2012b) #55; mod-
ified from de Muizon (1984, 1988); Lam-
bert (2008) #6; Geisler and Sanders
(2003) #72; Geisler et al. (2011, 2012)
#72).

(58) Posterior projections of premaxillae: both pre-
maxillae extending posterior to anterior tip
of nasals (0); both premaxillae extending
posterior to nasals (1); only right premaxil-
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lae extended posterior to nasal (2); neither
premaxillae extending posterior to external
nares, and narrow posterior end of pre-
maxillae adjacent to external nares (3);
neither premaxillae extending beyond
external nares, and premaxillae displaced
laterally by medial projection of maxilla (4);
only right premaxilla extending beyond or
in line with anterior-most portion of nasals
(5). (Murakami et al. (2012a, 2012b) #76;
modified from de Muizon (1984); Barnes
(1985a); Heyning (1989) #39, 42; Heyning
(1997) #63, 71, 74; Arnold and Heinsohn
(1996) #35; Messenger and McGuire
(1998) #1407, 1408; Fajardo-Mellor et al.
(2006) #3; Lambert (2008) #5; Fordyce
(1994) #27).

(59) Posterior dorsal infraorbital foramina of max-
illa: absent (0); one (1); two or more (2);
(Murakami et al. (2012a, 2012b) #57; mod-
ified from Barnes (1990); Geisler and
Sanders (2003) #75; Geisler et al.
(2011,2012) #75).

(60) A posterior dorsal infraorbital foramen placed
posteromedially, near posterior extremity
of premaxilla: absent (0); present (1).
(Fordyce (1994) #62; Lambert (2005) #13;
Murakami et al. (2012a, 2012b) #58).

(61) Premaxillary sac fossae: absent (0); present
(1). (Messenger and McGuire (1998)
#1411; Lambert (2005) #4; Murakami et al.
(2012a, 2012b) #59).

(62) Maxilla on dorsal surface of skull: does not
contact supraoccipital posteriorly, maxilla
separated by frontal and/or parietal (0);
contact present (1). (Geisler and Sanders
(2003) #129; Geisler et al. (2011, 2012)
#129, modified from de Muizon (1991,
1994); Murakami et al. (2012a, 2012b)
#60).

(63) Maxillae at anterior edge of supraorbital pro-
cesses: abutting anterior edge of supraor-
bital processes of frontals (0); covering
partially or almost completely surface of
supraorbital processes (1). (Murakami et
al. (2012a, 2012b) #61; modified from
Fordyce (1994) #3; Messenger and
McGuire (1998) #1419; Geisler and Sand-
ers (2003) #76; Geisler et al. (2011, 2012)
#76; derived from Miller (1923)).

(64) Anterolateral corner of maxilla overlying
supraorbital process of frontal: thin and
equal in thickness to parts posteromedial

(0); thickened with thinner maxilla in pos-
teromedial direction (1). (Geisler and
Sanders (2003) #78; Geisler et al. (2011,
2012) #78; Murakami et al. (2012a, 2012b)
#62).

(65) Pneumatic maxillary crest overhanging medi-
ally: absent (0); present (1). (Zhou (1982);
Heyning (1989) #26; Heyning (1997) #58;
Fordyce (1994) #66; Arnold and Heinsohn
(1996) #14; Messenger and McGuire
(1998) #1421; Murakami et al. (2012a,
2012b) #63).

(66) Maxillary crest on supraorbital process of
maxilla: longitudinal ridges absent except
at lateral edge of antorbital process (0);
presence of longitudinal ridge except at lat-
eral edge of antorbital process (1); longitu-
dinal ridge present and joined with
maxillary flange (2); presence of trans-
versely compressed high crest, except at
lateral edge of antorbital process (3);
absent (4). (Murakami et al. (2012a,
2012b) #64; modified from de Muizon
(1984, 1987); Barnes (1985b); Messenger
and McGuire (1998) #1420; Geisler and
Sanders (2003) #79; Geisler et al. (2011,
2012) #79; derived from Miller (1923)).

(67) Anterior edge of nasals: anterior to, or in line
with, anterior edges of supraorbital pro-
cesses of frontals (0); posterior to anterior
edges of supraorbital processes of frontals
(1). (Murakami et al. (2012a, 2012b) #65;
modified from Geisler and Sanders (2003)
#80; Geisler et al. (2011, 2012) #80).

(68) Premaxillae in dorsal view: separated anterior
to bony nares, exposing mesethmoid (0);
joined premaxillae (or maxillae) closing at
least posterior part of mesorostral groove
(1). (Lambert (2005) #3; Murakami et al.
(2012a, 2012b) #66).

(69) Anterior edge of bony nares: inverted V-
shaped, premaxillae gradually converging
anteriorly to midline (0); inverted U-
shaped, premaxillae abruptly converging
anteriorly to midline (1). (de Muizon
(1988); Geisler and Sanders (2003) #81;
Geisler et al. (2011, 2012) #81; Murakami
et al. (2012a, 2012b) #67).

(70) Fossa for inferior vestibule on maxilla lateral to
external nares or lateral to premaxilla:
absent (0); present (1). (de Muizon (1988);
Murakami et al. (2012a, 2012b) #68;
derived from Curry (1992)).
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(71) Maxillary intrusion, anterior to external nares
and encroaching the posteromedial or
medial face of each premaxilla: absent (0);
maxilla visible within opened mesorostral
canal as small exposure medially (1);
exposure of maxilla reaches dorsally to
level of premaxilla and forms a square,
rectangular to triangular plate (2); expo-
sure of maxilla reaches dorsally and forms
a small subcircular to polygonal ossicle (3).
(de Muizon (1984, 1988); Arnold and Hein-
sohn (1996) #24; Messenger and McGuire
(1998) #1422; Murakami et al. (2012a,
2012b) #69).

(72) Premaxillary crest or posterior maxillary crest
adjacent to nasal: absent (0); present (1).
(transverse premaxillary crest, sensu Lam-
bert (2005) #6; Murakami et al. (2012a,
2012b) #70).

(73) Premaxilla: not overhanging itself or maxilla
laterally (0); overhanging itself or maxilla
laterally, from anterior to midpoint of exter-
nal nares (1). (Murakami et al. (2012a,
2012b) #71).

(74) Premaxillary sac fossa: smooth (0); rugose
(1). (Messenger and McGuire (1998)
#1551; Murakami et al. (2012a, 2012b)
#72).

(75) Ratio of width of right premaxilla to width of left
premaxilla in line with midpoint of external
nares: 0.90–1.19 (0); 1.20–1.50 (1); 1.50>
(2). (Murakami et al. (2012a, 2012b) #73).

(76) Ratio of greatest width of premaxillae to great-
est width of maxillae at level of postorbital
processes: ≥0.50 (0); 0.49–0.38 (1); <0.38
(2). (Murakami et al. (2012a, 2012b) #74).

(77) Premaxillary eminence: absent (0); present
but low (1); present and high (2). (Lambert
(2008) #4; Murakami et al. (2012a, 2012b)
#75; modified from de Muizon (1984);
Barnes (1985a); Heyning (1989) #36;
Heyning (1997) #68; Arnold and Heinsohn
(1996) #12; Messenger and McGuire
(1998) #1410; Geisler and Sanders
(2003); #68; Fajardo-Mellor et al. (2006)
#2; Geisler et al. (2011) #68; Geisler et al.
(2012) #69; derived from Flower (1867);
Noble and Fraser (1971)).

(78) Right premaxilla: portion anterior to nasal
opening wider than portion posterior to
opening, with nasal septum angled anteri-
orly and to left (0); portion posterior to
nasal opening wider than portion anterior

to opening, with nasal septum angled ante-
riorly and to right (1). (modified from Geis-
ler and Sanders (2003); #86; Geisler et al.
(2011, 2012) #86; Murakami et al. (2012a,
2012b) #77).

(79) Left bony naris: same size or slightly larger
than right bony naris (0); at least twice the
size of right bony naris (1). (Barnes (1990);
Geisler and Sanders (2003) #87; Geisler et
al. (2011, 2012) #87; Murakami et al.
(2012a, 2012b) #78).

(80) Supracranial basin: absent (0); present (1).
(Heyning (1989) #8; Heyning (1997) #40;
Fordyce (1994) #18; Messenger and
McGuire (1998) #1400; Geisler and Sand-
ers (2003) #88; Lambert (2005) #10; Geis-
ler et al. (2011, 2012) #88; Murakami et al.
(2012a, 2012b) #79).

(81) Proximal ethmoid region: not visible in dorsal
view, roofed over by nasals (0); exposed
dorsally (1). (Messenger and McGuire
(1998) #1455; Geisler and Sanders (2003)
#92; Geisler et al. (2011, 2012) #92;
Murakami et al. (2012a, 2012b) #80;
derived from Miller (1923)).

(82) Mesethmoid: not expanded posterodorsally
(0); extended posterodorsally but narrow
(1); expanded posterodorsally and visible
in lateral view (2). (Murakami et al. (2012a,
2012b) #81; modified from de Muizon
(1984, 1988); Messenger and McGuire
(1998) #1454; Bianucci (2005) #9).

Vertex and Area Adjacent to the Nares

(83) Inflections of ascending processes of premax-
illae: gradual (0); vertical (1). (Geisler and
Sanders (2003) #107; Geisler et al. (2011,
2012) #107; modified from Murakami et al.
(2012a, 2012b) #82; derived from Fordyce
(1994)).

(84) Inflections of premaxillae just anterior to, or in
line with, anterior edge of supraorbital pro-
cesses of frontals: absent (0); present (1)
(Murakami et al. (2012a, 2012b) #83; mod-
ified from Geisler and Sanders (2003)
#108; Geisler et al. (2011, 2012) #108).

(85) Premaxillary cleft: absent (0); present, poste-
rior part of ascending processes of pre-
maxillae bearing a distinct cleft, originating
at posterior edge of premaxillae and con-
tinuing anteriorly, dividing each premaxilla
into two (1); present, with shallow cleft (2).
(Geisler and Sanders (2003) #109; Geisler
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et al. (2011, 2012) #109; Murakami et al.
(2012a, 2012b) #84).

(86) Nasal bones: two (0); one or zero (1).
(Heyning (1989) #9; Heyning (1997) #41;
Murakami et al. (2012a, 2012b) #85; modi-
fied from Messenger and McGuire, (1998)
#1431; Geisler and Sanders (2003) #113;
Geisler et al. (2011, 2012) #113; derived
from Kuzmin (1976)).

(87) Nasals: lower than frontals (0); nearly same
height as frontals (1); clearly higher than
frontals (2). (de Muizon (1988); Messenger
and McGuire (1998) #1434; Geisler and
Sanders (2003); #124; Geisler et al. (2011,
2012) #124; Murakami et al. (2012a) #86).

(88) Nasal protuberance: absent (0); present (1).
(de Muizon (1988); Messenger and
McGuire (1998) #1433; Fajardo-Mellor et
al. (2006) #7; Lambert (2008) #8;
Murakami et al. (2012a, 2012b) #87).

(89) Both nasals: straight anterior edges in one
transverse plane (0); with point on midline
and gap on each side between premaxilla
and nasal (1); concave posteriorly on mid-
line and gap on each side between pre-
maxilla and nasal (2); concave posteriorly
on midline (3). (Murakami et al. (2012a,
2012b) #88; modified from Geisler and
Sanders (2003) #116; Geisler et al. (2011,
2012) #116; derived from Moore (1968)).

(90) Nasals: fossae on nasals absent (0); smooth-
surfaced fossa on anterior to anterolateral
surface (1). (Messenger and McGuire
(1998) #1437; Murakami et al. (2012a,
2012b) #89).

(91) Transverse width of either of nasals as per-
cent maximum length of nasals: very nar-
row, <20% (0); narrow, 21–69% (1); wide,
>70% (2). (Murakami et al. (2012a) #90;
modified from de Muizon (1988); Messen-
ger and McGuire (1998) #1432; Geisler
and Sanders (2003); #119; Geisler et al.
(2011, 2012) #119).

(92) Nasals: medial portions roughly in same hori-
zontal plane as, or higher than, lateral por-
tions (0); medial portions depressed,
forming a median trough immediately pos-
terior to nasal openings (1). (de Muizon
(1988, 1991); Geisler and Sanders (2003);
#118; Geisler et al. (2011, 2012) #118;
Murakami et al. (2012a, 2012b) #91).

(93) Lateral edges of nasals: not overhanging or
covering maxillae or premaxillae (0); over-
hanging or partly covering maxillae or pre-
maxillae (1). (Murakami et al. (2012a,
2012b) #92).

(94) Nasal-frontal suture: approximately straight
transversely (0); anterior wedge (narial
process) between frontal posterior ends of
nasals (1); W or reversed U suture line (2).
(Murakami et al. (2012a, 2012b) #93; mod-
ified from de Muizon (1988); Geisler and
Sanders (2003) #121; Geisler et al. (2011,
2012) #121).

(95) Frontals posterior to nasals and between pre-
maxillae: wider than maximum transverse
width across nasals (0); same as trans-
verse width of nasals (1); narrower than
transverse width of nasals, maxillae
expanded medially posterior to nasals (2).
(Geisler and Sanders (2003) #125; Geisler
et al. (2011, 2012) #125; Murakami et al.
(2012a, 2012b) #94; modified from Mes-
senger and McGuire (1998) #1457).

(96) Frontal boss on vertex: absent (0); present (1).
(de Muizon (1984, 1988); Messenger and
McGuire (1998) #1461; Fajardo-Mellor et
al. (2006) #12; Murakami et al. (2012a,
2012b) #95; modified from Lambert (2008)
#9).

(97) Vertex: absent (0); present (1); highly devel-
oped (2). (Murakami et al. (2012a) #96; de
Muizon (1991); Messenger and McGuire
(1998) #1404; Lambert (2005) #7).

(98) Cranial vertex skewed asymmetrically to left
side: absent (0); present (1). (Barnes
(1990); Bianucci (2005) #7; Aguirre-
Fernández et al. (2009) #18; Murakami et
al. (2012a, 2012b) #97).

(99) Anterodorsal wall of braincase: formed by
frontals (0); mostly formed by maxillae (1).
(Geisler and Sanders (2003) #127; Geisler
et al. (2011, 2012) #127; Murakami et al.
(2012a, 2012b) #98; derived from Schulte
(1917); Miller (1923)).

(100) Nuchal crest: higher than frontals and/or
nasals (0); at same level as frontals and/or
nasals (1); below frontals and/or nasals
(2). (Murakami et al. (2012a, 2012b) #99;
modified from Geisler and Sanders (2003)
#128; derived from Moore (1968)).
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Temporal Fossae, Zygomatic Arch, and 
Occipitals

(101) Temporal fossa: not roofed over by lateral
expansion of maxillae (0); roofed over by
lateral expansion of maxillae (1). (de Mui-
zon (1988); Heyning (1989) #22; Heyning
(1997) #54; Arnold and Heinsohn (1996)
#39; Messenger and McGuire (1998)
#1453; Murakami et al. (2012a, 2012b)
#100).

(102) Roof of temporal fossa formed by: frontals
(0); frontals, but with large opening through
maxillae and/or premaxillae exposing mar-
gins of window formed by a frontal ring (1).
(Geisler and Sanders (2003) #132; Geisler
et al. (2011, 2012) #132; Murakami et al.
(2012a, 2012b) #101).

(103) Position and orientation of origin for temporal
muscle on supraorbital process of frontal:
origin laying on posterior face of supraor-
bital process and directed roughly posteri-
orly (0); origin lying on posteroventral face
of supraorbital process and directed
roughly ventrally (1). (Fordyce (1994) #8;
Lambert (2005) #23; Murakami et al.
(2012a, 2012b) #102).

(104) Parietal dorsally: not fused to frontal or
supraoccipital (0); completely fused to, and
indistinguishable from, frontal or supraoc-
cipital (1). (Murakami et al. (2012a, 2012b)
#103).

(105) Parietals in dorsal view: contacting each
other on the midline or separated by inter-
parietal (0); in skull roof but visible only as
small triangular areas at edges of intertem-
poral constriction, with supraoccipital over-
lapping and obscuring median portions (1);
completely absent in skull roof (2); visible
only as triangular areas, dorsolateral to
supraoccipital, with non-overlapping supra-
occipital separated from and contacting
parietals along irregular suture (3). (Geisler
and Sanders (2003) #134; Geisler et al.
(2011, 2012) #134; Murakami et al.
(2012a, 2012b) #104; derived from Whit-
more and Sanders (1977); Barnes (1990);
modified from Lambert (2005) #15).

(106) Interparietal: present (0); absent or fused and
therefore not distinguishable from parietals
and frontals (1). (Geisler and Sanders
(2003) #135; Geisler et al. (2011, 2012)
#135; Murakami et al. (2012a) #105).

(107) Sagittal crest for temporal muscle: present
(0); absent (1). (Murakami et al. (2012a,
2012b) #106; modified from Geisler and
Sanders (2003) #136; Geisler et al. (2011,
2012) #136).

(108) Alisphenoid: broadly exposed laterally in
temporal fossa (0); lateral surface broadly
overlapped by parietal, with a narrow strip
visible or invisible on ventral edge of tem-
poral fossa in lateral view (1). (Geisler and
Sanders (2003) #141; Geisler et al. (2011,
2012) #141; Murakami et al. (2012a)
#107).

(109) Zygomatic process of squamosal: directed
anterolaterally (0); directed anteriorly (1).
(Sanders and Barnes (2002); Geisler and
Sanders (2003) #142; Geisler et al. (2011,
2012) #142; Murakami et al. (2012a,
2012b) #108).

(110) Zygomatic process of squamosal in lateral
view: part of dorsal face visible (0); entire
dorsal surface of squamosal visible (1).
(Murakami et al. (2012a, 2012b) #109).

(111) Emargination of posterior edge of zygomatic
process by neck muscle fossa, skull in lat-
eral view: absent, posterior edge forming
nearly right angle with dorsal edge of zygo-
matic process of squamosal (0); shallow
emargination (1); deep emargination (2).
(Geisler and Sanders (2003) #144; Geisler
et al. (2011, 2012) #144; Murakami et al.
(2012a, 2012b) #110).

(112) Width of squamosal lateral to exoccipital as
percent greatest width of exoccipitals, skull
in posterior view: exposed portion of squa-
mosal narrow, <15% (0); moderate, 16–
35% (1). (modified from Geisler and Sand-
ers (2003) #145; Geisler et al. (2011, 2012)
#145; Murakami et al. (2012a, 2012b)
#111).

(113) Ventral edge of zygomatic process of squa-
mosal in lateral view: concave (0); almost
straight (1); convex (2). (Geisler and Sand-
ers (2003); #150; Geisler et al. (2011,
2012) #150; Murakami et al. (2012a,
2012b) #112).

(114) Postglenoid process of squamosal: not
reduced (0); greatly reduced (1).
(Murakami et al. (2012a, 2012b) #113).

(115) Postglenoid process in lateral view: tapering
ventrally (0); squared off ventrally (1);
same as state 1 except very wide antero-
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posterior diameter of process (2). (Geisler
and Sanders (2003) #151; Lambert (2005)
#24; Geisler et al. (2011, 2012) #151;
Murakami et al. (2012a, 2012b) #114;
derived from de Muizon (1991)).

(116) Relative ventral projections of postglenoid
and post-tympanic processes of squamo-
sal: postglenoid process more ventral or at
same level as post-tympanic process (0);
apex of postglenoid process dorsally
higher than post-tympanic process (1).
(Lambert (2005) #25; Murakami et al.
(2012a). b #115).

(117) Nuchal crest in dorsoposterior view: semicir-
cular, pointed anteriorly (0); rectangular or
weakly convex anteriorly or posteriorly (1);
convex posteriorly and/or midpoint convex
triangular and pointed anteriorly (2); promi-
nently convex anteriorly (3); strongly con-
vex posteriorly (4). (Murakami et al.
(2012a, 2012b) #116; modified from Geis-
ler and Sanders (2003) #152; Geisler et al.
(2011, 2012) #152; derived from Barnes
(1985b)).

(118) Occipital shield: smoothly convex or concave
(0); bearing distinct sagittal crest (1).
(Sanders and Barnes (2002); Geisler and
Sanders (2003) #155; Geisler et al. (2011,
2012) #155; Murakami et al. (2012a,
2012b) #117).

(119) Dorsal condyloid fossa: absent (0); present,
situated anterodorsal to dorsal edge of
condyle (1); present and forming deep pit
(2). (Geisler and Sanders (2003) #156;
Geisler et al. (2011, 2012) #156; Murakami
et al. (2012a, 2012b) #118; derived from
Sanders and Barnes (2002)).

Anterior Basicranium

(120) Palatine in nasal passage: thin, forming pos-
terior part of nasal passage (0); thick, form-
ing part of anterior wall of nasal cavities
(1); palatine does not join anterior wall of
nasal passage (2). (Murakami et al.
(2012a, 2012b) #119; modified from Geis-
ler and Sanders (2003) #158; Geisler et al.
(2011, 2012) #158; derived from Miller
(1923)).

(121) Palatine exposure: exposed ventrally (0);
partially covered by pterygoid, which
divides it into medial and lateral exposures
(1); ventral surfaces completely covered
by pterygoids (2). (de Muizon (1987);

Arnold and Heinsohn (1996) #15; Messen-
ger and McGuire (1998) #1440; Geisler
and Sanders (2003) #159; Lambert (2005)
#27; Geisler et al. (2011, 2012) #159;
Murakami et al. (2012a, 2012b) #120;
derived from Miller (1923)). 

(122) Lateral lamina of palatine: absent (0); pres-
ent (1). (de Muizon (1984, 1988, 1991);
Arnold and Heinsohn (1996) #16; Messen-
ger and McGuire (1998) #1443; Murakami
et al. (2012a, 2012b) #121).

(123) Lateral lamina of palatine: free from or
sutured to maxilla (0); fused to maxilla (1).
(de Muizon (1988); Messenger and
McGuire (1998) #1439; Geisler and Sand-
ers (2003) #161; Geisler et al. (2011, 2012)
#161; Murakami et al. (2012a, 2012b)
#122).

(124) Lateral lamina of palatine: does not form
bony bridge “over” (= ventral to) orbit (0);
does form bony bridge “over” (= ventral to)
orbit (1). (de Muizon (1984); Messenger
and McGuire (1998) #1444; Murakami et
al. (2012a, 2012b) #123).

(125) Pterygoids in anteroventral view: separated
from each other by posteroventrally elon-
gated palatines and/or vomer (0); contact-
ing entire length of hamular process (1);
contacting each other partially (2).
(Murakami et al. (2012a, 2012b) #124;
modified from Arnold and Heinsohn (1996)
#5; Messenger and McGuire (1998)
#1445; Fajardo-Mellor et al. (2006) #9;
derived from Flower (1884); Barnes
(1985a); Marsh et al. (1989)).

(126) Medial pterygoid-palatine suture in ventral
view: angled anteromedially (0); nearly
transverse (1); angled anterolaterally (2);
angled anteroposteriorly (3). (Murakami et
al. (2012a, 2012b) #125; modified from
Geisler and Sanders (2003) #162; Geisler
et al. (2011, 2012) #162).

(127) Lateral lamina of pterygoid: absent (0); pres-
ent and articulated with alisphenoid (1);
partial, restricted to region lateral to hamu-
lar process (2). (Murakami et al. (2012a)
#126; modified from Arnold and Heinsohn
(1996) #121; Messenger and McGuire
(1998) #1446; Geisler and Sanders (2003)
#164; Lambert (2005) #32; Geisler et al.
(2011, 2012) #164; derived from Miller
(1923); Kellogg (1936); Fraser and Purves
(1960)).
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(128) Subtemporal crest: present (0); present but
reduced, or absent (1). (modified from
Geisler and Sanders (2003) #165; Geisler
et al. (2011, 2012) #165; Murakami et al.
(2012a, 2012b) #127).

(129) Superior lamina of pterygoid: absent from
sphenoidal region but present in orbital
region (0); present and covers most of
ventral exposure of alisphenoid (1); par-
tially absent from orbital region (2); com-
pletely absent from orbital region (3).
(Murakami et al. (2012a, 2012b) #128;
modified from Arnold and Heinsohn (1996)
#16; Geisler and Sanders (2003) #167;
Geisler et al. (2011, 2012) #167; derived
from Miller (1923); Fraser and Purves
(1960)).

(130) Pterygoids excavated anterior to choanae by
the pterygoid sinuses, with distinct anterior
fossa clearly limited forwards by rounded
wall: absent (0); present (1). (Lambert
(2005) #28; Murakami et al. (2012a,
2012b) #129).

(131) Depth of pterygoid sinus fossa in basicra-
nium: shallow or partially excavated (0);
deep, excavated dorsally to level of cranial
foramen oval (1); deep, and extended dor-
sally into orbit (2). (modified from Fordyce
(1994) #6; Lambert (2005) #30; Murakami
et al. (2012a, 2012b) #130).

(132) Anterior level of pterygoid sinus fossa: inter-
rupted posterior to, or the level of, antor-
bital notch (0); extending beyond the level
of the antorbital notch (1). (Lambert (2005)
#29; Murakami et al. (2012a, 2012b)
#131).

(133) Preorbital and postorbital fossae of pterygoid
sinuses: widened apices of preorbital and
postorbital fossae of pterygoid sinuses
present but fossae not merged or fused
(0); widened apices of preorbital and
postorbital fossae of pterygoid sinuses
merged or fused dorsal to path of optic
nerve (1). (Murakami et al. (2012a, 2012b)
#132; modified from de Muizon (1988);
Arnold and Heinsohn (1996) #19; Bianucci
(2005) #10; Aguirre-Fernández et al.
(2009) #19).

(134) Fossa for preorbital lobe of pterygoid sinus in
orbit: absent (0); present (1). (Fraser and
Purves (1960); Arnold and Heinsohn
(1996) #18; Murakami et al. (2012a,
2012b) #133).

(135) Dorsal development of fossa for preorbital
lobe of pterygoid sinus toward the frontal-
maxilla suture: absent (0); present (1). (de
Muizon (1984, 1988); Heyning (1989) #37;
Heyning (1997) #69; Messenger and
McGuire (1998) #1460; Arnold and Hein-
sohn (1996) #20; Lambert (2008) #13;
Murakami et al. (2012a, 2012b) #134;
modified from Fajardo-Mellor et al. (2006)
#13; derived from Fraser and Purves
(1960)).

(136) Postorbital lobe of pterygoid sinus fossa:
absent (0); present (1). (Arnold and Hein-
sohn (1996) #18; Geisler and Sanders
(2003) #170; Geisler et al. (2011, 2012)
#170; Murakami et al. (2012a, 2012b)
#135; derived from Fraser and Purves
(1960)).

(137) Anteroposteriorly elongated pterygoid sinus
fossa, at level of orbit, bordered by medio-
laterally compressed subtemporal crest of
frontal: absent (0); present (1). (Murakami
et al. (2012a, 2012b) #136).

(138) Orbitosphenoid: not contacting lacrimal or
lacrimojugal (0); contacting lacrimal or lac-
rimojugal (1). (Murakami et al. (2012a,
2012b) #137).

(139) Ratio of length of hamular process of ptery-
goid to cranium length: <0.30 (0); 0.30–
0.44 (1); 0.45–0.59 (2); >0.60 (3). The
length of the hamular process of the ptery-
goid is measured from anterior edge of the
pterygoid to posterior edge of the hamular
process. The cranium length is measured
from anterior edge of the antorbital pro-
cess to posterior edge of occipital con-
dyles. (Murakami et al. (2012a, 2012b)
#138; modified from Heyning (1989) #18;
Heyning (1997) #50; de Muizon (1991);
Messenger and McGuire (1998) #1447;
Lambert (2005) #31).

(140) Keel affecting ventral surfaces of hamular
processes: absent (0); present (1). (de
Muizon (1988); Messenger and McGuire
(1998) #1449; Bianucci (2005) #14;
Murakami et al. (2012a, 2012b) #139;
modified from Fajardo-Mellor et al. (2006)
#10).

(141) Exposure of medial lamina of pterygoid ham-
uli in lateral view: complete or broad expo-
sure due to extreme reduction of lateral
lamina of pterygoid hamuli (0); no expo-
sure due to a posterior extension of lateral
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lamina extending posterior to medial lam-
ina (1); medial lamina of pterygoid hamuli
exposing lateral lamina through ovoid win-
dow in lateral view (2). (de Muizon (1988);
Fajardo-Mellor et al. (2006) #11; Murakami
et al. (2012a, 2012b) #140; derived from
Noble and Fraser (1971)).

Posterior Basicranium

(142) Falciform process of squamosal: plate-like
with anteroposteriorly wide base (0); rod-
like with narrow base (1); poorly developed
or absent (2). (Geisler and Sanders (2003)
#176; Geisler et al. (2011, 2012) #176;
Murakami et al. (2012a, 2012b) #141;
modified from Lambert (2005) #36).

(143) Falciform process of squamosal: medial sur-
face not sutured to lateral lamina of ptery-
goid (0); medial surface sutured to lateral
lamina of pterygoid (1). (Murakami et al.
(2012a, 2012b) #142; modified from Geis-
ler and Sanders (2003) #177; Geisler et al.
(2011, 2012) #177).

(144) Tympanosquamosal recess: absent, with
anterior transverse ridge present (0); ante-
rior transverse ridge absent and middle
sinus inferred to be present without a large
tympanosquamosal recess (1); present
and enlarged, forming triangular fossa
medial and anteromedial to postglenoid
process (2); very large, forming large fossa
bordering entire medial edge of glenoid
fossa (3). (Geisler and Sanders (2003)
#178; Geisler et al. (2011, 2012) #178;
Murakami et al. (2012a, 2012b) #143;
modified from Lambert (2005) #35; derived
from Fraser and Purves (1960), and
Fordyce (2002)).

(145) Bifurcation of tympanosquamosal recess:
absent, almost undeveloped, elliptic (0);
present, with a clear expansion anteriorly,
invasion of mandibular fossa medially, and
a depression (expansion) at the postgle-
noid process posteriorly (1). (Murakami et
al. (2012a, 2012b) #144; modified from de
Muizon (1988); Bianucci (2005) #11; Agu-
irre-Fernández et al. (2009) #20).

(146) Fossa for the basisphenoidal sinus: absent
(0); present (1). (Fraser and Purves
(1960); Mead and Fordyce (2009);
Murakami et al. (2012a, 2012b) #145).

(147) Position of more-distal part of alisphenoid-
squamosal suture, with skull in ventral

view: anterior to external opening of fora-
men oval or a homologous groove (0);
courses along groove for mandibular
branch of trigeminal nerve, or just posterior
to it (1); just medial to anterior edge of floor
of squamosal fossa, foramen ovale, and/or
groove situated entirely on alisphenoid (2).
(Geisler and Sanders (2003) #180; Geisler
et al. (2011, 2012) #180; Murakami et al.
(2012a, 2012b) #146).

(148) Groove for mandibular branch of trigeminal
nerve: lateral end of groove wrapping later-
ally around posterior end of pterygoid
sinus fossa and opening primarily anteri-
orly (0); directed laterally and located
entirely posterior to pterygoid sinus fossa
(1). (Murakami et al. (2012a, 2012b) #147;
modified from Geisler and Sanders (2003)
#181; Geisler et al. (2011, 2012) #181).

(149) Suprameatal pit of squamosal: absent (0);
present but shallow, situated dorsolateral
to spiny process of squamosal (1); forming
deep dorsolateral excavation into squamo-
sal (2). (Geisler and Sanders (2003) #185;
Geisler et al. (2011, 2012) #185; Murakami
et al. (2012a, 2012b) #149).

(150) Foramen spinosum: absent (0); present,
located in anteromedial corner of anterior
part of periotic fossa near or on squamo-
sal-parietal suture (1). (de Muizon (1994);
Geisler and Sanders (2003) #186; Geisler
et al. (2011, 2012) #186; Murakami et al.
(2012a, 2012b) #150).

(151) Posterior portion of periotic fossa of squamo-
sal: fossa absent (0); fossa present but
shallow (1); highly compressed fossa form-
ing narrow slit or small blind foramen (2);
posteromedial portion contains large deep
fossa (3). (Geisler and Sanders (2003)
#187; Geisler et al. (2011, 2012) #187;
Murakami et al. (2012a, 2012b) #149 and
#151).

(152) Length of zygomatic process of squamosal
as percent of greatest width of maxilla at
postorbital process: >31% (0); ≤30% (1).
(Murakami et al. (2012a, 2012b) #152;
modified from Heyning (1989) #33, 35,
#65, 67; Geisler and Sanders (2003) #188;
Geisler et al. (2011, 2012) #188) If the
maxilla does not reach above the postor-
bital process, then use the frontal above
the postorbital process.
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(153) External auditory meatus: wide (0); narrow
(1). (Fordyce (1994) #10; Geisler and
Sanders (2003, 2012) #189; Lambert
(2005) #26; Geisler et al. (2011) #189;
Murakami et al. (2012a, 2012b) #153).

(154) Vomer: posterior edge terminating on or at
anterior edge of basisphenoid (0); termi-
nating on basioccipital, covering basioccip-
ital-basisphenoid suture ventrally (1).
(Barnes (1984b); Geisler and Sanders
(2003) #190; Geisler et al. (2011, 2012)
#190; Murakami et al. (2012a, 2012b)
#154).

(155) Rectus capitus anticus muscle fossa: absent
or poorly developed (0); present with well-
defined anterior edge (1). (Geisler and
Sanders (2003) #192; Geisler et al. (2011,
2012) #192; Murakami et al. (2012a,
2012b) #155).

(156) Posteroventral-most point of basioccipital
crest: rounded over (0); forming closely
appressed separate flange, with narrow
crease separating exoccipital dorsally from
rest of basioccipital crest (1); projecting
distinct flange posteriorly (2); distinct but
separated by pronounced notch, interrupt-
ing basioccipital crest (3). (Geisler and
Sanders (2003) #193; Geisler et al. (2011,
2012) #193; Murakami et al. (2012a,
2012b) #156).

(157) Angle formed by basioccipital crests in ven-
tral view: parallel with no angle formed (0);
ca. 15–40° (1); ca. 42–68° (2); ca. 70–90°
(3); >100° (4). (Murakami et al. (2012a,
2012b) #157; modified from Geisler and
Sanders (2003) #194; Geisler et al. (2011,
2012) #194).

(158) Hypoglossal foramen: separated from jugular
foramen, or jugular notch, by thick bone
(0); separated by very thin bone or absent,
in latter case hypoglossal foramen becom-
ing confluent with jugular foramen (1).
(Geisler and Sanders (2003) #195; Geisler
et al. (2011, 2012) #195; Murakami et al.
(2012a, 2012b) #158).

(159) Jugular notch, gap between paroccipital pro-
cess and basioccipital crest: open notch,
width of opening and depth of notch about
equal (0); narrow and almost slit-like,
depth much greater than width of opening
(1). (Geisler and Sanders (2003) #196;
Geisler et al. (2011, 2012) #196; Murakami
et al. (2012a, 2012b) #159).

(160) Paroccipital process, skull in ventral view:
posterior edge located well anterior to the
posterior edge of condyle (0); posterior
edge in transverse line with posterior edge
of condyle (1). (Geisler and Sanders
(2003) #197; Geisler et al. (2011, 2012)
#197; Murakami et al. (2012a, 2012b)
#160).

(161) Fossa for posterior sinus in exoccipital:
absent or slightly concave (0); moderately
concave (1); forming deep sack-like struc-
ture (2). (Murakami et al. (2012a, 2012b)
#161; modified from de Muizon (1991);
Lambert (2005) #38).

Malleus

(162) Tuberculum of malleus: unreduced (0); highly
reduced, almost indistinguishable from
articular head (1). (de Muizon (1985); Mes-
senger and McGuire (1998) #1499; Geisler
and Sanders (2003) #198; Geisler et al.
(2011, 2012) #198; Murakami et al.
(2012a, 2012b) #162; modified from Lam-
bert (2005) #69. derived from Doran
(1878)).

(163) Processus muscularis of malleus: shorter
than manubrium of malleus (0); sub-equal
or longer than manubrium (1). (Murakami
et al. (2012a, 2012b) #163; modified from
de Muizon (1985; 1988); Messenger and
McGuire (1998) #1550; Geisler and Sand-
ers (2003) #199; Lambert (2005) #70;
Geisler et al. (2011, 2012) #199).

Periotic

(164) Length of anterior process of periotic as per-
cent length of pars cochlearis: short, <59%
(0); long, >60% (1). (Murakami et al.
(2012a, 2012b) #164; modified from de
Muizon (1988); Heyning (1989) #5; Mes-
senger and McGuire (1998) #1489; Geisler
and Luo (1996) #1; Luo and Marsh (1996)
#24; Geisler and Sanders (2003) #203;
Lambert (2005) #39; Geisler et al. (2011,
2012) #203; derived from Kellogg (1936);
Yamada (1953); Kasuya (1973)).

(165) Apex of anterior process of periotic in dorsal
view: pointed (0); dorsal edge of anterior
process showing highly rounded or oblique
edge due to its reduction with or without
pointed apex (1); thickened by prominent
dorsal tubercle giving apex rectangular
section in plane of body of periotic (2).
(Murakami et al. (2012a, 2012b) #165;
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modified from Fordyce (1994) #53; Lam-
bert (2005) #40).

(166) Lateral groove or depression affecting profile
of periotic as viewed dorsally: no obvious
vertical groove dorsal to hiatus epitympani-
cus (0); groove present with overall profile
of periotic becoming slightly to markedly
sigmoidal in dorsal view (1). (Fordyce
(1994) #35; Murakami et al. (2012a,
2012b) #166).

(167) Anteroposterior ridge on dorsal side: unde-
veloped (0); developed on anterior process
and body of periotic, associated with
development of depression adjacent to
groove for tensor tympani (1). (Fordyce
(1994) #55; Murakami et al. (2012a,
2012b) #167).

(168) Articulation of anterior process of periotic to
outer lip of tympanic bulla: contact of ven-
tral surface of anterior process of periotic
with outer lip of tympanic bulla (0); contact
with thickened rim of outer lip of tympanic
bulla and additionally with accessory ossi-
cle (1); contact only with accessory ossicle
(2). (Luo and Marsh (1996) #7; Lambert
(2005) #46; Murakami et al. (2012a,
2012b) #168).

(169) Parabullary sulcus: absent (0); strongly
curved, C-shape (1); weakly curved (2);
strongly curved, V-shape (3). (modified
from Fordyce (1994) #56 Anteroexternal
sulcus).

(170) Parabullary ridge of periotic: absent (0); pres-
ent (1); present with a fossa between ante-
rior process and parabullary ridge (2).
(modified from Murakami et al. (2012a,
2012b) #171; Bianucci (2005) #15).

(171) Articulation of anterior process with squamo-
sal: extensive, most of lateral side contact-
ing squamosal (0); large centrally-oriented
ovoid region contacting squamosal, free
around edges (1); small area of contact
with squamosal (2); contact absent, articu-
lation via ligaments (3). (Geisler and Sand-
ers (2003) #207; Geisler et al. (2011, 2012)
#207; Murakami et al. (2012a, 2012b)
#172; modified from Heyning (1997) #32;
Messenger and McGuire (1998) #1490;
derived from Heyning (1989)). 

(172) Anterior bullar facet: present (0); absent (1).
(de Muizon (1984, 1988, 1991); Messen-
ger and McGuire (1998) #1496; Lambert
(2005) #42; Murakami et al. (2012a,

2012b) #173; modified from Fordyce
(1994) #4; derived from Kellogg (1936)).

(173) Anterior incisure: deep, pocket-like fossa with
anterior groove (0); anterior groove only
(1). (Geisler and Luo (1996) #7; Luo and
Marsh (1996) #15; Geisler and Sanders
(2003) #217; Geisler et al. (2011, 2012)
#217; Murakami et al. (2012a, 2012b)
#174).

(174) Fenestra rotunda: oval to subrounded (0);
shaped like teardrop with fissure directed
toward aperture for cochlear aqueduct (1).
(Fordyce (1994) #22; Geisler and Sanders
(2003) #222; Lambert (2005) #49; Geisler
et al. (2011, 2012) #222; Murakami et al.
(2012a, 2012b) #175).

(175) Dorsal surface of periotic in lateral view: con-
vex dorsally (0); pyramidal process convex
dorsally (1); nearly flat (2). (Murakami et al.
(2012a, 2012b) #176; modified from Luo
and Marsh (1996) #18).

(176) Relative position of dorsal depth of stapedial
muscle fossa and fenestra rotunda: ventral
to, or in line with, dorsal edge of fenestra
rotunda (0); well dorsal to fenestra rotunda
(1). (Geisler and Sanders (2003) #223;
Geisler et al. (2011, 2012) #223; Murakami
et al. (2012a, 2012b) #177).

(177) Posterodorsal edge of stapedial muscle
fossa: absent, rounded lip (0); present (1).
(Geisler and Luo (1996) #14; Geisler and
Sanders (2003) #217; Geisler et al. (2011,
2012) #217; Murakami et al. (2012a,
2012b) #178).

(178) Caudal tympanic process of periotic: low, its
ventral and posterior edges drawing
smooth curve (0); Elevated, its ventral and
posterior edges forming a right angle in
medial view (1). (Geisler and Sanders
(2003) #225; Geisler et al. (2011, 2012)
#225; Murakami et al. (2012a, 2012b)
#179).

(179) Position of aperture for cochlear aqueduct:
dorsomedial (0); medial (1). (Lambert
(2005) #51; Murakami et al. (2012a,
2012b) #180).

(180) Aperture for cochlear aqueduct: smaller than
aperture for vestibular aqueduct (0);
approximately same size as aperture for
vestibular aqueduct (1); much larger than
aperture for vestibular aqueduct, with nar-
row posterior edge (2). (Geisler and Sand-
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ers (2003) #227; Geisler et al. (2011, 2012)
#227; Murakami et al. (2012a, 2012b)
#181; modified from de Muizon (1987);
Fordyce (1994); Lambert (2005) #52).

(181) Excavation of tegmen tympani at base of
anterior process: absent (0); present, with
fossa on dorsolateral side of tegmen tym-
pani (1). (Geisler and Sanders (2003)
#231; Geisler et al. (2011, 2012) #231;
Murakami et al. (2012a, 2012b) #182).

(182) Fundus of internal acoustic meatus: funnel-
like, smaller at blind end and wider near
rim (0); tubular (1). (Luo and Marsh (1996)
#31; Geisler and Sanders (2003) #234;
Geisler et al. (2011, 2012) #234; Murakami
et al. (2012a, 2012b) #183).

(183) Internal acoustic meatus: pyriform (0); circu-
lar (1). (de Muizon (1984); Messenger and
McGuire (1998) #1498; Bianucci (2005)
#21; Murakami et al. (2012a, 2012b)
#184).

(184) Lateral wall of internal acoustic meatus: high,
with wedge-shaped area of elevated bone
occurring between dorsal edge of tegmen
tympani and internal acoustic meatus, the
latter extending ventrally and increasing its
depth (0); low, not protruding noticeably
from fossa and surrounding bone (1).
(Murakami et al. (2012a, 2012b) #185;
modified from Geisler and Sanders (2003)
#235; Geisler et al. (2011, 2012) #235).

(185) Aperture for vestibular aqueduct, in dorsal
view: at transverse level of spiral cribriform
tract (0); more lateral than spiral cribriform
tract (1) (Lambert (2005) #53; Murakami et
al. (2012a, 2012b) #186).

(186) Articular rim: absent (0); present but small,
forming ridge anterolateral to articulation
surface of posterior process of periotic and
separated from it by sulcus (1); present,
sigmoidal and laterally elongated with
hook-like process (2). (Geisler and Sand-
ers (2003) #239; Geisler et al. (2011, 2012)
#239; modified from Murakami et al.
(2012a, 2012b) #187; modified from de
Muizon (1987); Messenger (1994); Mes-
senger and McGuire (1998) #1494;
Fordyce (1994) #33; Lambert (2005) #55).

(187) Bony connection between posterior process
of periotic and squamosal/occipital bones:
present (0); absent (ligamentous). (1). (de
Muizon (1984); Arnold and Heinsohn
(1996) #34; Messenger and McGuire

(1998) #1491; Murakami et al. (2012a,
2012b) #188; derived from Fraser and
Purves (1960); Kasuya (1973); Heyning
(1989)).

(188) Posterior process of periotic in lateral view:
ventrally bent (0); in same plane as body of
periotic (1). (Bianucci (2005) #19;
Murakami et al. (2012a, 2012b) #189;
modified from Arnold and Heinsohn (1996)
#28; Lambert (2005) #54).

(189) Angle between posterior process of periotic
and long axis of pars cochlearis from dor-
sal or ventral views: >135° (0); ≤135° (1).
(Murakami et al. (2012a, 2012b) #190;
modified from Geisler and Sanders (2003)
#246; Lambert (2005) #54; Geisler et al.
(2011, 2012) #246; derived from Kasuya
(1973); Barnes (1990); Luo and Marsh
(1996)).

(190) Facet for bulla on posterior process of peri-
otic, parallel-sided; no (0); yes (1). (modi-
fied from Fordyce (1994) #63).

(191) Ventral surface of posterior process of peri-
otic, along a straight path perpendicular to
its long axis: flat (0); concave (1); convex
(2). (Murakami et al. (2012a, 2012b) #191;
modified from Geisler and Sanders (2003)
#242; Geisler et al. (2011, 2012) #242).

(192) Posterior bullar facet of periotic: with many
long deep grooves and low ridges (0); with
some shallow grooves and/or low ridges
(1); without grooves or ridges (2).
(Bianucci (2005) #20; Murakami et al.
(2012a, 2012b) #192).

(193) Length of posterior process of periotic as per-
cent length of pars cochlearis: long, ≥85%
(0); short, ≤84% (1). (Murakami et al.
(2012a, 2012b) #193; modified from
Barnes (1990); Luo and Marsh (1996) #24;
Geisler and Sanders (2003) #245; Geisler
et al. (2011, 2012) #245).

(194) Mastoid exposure of posterior process of
periotic on outside of skull: exposed exter-
nally (0); not exposed, enclosed by exoc-
cipital and squamosal (1). (Geisler and Luo
(1996) #28; Luo and Marsh (1996) #28;
Geisler and Sanders (2003) #249; Geisler
et al. (2011, 2012) #249; Murakami et al.
(2012a, 2012b) #194).

Tympanic Bulla 

(195) Anterior spine of tympanic bulla: absent (0);
present but short (1); present and long (2).
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(de Muizon (1987); Fordyce (1994) #45;
Geisler and Sanders (2003) #250; Lambert
(2005) #62; Geisler et al. (2011, 2012)
#250;Murakami et al. (2012a, 2012b)
#195; modified from Messenger and
McGuire (1998) #1484; derived from
Kasuya (1973)).

(196) Anterolateral convexity of tympanic bulla with
anterolateral notch: absent (0); present (1).
(de Muizon (1987); Fordyce (1994) #46;
Lambert (2005) #63; Murakami et al.
(2012a, 2012b) #196).

(197) Articulation of posterior process of tympanic
bulla with squamosal: process contacting
post-tympanic process of squamosal and
posterior process of periotic (0); process
contacting periotic only (1). (de Muizon
(1984); Fordyce (1994) #29; Arnold and
Heinsohn (1996) #34; Messenger and
McGuire (1998) #1481; Lambert (2005)
#56; Murakami et al. (2012a, 2012b) #197;
derived Kasuya (1973)).

(198) Width of tympanic bulla as percentage of its
length along its long axis: wide, ≥65% (0);
narrow and long, ≤64% (1). (Geisler and
Sanders (2003) #251; Bianucci (2005)
#23; Geisler et al. (2011, 2012) #251;
Murakami et al. (2012a, 2012b) #198;
derived from Kasuya (1973)).

(199) Accessory ossicle or homologous region on
lip of bulla: not fused (0); fused to anterior
process of periotic (1). (Barnes (1990);
Fordyce (1994); Luo and Marsh (1996);
Geisler and Sanders (2003) #255; Geisler
et al. (2011, 2012) #255; Murakami et al.
(2012a, 2012b) #199).

(200) Lateral furrow of tympanic bulla: shallow
groove (0); absent (1); deep, well-defined
groove (2). (Murakami et al. (2012a,
2012b) #200; modified from de Muizon
(1984, 1988); Arnold and Heinsohn (1996)
#31; Messenger and McGuire (1998)
#1485; Fajardo-Mellor et al. (2006) #17;
Lambert (2008) #17; derived from Kasuya
(1973)).

 (201) Sigmoid process: directed laterally to pos-
terolaterally (0); directed anteriorly to
anterolaterally (1). (Murakami et al.
(2012a, 2012b) #201; modified from Mes-
senger and McGuire (1998) #1486; Lam-
bert (2005) #67; Kasuya (1973)).

(202) Dorsomedial edge of sigmoid process:
expanded anteriorly to appose lateral

tuberosity of periotic (0); not articulating
with squamosal or periotic (1) (Murakami
et al. (2012a, 2012b) #202; modified from
Geisler and Sanders (2003) #260; Geisler
et al. (2011, 2012) #260; modified from Luo
and Marsh (1996) #10).

(203) Ventral margin of tympanic bulla in lateral
view: convex (0); concave (1). (Lambert
(2005) #66; Murakami et al. (2012a,
2012b) #203).

(204) Elliptical foramen of tympanic bulla: present
(0); absent or close (1). (Geisler and Sand-
ers (2003) #261; Geisler et al. (2011, 2012)
#261; Murakami et al. (2012a, 2012b)
#204; derived from Kasuya (1973)).

(205) Size of posterior process of tympanic bulla:
equal to or greater than total length of tym-
panic bulla (0); much smaller than total
length of tympanic bulla (1). (de Muizon
(1984, 1991); Heyning (1989) #23, 29;
Heyning (1997) #55, 61; Messenger and
McGuire (1998) #1482; Murakami et al.
(2012a, 2012b) #205; modified from Lam-
bert (2005) #57; derived from Yamada
(1953); Kasuya (1973)).

(206) Surface of posterior process of tympanic
bulla: spiny or irregular edges (0); cauli-
flower-like bony growth (1); rounded and
pachyostotic (2). (de Muizon (1991); Mes-
senger and McGuire (1998) #1483;
Murakami et al. (2012a, 2012b) #206;
derived from Kasuya (1973)).

(207) Median furrow: short extension on ventral
face anterior to interprominental notch (0);
anterolateral curvature of median groove
to connect to long lateral furrow on outer
lip (1); median groove reaching an anterior
level beyond lateral furrow, and often
slightly curved laterally (2); long and deep
rectilinear median groove reaching at least
to base of anterior tip of tympanic bulla (3).
(Lambert (2005) #64; Murakami et al.
(2012a, 2012b) #207).

(208) Median furrow on posterior side of bulla:
divided by a transverse ridge originating
from involucrum (0); transverse ridge
absent (1). (Geisler and Sanders (2003)
#267; Geisler et al. (2011, 2012) #267;
Murakami et al. (2012a, 2012b) #208).

(209) Posterior edge of medial prominence of invo-
lucrum: approximately in line with posterior
edge of lateral prominence (0); distinctly
anterior to posterior edge of lateral promi-
60



PALAEO-ELECTRONICA.ORG
nence (1). (de Muizon (1987); Geisler and
Sanders (2003) #269; Geisler et al. (2011,
2012) #269; Murakami et al. (2012a,
2012b) #209; derived from Kasuya
(1973)).

(210) Dorsal margin of involucrum of tympanic
bulla: not excavated (0); excavated just
anterior to posterior process (1); exca-
vated at mid-part of involucrum (2). (de
Muizon, (1988); Messenger and McGuire,
(1998) #1487; Murakami et al. (2012a,
2012b) #210, 211; modified from Lambert
(2005) #60; Geisler and Sanders (2003)
#271; Geisler et al. (2011, 2012) #271).

(211) Ridge on inside of bulla: present, as trans-
verse ridge extending laterally from involu-
crum and partially dividing cavum tympani
into anterior and posterior portions (0);
absent (1). (Geisler and Sanders (2003)
#272; Geisler et al. (2011, 2012) #272;
Murakami et al. (2012a, 2012b) #212).

(212) Ventromedial keel of tympanic bulla: present
along entire length (0); terminating approx-
imately at level of lateral furrow or mid-
point of the tympanic bulla (1); poorly
defined along entire length (2). (Geisler
and Sanders (2003) #273; Geisler et al.
(2011, 2012) #273; Murakami et al.
(2012a, 2012b) #213; derived from Kasuya
(1973)).

(213) Posterior end of ventromedial keel: not pro-
truding and directed medially (0); protrud-
ing and directed medially (1). (Geisler and
Sanders (2003) #275; Geisler et al. (2011,
2012) #275; Murakami et al. (2012a,
2012b) #214).

Hyals 

(214) Basihyal and thyrohyal connection: unfused
(0); fused (1). (Murakami et al. (2012a,
2012b) #215; modified from Bianucci
(2005) #25).

(215) Basihyal and thyrohyal shape: arched (0);
angled (1). (Murakami et al. (2012a,
2012b) #216; modified from Bianucci
(2005) #25).

Vertebrae

(216) Dorsal transverse process of atlas: devel-
oped dorsolaterally (0); fused with ventral
transverse process, with length of process
greater than width (1); absent or rudimen-
tary obtuse angle (2). (Murakami et al.

(2012a, 2012b) #217; modified from de
Muizon (1988); Barnes (1990)).

(217) Roof of neural canal of atlas: arched (0); con-
vex (1); straight (2). (Murakami et al.
(2012a, 2012b) #218).

(218) Postzygapophysis of axis in anterior view:
appearing as crest, elongated dorsolater-
ally (0); appearing as rudimentary crest
(1); not appearing (2). (Murakami et al.
(2012a, 2012b) #219).

(219) Cervical vertebrae: unfused (0); atlas and
axis fused (1); C1–C3 or C1–C4 fused (2);
C1–C6 or C1–C7 fused (3); C2–C7 fused
(4). (Murakami et al. (2012a, 2012b) #220;
modified from Arnold and Heinsohn (1996)
#9; Messenger and McGuire (1998)
#1501; Geisler and Sanders (2003) #278,
279; Fajardo-Mellor et al. (2006) #18; Lam-
bert (2008) #18; Geisler et al. (2011, 2012)
#278, 279; derived from Allen (1923);
Miller (1923); Noble and Fraser (1971); de
Smet (1977); Rommel (1990)).

(220) Length of cervicals (C1–C7) as percent of
height of vertebral body plus neural canal
of atlas: long, >150% (0); short, <150%
(1). (Murakami et al. (2012a, 2012b)
#221).

(221) Number of thoracic vertebrae: 9–11 (0); 10–
12 (1); 13–16 (2); 17–18 (3). (Murakami et
al. (2012a, 2012b) #222; modified from
Geisler and Sanders (2003) #281; Geisler
et al. (2011, 2012) #281; derived from
Sanders and Barnes (2002)).

(222) Capitular articulation facets of posterior ver-
tebrae: facets gradually shift downward on
sequential vertebrae to fuse with tubercu-
lar facets (0); facets abruptly shift from a
position on neural arch to a pedestal, origi-
nating from centrum on subsequent verte-
bra (1). (Geisler and Sanders (2003) #282;
Geisler et al. (2011, 2012) #282; Murakami
et al. (2012a, 2012b) #223; derived from
Flower (1868); Miller (1923)).

(223) Transverse processes of lumbar vertebrae:
extend parallel to anterior and posterior
borders (0); triangular (1). (de Muizon
(1984; 1985; 1988); Messenger and
McGuire (1998) #1502; Geisler and Sand-
ers (2003) #285; Geisler et al. (2011, 2012)
#285; Murakami et al. (2012a, 2012b)
#224).
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(224) Transverse processes of lumbar vertebrae:
oriented ventrolaterally (0); oriented later-
ally and horizontally (1). (Geisler and
Sanders (2003) #284; Geisler et al. (2011,
2012) #284; Murakami et al. (2012a,
2012b) #225; derived from Sanders and
Barnes (2002)).

(225) Ratio of greatest breadth of transverse pro-
cess to width of centrum at anterior face in
lumbar vertebrae: some or all lumbar ver-
tebrae >2.5 (0); no lumbar vertebrae >2.5
(1). (Murakami et al. (2012a, 2012b)
#226).

(226) Number of lumbar vertebrae: 6–8 (0); 9–12
(1); 13–15 (2); 16–19 (3); 20–25 (4); >26
(5). (Murakami et al. (2012a, 2012b) #227;
modified from Geisler and Sanders (2003)
#287, (2012) #287; Bianucci (2005) #39;
Geisler et al. (2011) #287).

(227) Number of caudal vertebrae: 15–20 (0); 21–
27 (1); 28–33 (2); 34–40 (3); >41 (4).
(Murakami et al. (2012a, 2012b) #228;
modified from Geisler and Sanders (2003)
#288; Bianucci (2005) #40; Geisler et al.
(2011, 2012) #288).

Sternum and Sternal Ribs

(228) Sternum: consists of four or five parts (0);
consists of two or three parts (1); consists
of single bone (2). (Murakami et al.
(2012a, 2012b) #229; modified from Geis-
ler and Sanders (2003) #290; Geisler et al.
(2011) #290; derived from Yablokov
(1964); Van Valen (1968)).

(229) Ventrolateral processes on manubrium of
sternum: absent (0); present but small,
occur ventral to articulation surface of first
costal cartilage or rib (1). (de Muizon
(1988); Messenger and McGuire (1998)
#1503; Geisler and Sanders (2003) #289;
Geisler et al. (2011, 2012) #289; Murakami
et al. (2012a, 2012b) #230; derived from
Klima et al. (1980)).

(230) Sternal ribs: unossified or ossification of
fewer than five pairs (0); ossification of five
pairs or more (1). (Murakami et al. (2012a,
2012b) #231; derived from Flower (1867)).

(231) Number of two head ribs: ≥9(0); 8 (1); ≤7 (2).
(Murakami et al. (2012b) #282).

Scapula

(232) Anterodorsal part of scapula: rounded (0);
rounded and anterior edge pointed (1);

almost rectilinear (2). (Murakami et al.
(2012a, 2012b) #232).

(233) Ventral projection on anterior border of scap-
ula: absent (0); present (1). (Fajardo-Mel-
lor et al. (2006) #26; Murakami et al.
(2012a, 2012b) #233; derived from Noble
and Fraser (1971)).

(234) Anterior slope on scapula between anterior
angle and midpoint of glenoid fossa with
anterior and posterior margin of glenoid
fossa on a plane: shallow, <35° (0);
steeper, >35° (1). (modified from Murakami
et al. (2012a, 2012b) #234; modified from
Bianucci (2005) #31).

(235) Posterior slope on scapula, between scapula
and midpoint of glenoid fossa with anterior
and posterior margin of glenoid fossa on a
plane: shallow, <25° (0); steeper, >25° (1).
(modified from Murakami et al. (2012a,
2012b) #235; modified from Bianucci
(2005) #32).

(236) Crest between infraspinous fossa and teres
fossa: weakly developed (0); strongly
developed (1). (Murakami et al. (2012a,
2012b) #236).

(237) Coracoid process of scapula: not expanded
distally (0); expanded distally (1); notably
reduced or absent (2). (Murakami et al.
(2012a, 2012b) #237; modified from de
Muizon (1987, 1994); Messenger and
McGuire (1998) #1504; Geisler and Sand-
ers (2003) #292; Lambert (2005) #73;
Bianucci (2005) #33; Geisler et al. (2011)
#292; derived from True (1904)).

(238) Coracoid process of scapula, with glenoid
fossa: directed horizontally (0); directed
nearly anterodorsally (1); directed antero-
ventrally (2). (modified from Murakami et
al. (2012a, 2012b) #238; modified Barnes
(1990)).

(239) Acromion of scapula: narrow and not
expanded distally (0); expanded distally
(1). (Murakami et al. (2012a, 2012b) #239;
modified from Bianucci (2005) #34).

(240) Acromion of scapula, when glenoid fossa
direct ventrally: directed horizontally (0);
directed anterodorsally (1); directed
anteroventrally (2). (Murakami et al.
(2012a, 2012b) #240; modified from
Barnes (1990)).

(241) Supraspinous fossa of scapula: present (0);
absent or nearly absent (1). (de Muizon
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(1987, 1994); Geisler and Sanders (2003)
#293; Lambert (2005) #72; Geisler et al.
(2011, 2012) #293; Murakami et al.
(2012a, 2012b) #241).

Forelimb (except scapula)

(242) Ratio of length of humerus to length of
radius: long, >1.1 (0); short, <0.8 (1).
(Murakami et al. (2012a, 2012b) #242;
modified from Sanders and Barnes (2002);
Geisler and Sanders (2003) #297; Geisler
et al. (2012; 2011) #297).

(243) Location of apex of deltopectoral tuberosity
of humerus: within proximal 65% of
humerus (0); within distal 35% of humerus
(1). (Murakami et al. (2012a, 2012b) #243;
modified from de Muizon (1988); Messen-
ger and McGuire (1998) #1506; Geisler
and Sanders (2003) #295; Bianucci (2005)
#35; Geisler et al. (2011, 2012) #295).

(244) Prominent deltoid crest on anterior edge of
humerus: present, forms greatest antero-
posterior diameter along shaft (0); forming
a knob-like tuberosity (1); neither tuberos-
ity or crest absent (2). (Geisler and Sand-
ers (2003) #294; Geisler et al. (2011, 2012)
#294; Murakami et al. (2012a, 2012b)
#244; derived from Sanders and Barnes
(2002)).

(245) Radial and ulnar facets of humerus in lateral
view: facets forming a semicircular articu-
lation surface (0); facets forming an obtuse
angle (1). (Barnes (1990); Geisler and
Sanders (2003) #296; Geisler et al. (2011,
2012) #296; Murakami et al. (2012a,
2012b) #245).

(246) Olecranon process: present as a distinct pro-
cess (0); present as a slightly raised proxi-
mal posterior edge (1); absent (2).
(Messenger and McGuire (1998) #1507;
Geisler and Sanders (2003) #296; Geisler
et al. (2011, 2012) #284; Murakami et al.
(2012a, 2012b) #246; modified from de
Muizon (1984); Barnes (1990); Arnold and
Heinsohn (1996) #10; Fajardo-Mellor et al.
(2006) #28; derived from Howell (1927);
Bianucci (2005) #37).

Soft Tissues

(247) Spermaceti organ: absent (0); present (1).
(Fordyce (1994) #17; Messenger and
McGuire (1998) #1511; Geisler and Sand-
ers (2003) #97; Geisler et al. (2011, 2012)

#97; Murakami et al. (2012a, 2012b) #247;
derived from Norris and Harvey (1972);
Cranford et al. (1996)).

(248) Museau de singe: absent (0); present (1).
(Messenger and McGuire (1998) #1512;
Murakami et al. (2012a, 2012b) #248;
derived from Norris (1964); Cranford et al.
(1996)).

(249) Lateral lips of nasal plug: present (0); absent
(1). (Messenger and McGuire (1998)
#1523; Murakami et al. (2012a, 2012b)
#249).

(250) Proximal sac: single frontal sac (0); sac com-
plex, with nasofrontal sacs and vestibule
(1). (Heyning (1989) #6, 11, 17; Heyning
(1997) #33, 43, 49; Fordyce (1994) #16;
Messenger and McGuire (1998) #1531,
1532; Lambert (2005) #18; Murakami et al.
(2012a); Murakami et al. (2012b) #250).

(251) Posterior nasal sacs: absent (0); present (1).
(Heyning (1989) #41; Heyning (1997) #73;
Arnold and Heinsohn (1996) #6; Messen-
ger and McGuire (1998) #1534; Murakami
et al. (2012a, 2012b) #251).

(252) Posterior nasal sacs: single (0); divided (1).
(Messenger and McGuire (1998) #1535;
Murakami et al. (2012a) #252).

(253) Anterior section of nasofrontal sac: absent
(0); present (1). (Messenger and McGuire
(1998) #1536; Murakami et al. (2012a,
2012b) #253).

(254) Anterior part of nasofrontal sac: smooth (0);
trabeculate (1). (Messenger and McGuire
(1998) #1537; Fajardo-Mellor et al. (2006)
#35; Murakami et al. (2012a, 2012b) #254;
derived from Heyning (1989)).

(255) Vestibular sac: absent (0); present (1); hyper-
trophied (2). (Heyning (1989) #28; Heyning
(1997) #60; Fordyce (1994) #31; Arnold
and Heinsohn (1996) #1, 3; Messenger
and McGuire (1998) #1541; Lambert
(2005) #17; Fajardo-Mellor et al. (2006)
#39; Murakami et al. (2012a, 2012b)
#255).

(256) Floor of vestibular sac (nasal sac): not rigid
(0); rigid (1). (Heyning (1989) #38; Heyning
(1997) #70; Arnold and Heinsohn (1996)
#2; Messenger and McGuire (1998)
#1543; Fajardo-Mellor et al. (2006) #38;
Murakami et al. (2012a, 2012b) #256).

(257) Vestibular sac (nasal sac): undivided (0);
bilaterally divided (1). (Messenger and
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McGuire (1998) #1544; Fajardo-Mellor et
al. (2006) #36; Murakami et al. (2012a,
2012b) #257; derived from Heyning
(1989)).

(258) Right and left sides of vestibular sac (nasal
sac): same size (0); right side larger than
left (1). (Heyning (1989) #30; Heyning
(1997) #62; Messenger and McGuire
(1998) #1545; Murakami et al. (2012a,
2012b) #258).

(259) Intrinsic muscle in vestibular sac (nasal sac):
absent (0); present (1). (Messenger and
McGuire (1998) #1546; Fajardo-Mellor et
al. (2006) #37; Murakami et al. (2012a,
2012b) #259; derived from Mead (1975)).

(260) Floor of vestibular sac (nasal sac): smooth
(0); wrinkled (1). (Heyning (1997) #70;
Arnold and Heinsohn (1996) #2; Messen-
ger and McGuire (1998) #1543; Murakami
et al. (2012a, 2012b) #260).

(261) Diagonal membrane: absent (0); present (1).
(Messenger and McGuire (1998) #1550;
Murakami et al. (2012a, 2012b) #261;
Heyning (1989)).

(262) Spiracular cavity: slit-like (0); rounded (1).
(Messenger and McGuire (1998) #1552;
Murakami et al. (2012a, 2012b) #262).

(263) Pars posteroexternus muscle: absent (0);
present (1). (Messenger and McGuire
(1998) #1553; Murakami et al. (2012a,
2012b) #263).

(264) Pars intermedius muscle: absent (0); present
(1). (Messenger and McGuire (1998)
#1554; Murakami et al. (2012a, 2012b)
#264).

(265) Pars posterointerus muscle: absent (0); pres-
ent (1). (Messenger and McGuire (1998)
#1556; Murakami et al. (2012a, 2012b)
#265).

(266) Pars anterointerus muscle: one insertion (0);
two insertions (1). (Messenger and
McGuire (1998) #1557; Murakami et al.
(2012a, 2012b) #266).

(267) Blowhole shape: longitudinal slit, may be
slightly sigmoidal or angled (0); crescent,
with apices pointed anteriorly (1); crescent,
with apices pointed posteriorly, may be
skewed (2); rectangular (3). (Murakami et
al. (2012a, 2012b) #267; modified from
Messenger and McGuire (1998) #1525).

(268) Soft tissues of nasal passages distal to bony
external nares: separated for most of their

length but confluent just proximal to blow-
hole (0); confluent (1). (Heyning (1989);
Fordyce (1994) #20; Messenger and
McGuire (1998) #1529; Geisler and Sand-
ers (2003) #95; Lambert (2005) #16; Geis-
ler et al. (2011, 2012) #95; Murakami et al.
(2012a, 2012b) #268).

(269) Distal sac: absent (0); present, situated
immediately distal to museau de singe (1).
(Murakami et al. (2012a, 2012b) #269;
modified from Heyning (1989) #12;
Heyning (1997) #44; Fordyce (1994) #14;
Messenger and McGuire (1998) #1533;
Geisler and Sanders (2003, 2012) #99;
Lambert (2005) #19; Geisler et al. (2011)
#99).

(270) Blowhole ligament: absent (0); present (1).
(Heyning (1989) #15; Heyning (1997) #44;
Fordyce (1994) #13; Messenger and
McGuire (1998) #1527; Geisler and Sand-
ers (2003) #101; Lambert (2005) #20;
Geisler et al. (2011, 2012) #101; Murakami
et al. (2012a, 2012b) #270).

(271) Blowhole ligament: not appressed against
skull (0); appressed against skull (1).
(Messenger and McGuire (1998) #1528;
Murakami et al. (2012a, 2012b) #271).

(272) Cartilage on blowhole ligament: absent (0);
present (1). (Messenger and McGuire
(1998) #1529; Murakami et al. (2012a,
2012b) #272).

(273) Premaxillary sac: absent (0); present (1).
(Heyning (1989) #16; Heyning (1997) #48;
Messenger and McGuire (1998) #1538;
Geisler and Sanders (2003) #105; Geisler
et al. (2011, 2012) #105; Murakami et al.
(2012a, 2012b) #273).

(274) Accessory sac: absent (0); present, forms
small diverticulum of inferior vestibule and
extends anterolaterally around the attach-
ment of blowhole ligament to the premax-
illa (1). (Messenger and McGuire (1998)
#1549; Geisler and Sanders (2003) #106;
Fajardo-Mellor et al. (2006) #40; Geisler et
al. (2011, 2012) #106; Murakami et al.
(2012a, 2012b) #274; derived from Schen-
kkan (1971); Mead (1975); Heyning
(1989)).

(275) Esophageal forestomach: present (0); absent
(1). (Geisler and Sanders (2003) #300;
Geisler et al. (2011, 2012) #300; Murakami
et al. (2012a, 2012b) #275; derived from
Mead (1989); Rice and Wolman (1990)).
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(276) External throat grooves: absent (0); one pair
converged anteriorly (1); irregular in num-
ber and shape (2). (Murakami et al.
(2012a) #276; modified from Messenger
and McGuire (1998) #1512, 1513; Geisler
and Sanders (2003) #301; Geisler et al.
(2011, 2012) #301).

(277) Dorsal fin: present (0); dorsal hump (1);
absent (2). (Murakami et al. (2012a) #277;
modified from Messenger and McGuire
(1998) #1562; Geisler and Sanders (2003,
2012) #304; derived from Leatherwood
and Reeves (1983); Jefferson and New-
comer (1993); Reeves et al. (2002)).

(278) Shape of flipper: fan shaped (0); rounded at
tip (1); sharply pointed at tip (2); entire flip-
per rounded (3). (Murakami et al. (2012a)
#278; modified from Fajardo-Mellor et al.
(2006) #31; Lambert (2008) #25; derived
from Leatherwood and Reeves (1983);
Brownell et al. (1987)).

Newly added characters

(279) Intra-premaxillary foramen on posterior dor-
sal surface of skull, which is bounded by
premaxilla and maxilla: absent (0); present
(1).

(280) Shape of restricted area between postorbital
ridge of frontal and subtemporal crest from
ventral view: anteroposteriorly long ellipti-
cal (0); wide fan-shape (1); narrow fan-
shape (2), rhombus (3).

(281) Temporal fossa shape in lateral view: height
lower than anteroposterior length (0);

higher (1); nearly equilateral square (2);
lower and its posterior end is rounded (3).

(282) Anterior zygomatic process end of squmosal
in lateral view: tapered (0); squared (1).

(283) Basioccipital width compared with maximum
width of skull in ventral view: narrow, less
than 50% (0), wider larger than 51% (1).

(284) Occipital condyles; on pedicle (0); lacking
pedicle, unified with occipital (1).

(285) Incisors relatively delicate and procumbent:
no (0); yes (1). (Fordyce (1994) #42).

(286) Crown of heterodont teeth: long (>10 mm)
(0); short (<10mm) (1). (Fordyce (1994)
#58).

(287) Large incisor tusk: absent (0); present (1).

(288) Profile of anterior process of periotic ventrally
deflected in lateral view: no, has crudely
rectangular profile (0); smoothly deflected
(1); abruptly deflected (2). (Fordyce (1994)
#25).

(289) Cochlear aqueduct on periotic large with a
thin edge: no (0); yes (1). (Fordyce (1994)
#28).

(290) Thickness dorsoventral of pars cochlearis on
periotic; thick (0) flat (1) (Gutstein et al.
(2014)).

(291) Profie of cochlear on periotic in dorsoventral;
rounded (0), sub-rectangular (1), squared
(2). (modified from Fordyce (1994) #61;
Bianucci et al. (2013) #2).

(292) Acromion process of scapula lies on anterior
edge, with loss of supraspinous fossa: no
(0); yes (1). (de Muizon (1987); Fordyce
(1994) #48).
65



TANAKA & FORDYCE: FOSSIL PLATANISTOID DOLPHIN
APPENDIX 5. 

List of coding modifications.

List of modifications to the original codings
and character descriptions of Tanaka and Fordyce
(2014). The initial number refers to the character
number in Appendix 4. Character numbers are
identified by a hatch #. For some characters, a new
state (generally 2) was added to indicate the hith-
erto uncoded situation in the outgroup taxon.

(3) Premaxillae mediolateral proportion: not com-
pressed mediolaterally (0); compressed
mediolaterally at anterior of rostrum (1).

Platanista gangetica 0 to 1

(34) Antorbital process of maxilla in dorsal view: tri-
angular (0); robust and globose or rectilin-
ear (1); absent (2); formed by lacrimal (3).

The qualifier “of maxilla in dorsal view” is added in
the character description.
A new state, absent (2), is added for Archaeoceti,
and a new state, formed by lacrimal (3), is added
for Archaeodelphis and Xenorophus, and codings
are changed as below.

Georgiacetus vogtlensis - to 2
Zygorhiza kochii - to 2
Archaeodelphis patrius 2 to 3
Xenorophus sloanii 2 to 3

(44) Ventromedial edge of internal opening of infra-
orbital foramen: formed by maxilla (0);
formed by maxilla and palatine and/or pter-
ygoid (1); formed by palatine and/or ptery-
goid (2).

Otekaikea marplesi 1 to 0

(55) Premaxillary foramen locating: medial (0);
midpoint to lateral (1) absent (2) 

A state (2) “absent” is added for the Archaeoceti.
Georgiacetus vogtlensis - to 2
Zygorhiza kochii - to 2

(57) Posterolateral sulcus: deep (0); shallow or
absent (1); presence of additional postero-
lateral sulcus (longitudinal striation) (2)
presence of additional posterolateral sul-
cus or changing into longitudinal striation
(3).

Two Archaeoceti codings were changed because
of uncertain homology.

Georgiacetus vogtlensis 1 to ?
Zygorhiza kochii 1 to ?
Otekaikea marplesi 1 to ? (damaged)

In addition, based on Murakami et al. (2014) (# 55,
see Supplementary 5), state (2) was changed from

“presence of additional posterolateral sulcus (longi-
tudinal striation) (2)”, state (3) was added and cod-
ings are changed as below.

Archaeophocaena teshioensis 1 to 2
Australithax intermedia 1 to 2
Haborophocoena toyoshimai 1 to 2
Lomacetus ginsburgi 1 to 2
Piscolithax boreios 1 to 2
Piscolithax longirostris 1 to 2
Piscolithax tedfordi 1 to 2
Salumiphocaena stocktoni 1 to 2
Septemtriocetus bosselaersi 1 to 2
Phocoena spinipinnis 2 to 3
Phocoena dioptrica 2 to 3
Phocoena phocoena 2 to 3
Phocoenoides dalli 2 to 3
Neophocaena phocaenoides 2 to 3
Miophocaena nishinoi 2 to 3

(90) Nasals: fossae on nasals absent (0); smooth-
surfaced fossa on anterior to anterolateral
surface (1) anteromedially depressed (2).

State (2) was added for the nasals of Simocetus
rayi, which “is sculputured anteromedially” (see
Fordyce (2002)) like steps.

(97) Vertex: absent (0); present (1); highly devel-
oped (2).

Character name is changed from “synvertex”,
because the term has been used for elevated ver-
tex of the Ziphiidae (here, state 2 is equivalent to
the synvertex).
Codings for the Delphinoidea were changed from 0
to 1.

(102) Roof of temporal fossa formed by: frontals
(0); frontals, but with large opening through
maxillae and/or premaxillae exposing mar-
gins of window formed by a frontal ring (1)
absent (2)

State (2) is added for the Archaeoceti and archaic
odontocetes (Simocetus rayi) with an open
unroofed temporal fossa.

Georgiacetus vogtlensis – to 2
Zygorhiza kochii – to 2
Archaeodelphis patrius – to 2

(111) Emargination of posterior edge of zygomatic
process by sternomastoid muscle fossa,
skull in lateral view: absent, posterior edge
forming nearly right angle with dorsal edge
of zygomatic process of squamosal (0);
shallow emargination (1); deep emargina-
tion (2).
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Character description is changed from “sternomas-
toid muscle fossa” to “neck muscle fossa” (see
description of the squamosal).
Squalodelphis fabianii 2 to 1
Agorophius pygmaeus 0 to 1

(142) Falciform process of squamosal: plate-like
with anteroposteriorly wide base (0); rod-
like with narrow base (1); poorly developed
or absent (2).

Otekaikea marplesi 0 to ?

(154) Vomer: posterior edge terminating on or at
anterior edge of basisphenoid (0); termi-
nating on basioccipital, covering basioccip-
ital-basisphenoid suture ventrally (1).

Waipatia maerewhenua 1 to 0
Otekaikea marplesi 1 to 0

Notocetus vanbenedeni 1 to 0
Pomatodelphis inaequalis 1 to 0
Papahu taitapu 1 to 0
Squaloziphius emlongi 1 to 0
Prosqualodon davidis 1 to ?

(202) Dorsomedial edge of sigmoid process:
expanded anteriorly to appose lateral
tuberosity of periotic (0); not articulating
with squamosal or periotic (1).

Character description is changed.

(238) Coracoid process of scapula, with glenoid
fossa: directed horizontally (0); directed
nearly anterodorsally (1); directed antero-
ventrally (2).

“directed ventrally” in the character description is
deleted.
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APPENDIX 6. 

Specimen list for newly added characters.

Specimens which were used for codings of 
newly added characters.

Institutional abbreviations - ALMNH, Alabama
Museum of Natural History, Tuscaloosa, USA;
AMNH, American Museum of Natural History, New
York, USA; AMP, Ashoro Museum of Paleontology,
Ashoro, Hokkaido, Japan; BMMH, British Museum
Natural History, UK; CBM, Natural History Museum
and Institute, Chiba, Japan; CMM, Calvert Marine
Museum, Solomons, Maryland, USA; GSM, Geor-
gia Southern Museum, Statesboro, USA; HMNH,
Haboro Museum of Natural History, Haboro, Hok-
kaido, Japan; IGUP, Instituto di Geologia del’ Uni-
versita di Padova, Italy; IRSNB, Institut Royal des
Sciences Naturelles de Belgique, Brussels, Bel-
gium; MCZ, Museum of Comparative Zoology, Har-
vard University, Cambridge, Massachusetts, USA;
MLP, Museo de La Plata, La Plata, Argentina;
MNHN, Museum National d`Histoire Naturelle,
Paris, France; NHMW, Natural History Museum.
Vienna. Austria; NMNZ, Museum of New Zealand
Te Papa Tongarewa, Wellington, New Zealand;
NMV, Museum Victoria, Melbourne, Australia;
NSMT, National Science Museum of Tokyo, Japan:
OM, Otago Museum, Dunedin, New Zealand; OU,
Geology Museum, University of Otago, Dunedin,
New Zealand; PIN, Paleontological Institute, Mos-
cow; SMNK, Staatliches Museum für Naturkunde,
Karlsruhe, Germany; UCMP, University of Califor-
nia Museum of Paleontology, Berkeley, USA; UCR,
Department of Geological Science, University of
California at Riverside, USA; USNM, United States
National Museum of Natural History, Washington
DC, USA; YPM, Peabody Museum, Yale Univer-
sity, New Haven, Connecticut, USA.

List of the specimens 

Agorophius pygmaeus: photos of MCZ 8761 from
True (1904)

Albireo whistleri: Photos of UCR 14589 (skull, peri-
otic) from Barnes (2008)

Archaeodelphis patrius: photos of MCZ 15749

Archaeophocaena teshioensis: photos and illustra-
tions of NMV 56 (skull) from Murakami et
al. (2012b).

Atocetus iquensis: photos of MNHN PPI 113
(skull), 115 (periotic) and 114 (bulla) from
de Muizon (1988)

Australithax intermedia: photos and illustrations of
MNHN PPI 65 (skull) and 111 and 112
(periotics) from de Muizon (1988)

Berardius bairdii: AMP exhibition (skull and skele-
ton), earbone photos from Kasuya (1973)

Brachydelphis mazeasi: photos of MNHN PPI 121
(skull) and 126 (periotic) from de Muizon
(1988)

Cephalorhynchus hectori: OU 22712 (skull and
scapulae)

Delphinapterus leucas: NSMT M34189 (skull and
skeleton) and photos of AMNH 1800017
(periotic and bulla) from Kasuya (1973)

Delphinus delphis: Skull of NMNZ 2852.

Denebola brachycephala: photos of UCR 21245
from Barnes (1984a)

Georgiacetus vogtlensis: photos of GSM 350 from
Hulbert et al. (1998)

Globicephala macrorhynchus: Skeleton of CBM.

Haborophocoena toyoshimai: photos and illustra-
tions of HMNH 110-1 (skull, periotic and
bulla) from Ichishima and Kimura (2005)

Hadrodelphis calvertense: photos and illustrations
of CMM V 11 (skull, periotic and bulla) from
Dawson (1996)

Inia geoffrensis: USNM 49582, 396166, 395614
(ear bones in situ), photos from Gutstein et
al (2014)

Kentriodon pernix: OU cast and Kellogg (1927) fig-
ures of USNM 8060 (periotic and bulla),
OU skull cast of USNM 10670

Kogia sp.: an OM skull and earbones

Lipotes vexillifer: photos, illustrations from Miller
(1918) and Zhou et al. (1979), OU cast of
AMNH specimens (periotic and bulla)

Mesoplodon grayi: OM A.64.1

Miophocaena nishinoi: photos and illustrations of
NMV 6 (skull and periotic) from Murakami
et al. (2012b).

Monodon monoceros: NSMT M33766 (skull and
skeleton) and photos of SDNHM 7096 and
AMNH 73318 (periotic and bulla) from
Kasuya (1973).

Neophocaena phocaenoides: Skeleton of CBM.
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Notocetus vanbenedeni: MLP 5-5 (skull); AMNH
9485 (skull and bulla); AMNH 29026 (peri-
otic, bulla and scapula)

Odobenocetops peruvianus: OU skull cast of
SMNK Pal 2492

Orcinus orca: OU ear bones and NSM skeleton

Otekaikea marplesi: OM GL 421

Otekaikea sp.: OU 22306

Papahu taitapu: OU 22066

Parapontoporia sternbergi: photos of LACM 6238
(skull) and UCMP 88581, 88589, LACM
58901, 103975 (periotics) from Barnes
(1985b)

Patriocetus kazakhstanicus: photos of PIN 3067
(skull) from Dubrovo and Sanders (2000)

Phocoena dioptrica: photos of NMV C10323
(skull).

Phocoena phocoena: illustrations of BMNH
1965.3.30.1 (1971).

Phocoena sinus: illustrations of BMNH 69.678
(1971).

Phocoena spinipinnis: illustrations of BMNH
1900.5.7.29 (1971).

Physeter macrocephalus: NSM exhibition (skull
and skeleton), ZMT 612 (periotic and bulla)

Piscolithax boreios: illustrations of UCR 15975
(skull) from Barnes (1984a).

Piscolithax tedfordi: illustrations of UCR 15972
(skull) from Barnes (1984a).

Platanista gangetica: NSMT M 24856; NSMT M
24862

Pliopontos littoralis: photos of MNHN SAS 931
from de Muizon (1983)

Pomatodelphis inaequalis: photos of 15750 MCZ
(Type skull) from Allen 1921; a photo of
USNM 187414 (bulla) from de Muizon
(1987)

Pontoporia blainvillei: USNM 48942 

Prosqualodont davidi: photos and illustrations of
the type from Flynn (1948) and OU cast of
the type

Pseudorca crassidens: Skull NSM

Pterophocaena nishinoi: photos of NMV 7 (skull,
periotic and bulla) from Murakami et al.
(2012a)

Salumiphocaena stocktoni: illustrations of UCMP
34576 (skull and earbones) from Wilson
(1973).

Septemtriocetus bosselaersi: photos and illustra-
tions of IRSNB M. 1928 (skull) from Lam-
bert (2008).

Simocetus rayi: OU cast of USNM 256517

Squalodelphis fabianii: OU cast (IGUP Type skull,
mandible and ear bones in situ), photos of
IGUP 26378 (periotic and bulla) from de
Muizon (1987)

Squalodon calvertensis: OU skull cast of USNM
exhibition and OU periotic cast of USNM
10484.

Stenella attenuata: Skeleton of CBM.

Eodelphinus kabatensis: photos of NMN 68037
(skull and ear bones) from Murakami et al.
(2014)

Steno bredanensis: Skull of NMNZ 1736.

Tasmacetus shepherdi: OU exhibition (skull, peri-
otic and bulla)

Tursiops truncatus: OU 21820

Microcetus hectori NMNZ Ma 653 (skull and man-
dible)

Microcetus ambiguus photos of type teeth

Microcetus sharkovi Dubrovo in Dubrovo and Shar-
kov (1971) OU cast of skull and mandible

Waipatia maerewhenua: OU 22095

Xenorophus sloanii: USNM 11049 (skull)

Xiphiacetus bossi: USNM 8842 (skull and skeleton)
and 10711 (skull)

Zarhachis flagellator: USNM 10911

Ziphius cavirostris: OU 22724 (skull, periotic and
bulla)

Zygorhiza kochii: OU cast (a skull of USNM V
11962), OU cast (a periotic of ALMNH
2000.1.2.1), OU 22125 (skull, periotic and
bulla)
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APPENDIX 7. 

Complete strict consensus tree of the equally weighted analysis.
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APPENDIX 8. 

Complete strict consensus tree of the implied weighting analysis.
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