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Muizon, 1983: clues on the evolutionary history of the
family Ziphiidae (Cetacea: Odontoceti)
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Ninoziphius platyrostris, from the late Neogene of Peru, is one of the best-known fossil beaked whales (Odontoceti:
Ziphiidae), with a holotype including the skull with ear bones, mandibles, teeth, and postcranial elements.
Furthermore, based on several characters, including a complete functional upper and lower dentition, it is usually
considered as one of the most archaic ziphiids. However, the poorly preserved dorsal portion of the holotype skull
has led to unresolved phylogenetic relationships. With the addition of two newly prepared skulls from the same
Peruvian locality we redescribed N. platyrostris. In the light of recent ziphiid discoveries, an emended diagnosis of
the species is proposed here. In our cladistic analysis Ninoziphius is the most basal stem ziphiid. Newly observed
or reassessed morphological traits allow functional and ecological considerations. The morphology of the oral
apparatus suggests that Ninoziphius was less specialized for suction feeding than most extant ziphiids. Tooth wear
in the holotype may indicate benthic feeding. Although the vertebral column of Ninoziphius corresponds to less
developed locomotor abilities for deep dives, its cranial morphology does not provide definitive arguments for an
echolocation system less efficient than in deep diving extant ziphiids. Finally, the phylogenetic tree produced was
used to detail the evolutionary history of several major ziphiid features (dental reduction, development of
mandibular tusks, and increased body size).
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INTRODUCTION sonar (echolocation) and catching them without tooth
prehension (Heyning & Mead, 1996; Johnson et al.,
2004; Tyack et al., 2006; Werth, 2006; Minamikawa,
Iwasaki & Kishiro, 2007). Indeed, most extant ziphi-
ids lack a functional dentition; only one or two pairs
of mandibular tusks erupt in adult males, most likely
involved, at least in some species, in intraspecific
fights, in addition to the occasional occurrence of
vestigial teeth in the gum (Boschma, 1951; Heyning,
1984; MacLeod, 2002; MacLeod & Herman, 2004).
The oldest fossil ziphiids date from the late
*Corresponding author. E-mail: early—middle Miocene (Bianucci et al., 2005; Lambert
olivier.lambert@naturalsciences.be & Louwye, 2006) and the fossil record of the family

Beaked whales (Ziphiidae) are a fascinating family
of medium to large size toothed whales (Odontoceti),
including at least 21 species in six genera (Dalebout
et al., 2002; Mead, 2008). Extant members display a
series of morphological, physiological, and behav-
ioural adaptations to deep diving and suction feeding;
several species have been recorded at depths beyond
1000 m, searching for cephalopods or fish with their
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has improved greatly in recent years (Bianucci &
Post, 2005; Lambert, 2005¢; Bianucci, Lambert &
Post, 2007, 2010; Post, Lambert & Bianucci, 2008;
Lambert, Bianucei & Post, 2009; Bianucci et al.,
2013), with the number of known fossil species now
higher than the number of extant species as a conse-
quence. The fossil beaked whale Ninoziphius platyro-
stris de Muizon, 1983, known from material from the
latest Miocene—Pliocene of Peru (Pisco Formation), is
an important species for several reasons. First it is
one of the best-known fossil ziphiids, with a holotype
including a partial skull with ear bones, mandibles,
teeth, vertebrae, ribs, sternum, and distal flipper ele-
ments. Secondly, a complete set of upper and lower
teeth is observed, as in the extant Tasmacetus shep-
herdi and the extinct Messapicetus spp. Furthermore,
Ninoziphius displays several additional characters
in the vertex, the palate, and the periotic that are
usually interpreted as primitive for a ziphiid (de
Muizon, 1984; Bianucci ef al., 2010). Unfortunately,
the facial area and the dorsal part of the rostrum are
poorly preserved in the holotype, diagnostic ziphiid
characters remaining therefore unknown in Ninoz-
iphius. For this reason, this taxon was not included in
recent ziphiid phylogenies (Bianucci, Post & Lambert,
2008; Lambert et al., 2009; Bianucci efal., 2010,
2013); it only appeared in a more general cetacean
cladistic analysis, where it falls as a stem or crown-
ziphiid depending on the character set (Geisler et al.,
2011). More fragmentary ziphiid remains from other
late Neogene localities (Florida and North Carolina,
USA) have been tentatively referred to Ninoziphius
(de Muizon, 1984; de Muizon & DeVries, 1985;
Morgan, 1994; Whitmore & Kaltenbach, 2008), but
none of these have provided additional information on
the most informative parts of the skull.

Two undescribed specimens of N. platyrostris, origi-
nating from the same Peruvian latest Miocene—
Pliocene locality as the holotype, were discovered by
one of us (C. M.) in the early eighties and have been
recently prepared. These partial skulls provide data
on previously unknown parts of N. platyrostris. In the
light of recent fossil ziphiid discoveries, we propose a
description of these two new specimens and further
description of relevant parts of the holotype in order
to comprehend better the anatomy and phylogenetic
relationships of this important archaic ziphiid, and to
eventually provide comments about the evolution
of the main morphological and ecological features of
members of the family.

MATERIAL AND METHODS
INSTITUTIONAL ABBREVIATIONS

IRSNB, Institut Royal des Sciences Naturelles de
Belgique, Brussels, Belgium; MNHN, Muséum

National d’Histoire Naturelle, Paris, France; USNM,
National Museum of Natural History, Smithsonian
Institution, Washington D.C., USA; ZMA, Zootlogisch
Museum Amsterdam, Amsterdam, The Netherlands.

FOSSIL PREPARATION

Enclosed in a fine-grained sand cemented with car-
bonatic matrix, referred specimen MNHN SAS
1628a-e was prepared using acid etching (bath of
formic acid diluted in water, concentration about 10%,
with tricalcium phosphate buffer); this technique,
which was also used for the preparation of the
holotype, allowed the preservation of fragile bone
elements, including the delicate, in some places trans-
lucent, lateral lamina of the pterygoid, as well as the
peculiar inner surface of the hamular fossa.

CLADISTIC ANALYSIS

The phylogenetic relationships of Ninoziphius with
the other 22 ziphiid genera (including the six Recent
genera) were investigated by means of a matrix of 46
characters (see Appendices S1-52) partly taken from
previous analyses (Lambert, 2005a, b, ¢; Bianucci
et al., 2007, 2010, 2013; Lambert et al., 2009;). We
also included in the analysis Squaloziphius, a fossil
odontocete genus whose relationships with ziphiids
(de Muizon, 1991; Fordyce & Muizon, 2001) are still
debated (Fordyce & Barnes, 1994; Geisler & Sanders,
2003; Lambert & Louwye, 2006). Squalodon, Waipa-
tia, and the eurhinodelphinids Eurhinodelphis,
Schizodelphis, and Ziphiodelphis were used as out-
groups. The genus Mesoplodon, possibly paraphyletic
(Bianucci et al., 2007), is represented by the type
species Mesoplodon bidens. We preferred not to
include in our analysis the fossil ziphiid genera based
on very fragmentary material (e.g. Caviziphius and
Khoikhoicetus) because it can be difficult for taxa
for which very few characters have been scored to
be placed accurately on the tree, with a consequent
decrease in the phylogenetic accuracy (Wiens, 2003).
Character states were designed to be plesiomorphic
(0) or derived (1 — n) according to the outgroup com-
parison method of Maddison, Donoghue & Maddison
(1984). The matrix includes 46 morphological charac-
ters; 26 binary (5, 6, 12, 17, 18, 19, 20, 21, 24, 25,
26, 27, 29, 30, 31, 32, 33, 35, 37, 38, 40, 41, 42, 43, 44,
46), 14 multistate ordered (1, 3, 7, 8, 9, 11, 13, 14, 15,
16, 22, 23, 36, 45), and six multistate unordered (2, 4,
10, 28, 34, 39). One character (26) was parsimony-
uninformative in this analysis. Multistate characters
were treated as ordered when character states could
be arranged so that each state was most similar to the
states adjacent to it (e.g. state 1 is most similar to
states 0 and 2) (Geisler & Sanders, 2003). As neither
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the number of fossil specimens available nor the
number of individuals of the living taxa measured
were sufficient to lend statistical significance to the
standard deviations of the variations within each
taxon observed, the continuous multistate characters
were transformed into discrete states by placing
the divisions between states in correspondence with
the largest gaps, following the gap-coding method of
Mickevich & Johnson (1976) as modified by Geisler &
Sanders (2003) to suit the case of taxa represented
by just a few specimens. The analysis was executed
with the software PAUP (v. 4.0b10, Swofford, 2001),
using the branch-and-bound algorithm. As prelimi-
nary analyses led to less-resolved trees, we down-
weighted the homoplastic characters using the
default value of 3 for the constant £ of the method of
Goloboff (1993).

Several characters discussed in the text were opti-
mized using the software MacClade 4 (Maddison &
Maddison, 2005).

SYSTEMATIC PALAEONTOLOGY
CETACEA BRISSON, 1762
ODONTOCETI FLOWER, 1867
ZIPHIIDAE GRAY, 1850

Remark: As stated below in the diagnosis of Ninoz-
iphius, we define the family Ziphiidae as an
apomorphy-based clade, including both crown-
Ziphiidae (a clade containing the last common ances-
tor of Tuasmacetus and Ziphius and all its
descendants) and stem-Ziphiidae (a paraphyletic
group, with, amongst others, Ninoziphius).

NINOZIPHIUS DE MUIZON, 1983

Emended diagnosis: Same as for the only referred
species, N. platyrostris.

NINOZIPHIUS PLATYROSTRIS DE MUIZON, 1983

Holotype: MNHN SAS 941, incomplete skeleton
including: partial skull with two periotics, right tym-
panic bulla, and teeth, mandibles with teeth, five
cervical vertebrae, five thoracics, one lumbar, five
caudals, chevrons, six ribs and rib fragments, two
sternum elements, and two distal forelimb elements
(probably partial metacarpals).

Referred specimens: MNHN SAS 1628a-e, partial
skull including rostrum base, part of the facial area
with elements of vertex, and finely preserved palate
and basicranium; MNHN SAS 1629a-b, partial skull

including part of rostrum base and moderately dislo-
cated facial area with vertex. Both specimens were
found in the same Sud-Sacaco locality as the holotype,
in the Sud-Sacaco level.

Remarks: Based on our own observations, none of
the specimens from Lee Creek Mine, North Carolina,
curated at the USNM and previously tentatively
referred to N. platyrostris (mostly jaw fragments,
teeth, periotics, and humeri), can be definitively
assigned to the species, being either too fragmentary
and/or differing somewhat from the Peruvian speci-
mens. Some of them, especially the partial dentaries
USNM 314753 and USNM 475494, are possibly
Ziphiidae aff. Ninoziphius. Pending more complete
material, the presence of the species N. platyrostris
on the eastern coast of North America remains hypo-
thetical. At least a closely related taxon was prob-
ably present there, and rather common, during the
early Pliocene.

The assignation of the isolated ziphiid humerus
MNHN SAS 943 (see de Muizon, 1984: 162-164),
from the type locality, to N. platyrostris is only
tentative.

Emended diagnosis: Ninoziphius platyrostris is a
member of the family Ziphiidae because of the follow-
ing apomorphies (see phylogeny below): elevated
vertex bearing outwardly projecting crest of premax-
illa; enlarged fossa for hamular lobe of pterygoid
sinus, extended anteriorly on palatal surface of
rostrum and ventrally close to ventral limit of basic-
ranium; ventral margin of postglenoid process of
squamosal clearly more dorsal than ventral margin of
paroccipital process of exoccipital in lateral view (also
present for example in some delphinoids); absence of
a dorsal keel on posterior process of periotic; enlarged
posterior process of tympanic attached to elements of
squamosal/exoccipital (character possibly absent in
Messapicetus and Nazeacetus, even though we
acknowledge that its detection on fossil skulls is not
easy, and also present in physeteroids); presence of a
posteroventral corner on sigmoid process of tympanic;
enlarged pair of mandibular alveoli (probably corre-
sponding to tusks); presence of a precoronoid crest on
dorsal margin of mandible (also present in the
ziphiid-like dolphin Australodelphis and some other
delphinoids).

Compared to other known ziphiids, N. platyrostris
retains a series of plesiomorphies (see phylogeny
below): unexcavated apex of hamular process of ptery-
goid; higher and thinner lateral lamina of pterygoid;
posterior margin of sigmoid process of tympanic
rectilinear and transversely directed; transversely
narrow anterior process of periotic in ventral view,
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laterally short lateral tuberosity of periotic, and pos-
terior process of periotic narrow, not fan-shaped
(three last characters shared with Messapicetus);
retention of a full series of functional upper and lower
postapical teeth (shared with Messapicetus and
Tasmacetus); proportionally longer cervical region
(ratio of centrum length/posterior centrum width
for each of the vertebrae ¢3-¢6 > 0.35; unknown in
most extinct ziphiids; number of fused cervicals varies
amongst ziphiids).

Ninoziphius differs from all other ziphiids in: exten-
sion of pterygoid sinus in orbit region; possibly devel-
opment of two pairs of subapical mandibular tusks set
on a bony pad, in addition to apical tusks.

Ninoziphius shares with members of the Messapi-
cetus clade and with ziphiines the anterolateral
direction of premaxillary crest, with members of
the Messapicetus clade and some of the ziphiines
(Choneziphis, Izikoziphius, and Ziphius) the reduced
contact between nasal and premaxillary crest. It
differs from members of the Messapicetus clade and
some of the ziphiines (Choneziphis, Globicetus, Imoce-
tus, and Tusciziphius) by the absence of a dorsoven-
tral closure of mesorostral groove by thickened
premaxillae, and from members of the Messapicetus
clade, Imocetus, and Ziphius by the absence of a
distinct prenarial basin. It also shares with Messapi-
cetus the extreme elongation of the rostrum, making
up more than 70% of condylobasal length and the
elongated symphyseal portion of mandibles. It further
differs from Messapicetus in having a greater vertex
elevation, but without vertical posterodorsal portion
of the ascending process of the premaxillae, nasal
more anteroposteriorly elongated and without antero-
medial excavation, and tympanic bulla without ante-
rior spine.

It shares with Berardius the presence of a tall
cochlear spine in periotic (taller than in eurhino-
delphinids), with Berardius and Messapicetus the
semicircle-shaped section of symphyseal portion of
mandibles. It differs from Berardius and related fossil
genera in: supraoccipital reaching a level as high as
the frontal and nasal in vertex; absence of a rounded
protuberance on posterior part of vertex.

Type locality: Sud-Sacaco, southern coast of Peru,
550 km south of Lima, approximately km 543 of the
Pan-American Highway (de Muizon, 1981). Geo-
graphical coordinates: 15°34'51"S, 74°43'11"W. The
two referred specimens were discovered a few metres
away from the site of the holotype.

Type horizon and age: Sud-Sacaco vertebrate level of
the Pisco Formation (de Muizon & DeVries, 1985; de
Muizon, 1988a; SAS). This level is just above the
Mio-Pliocene unconformity and has been dated to

Zanclean (early Pliocene) by means of molluseans and
shark teeth (presence of Carcharodon carcharias and
absence of Carcharodon hastalis) (de Muizon &
DeVries, 1985). A tuff layer from the Sacaco level,
above the Sud-Sacaco level, has been dated radio-
metrically (K/Ar) to 3.9 Myr (de Muizon & Bellon,
1980, 1986). It should be noted that in a recently
published work (Ehret ef al., 2012), strontium-ratio
isotopic analyses gave a somewhat older age estimate
for molluscan shells from the Sud-Sacaco level (latest
Miocene, 5.93 Mya, 95% confidence interval = 6.35—
5.47 Mya). However, the relative position of the
sampled shells and the holotype of N. platyrostris in
the Sud-Sacaco section is unknown. The associated
SAS marine mammal fauna includes the phocids
Acrophoca longirosiris and Piscophoca pacifica, two
unnamed monachines, the aquatic sloth Thalassocnus
littoralis, the pontoporiid Pliopontos littoralis, the
phocoenid Piscolithax longirostris, the ‘walrus-like’
dolphin Odobenocetops peruvianus, a new globicepha-
line delphinid, the cetotheriid Piscobalaena nana, and
a balaenopterid (Balaenoptera sp.) (de Muizon &
DeVries, 1985; Bouetel & Muizon, 2006).

MORPHOLOGICAL DESCRIPTION AND COMPARISON

The skeleton of the holotype MNHN SAS 941 has
been described and illustrated in detail (de Muizon,
1984). The present description mostly focuses on
cranial parts of the referred specimens that are
unknown or less well preserved in the holotype, for
example the vertex and the facial area, and new
interpretations of anatomical features of the holotype
in the light of recent fossil ziphiid studies and new
observations on extant species (Figs 1-4, 6-13).

Skull

Skull general features: The condylobasal length
(cbl) of the holotype was estimated at 960 mm and
the bizygomatic is 330 mm (de Muizon, 1984). The
basicranium of MNHN SAS 1628 is slightly smaller,
as is the facial area of MNHN SAS 1629 (see Table 1).
Based on the position of the base of the jugal in
MNHN SAS 1628 and the length of the mandible
in the holotype, the rostrum length is estimated at
690 mm, about 72% of the cbl, only slightly shorter
than in Messapicetus spp., the ziphiid with the
longest snout (Bianucci et al., 2010). The rostrum is
dorsoventrally flattened (Figs 1, 2); the transverse
section is 37 mm high and 101 mm wide, 180 mm
anterior to the antorbital notch in MNHN SAS 1628.
This condition is close to that in Berardius or Tas-
macetus, wider than in Messapicetus.

Premaxilla: In MNHN SAS 1628 the left premaxilla
is nearly complete above the mesorostral groove
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Table 1. Skull measurements (in mm) for the three specimens of Ninoziphius platyrostris, MNHN SAS 941 (holotype),
MNHN SAS 1628, and MNHN SAS 1629. Additional measurements of the mandibles and vertebrae of the holotype are

provided in de Muizon (1984)

MNHN MNHN MNHN

Feature SAS 941 SAS 1628 SAS 1629
Width of rostrum at base - €186 -
Longitudinal distance between anterior margin of bony nares and e81/e93 80/e86 - /-

premaxillary foramen (left/right)
Maximum width of premaxillary sac fossae 96 99.5 -
Maximum width of right premaxillary sac fossa +38 ed?2 48
Maximum width of left premaxillary sac fossa +34.5 e35 43
Ratio between left and right premaxillary sac fossa width - 0.83 0.90
Width of bony nares at level of dorsal margin of mesethmoid - e64 51.5
Maximum width of choanae between medial laminae of pterygoids e85 83 -
Maximum width of nasals e68 56.5 50
Oblique (anteroventral to posterodorsal) length of suture between nasals eb4 61 eb5
Maximum length of suture between frontals on vertex 29 25 22
Minimum distance between maxillae posterior to nasals e48 - ed7
Bizygomatic width of the skull e330 e316 -
Maximum distance between lateral margins of basioccipital crests 158 164 -
Maximum distance between lateral margins of exoccipitals 290 - -
Maximum transverse width of mandibular fossa on the squamosal 38 39 -
Distance between spiny process and anterior end of zygomatic process 128 127 -

of squamosal

e, estimate; +, nearly complete; -, missing data.

190 mm anterior to the antorbital notch (Fig. 3). It
forms a thin plate that does not reach the sagittal
plane of the rostrum. As a consequence, the premax-
illa is not thickened above the groove and does not
close it mediodorsally, differing from the condition in
the Messapicetus clade sensu Bianucci et al. (2010)
and some ziphiines. The small premaxillary foramen
is anterior (more than 20 mm) to the antorbital notch,
a condition also found in ziphiids possessing a pre-
narial basin (Aporotus, Beneziphius, Messapicetus,
Ziphirostrum, and Ziphius), in Pterocetus, and in
some skulls of Indopacetus. In addition the postero-
medial sulcus is long and deep (Fig. 4); together with
the anterior position of the premaxillary foramen this
may indicate a preliminary step towards the forma-
tion of a prenarial basin. However, the premaxilla
is higher than the maxilla from the rostrum base
onwards. The premaxillary sac fossae are relatively
narrow and elongated, with only a moderate asym-
metry (ratio between maximum widths of left and
right fossae between 0.83 and 0.91), much lower than
in Hyperoodon, Ziphius, and three extinct taxa (Chon-
eziphius, Globicetus, and Tusciziphius). The antero-
medial part of the premaxillary sac fossa, along the
posteromedial suclus, is convex, whereas posterola-
terally the surface becomes slightly concave, but to a
smaller extent than in Choneziphius, related extinct

taxa (Globicetus, Imocetus, and Tusciziphius), and
adult males of Ziphius. The elevation of the premax-
illa towards the vertex is progressive, with the
ascending process not vertical. Fragments of the
premaxilla are preserved along the nasal of each
specimen, In MNHN SAS 1629, the surface of the
premaxilla just lateral to the nasal faces anterome-
dially on both the right and left sides (Fig. 4). Addi-
tionally the crest is anteroposteriorly thin in its
medial portion. These observations strongly suggest
that the unswollen premaxillary crest was originally
directed anterolaterally (Fig. 1B), as in members of
the Messapicetus clade and in ziphiines, differing
from the transversely directed crest of Berardius and
Tasmacetus and from the posterolaterally directed
crest of Hyperoodon, Indopacetus, and Mesoplodon.
The premaxillary crest contacts the nasal in its pos-
terolateral corner, a condition only seen in members
of the Messapicetus clade and in ziphiines (linked to
the shape of the nasal, see below).

Maxilla: At least on the proximal half of the rostrum
the maxilla is wider than the premaxilla in dorsal
view (Fig. 2A), as in Tasmacetus. The widening of the
rostrum towards the antorbital notch is progressive,
less abrupt than in Berardius and Tasmacetus. One
major dorsal infraorbital foramen is present along the
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A

apical mandibular alveoli

|
=

200 mm

Figure 1. Reconstruction of the skull and mandibles of Ninoziphius platyrostris based on the three specimens MNHN
SAS 941 (holotype), MNHN SAS 1628 (N3), and MNHN SAS 1629 (N2): A, left lateral view of skull and mandible;
B, dorsal view of skull and mandibles; C, ventral view of skull. Shaded areas indicate missing parts. The outline of the
mandibular foramen (dotted line) is only visible in medial view.

magxilla—premaxilla suture, as in many extant ziphi-
ids, possibly with a smaller secondary foramen.
The large foramen is posterior to the premaxillary
foramen. The supraorbital area, partly preserved
in MNHN SAS 1628, reveals a roughly flat dorsal
surface, with no clue as to the presence of a maxillary
crest or rostral maxillary crest; the area around the
antorbital notch is more elevated in Berardius,
Hyperoodon, Tasmacetus, and several fossil ziphiids
(e.g. Africanacetus and Imocetus).

The presence of deep maxillary alveoli for a
complete set of upper teeth is confirmed in MNHN
SAS 1628 (Fig. 6), a condition only observed in Mes-
sapicetus and Tasmacetus; remains of upper alveoli
occasionally occur in other fossil taxa, for example
Choneziphius spp. or Ziphirostrum marginatum, but
they are always shallower (Lambert, 2005c¢). The
alveoli are distinctly shorter anteroposteriorly than
in Messapicetus and are instead more similar to those
in Tasmacetus. The upper tooth count is estimated
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Figure 2. Skull of Ninoziphius platyrostris MNHN SAS 941 (holotype): A, dorsal view; B, left lateral view.

anterior end of mesethmoid

premaxillary foramen

dorsal infraorbital foramina
level of antorbital notch

Figure 8. Facial area and rostrum base of Ninoziphius platyrostris MNHN SAS 1628 in dorsal view.
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Figure 4. A, facial area and vertex of Ninoziphius platyrostris MNHN SAS 1629 in dorsal view. B, vertex of N. platy-

rostris MNHN SAS 1628 in dorsal view.

at 40 in Ninoziphius (de Muizon, 1984), higher than
in Tusmacetus (17-21; Mead & Payne, 1975) and
Messapicetus (26-27 in Messapicetus longirostris;
Bianucci, Landini & Varola, 1994). The last posterior
alveolus is 95 mm anterior to the level of the antor-
bital notch in MNHN SAS 1628; in the less complete
holotype the distance may be greater, possibly indi-
cating a shorter alveolar groove. The alveolar groove
is considerably shorter posteriorly in Tasmacetus;
the lateral margin of the rostrum rises at a more
anterior level towards the height of the antorbital
notch in the latter, leaving a higher space for the
elevated dorsal margin of the mandible (see compari-
son below, precoronoid crest sensu Fordyce, Quilty &
Daniels, 2002).

Vomer: The thin vomer covers the walls of the meso-
rostral groove in the holotype and MNHN SAS 1628
(Figs 2A, 3); it is also not thickened at the rostrum
base in MNHN SAS 1629. Therefore, even though
the possibility that the three specimens are females
cannot be ruled out, we consider that the mesorostral
groove was not filled by the pachyosteosclerotic
vomer in Ninoziphius (de Muizon, 1984; Lambert, de
Buffrénil & de Muizon, 2011), differing from adult
males of Mesoplodon, Ziphius, and extinct related
taxa.

Mesethmoid: The mesethmoid 1s ossified from the
level of the antorbital notch in MNHN SAS 1628

(Fig. 3) and probably the holotype (not fully pre-
pared). In many specimens of Berardius, the ossified
but spongy mesethmoid partly fills the mesorostral
groove (Bianucci et al., 2007; Lambert, de Buffrénil &
de Muizon, 2011).

Nasal: The dorsal exposure of the nasals on the
vertex is made up of a posterior triangular, flat, and
subhorizontal surface, separated by a distinct angle
from the roughly rectangular anterodorsally facing
anterior surface. The latter makes up two thirds of
the bone in dorsal view (Figs 2, 4). The posterior
triangle lacks any medial or anteromedial depression;
it is much shorter than in Berardius, Tasmacetus, and
Ziphius, and more similar to members of the Mess-
apicetus clade (e.g. Beneziphius, Messapicetus, and
the possibly related Aporotus dicyrtus; Fig. 5). As
mentioned above this similarity is further supported
by the posterolaterally located contact with the pre-
maxillary crest, also observed in Choneziphius. The
anterodorsal surface is high and slopes steeply anter-
oventrally. The medial suture between the nasals is
distinctly shifted posterolaterally to the left side com-
pared to the sagittal plane.

Frontal: A strip of frontals, nearly as long as the
posterodorsal triangular surface of the nasals, sepa-
rates the nasals from the supraoccipital (Figs 24, 4).
No rounded protuberance made up of the frontals or
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Figure 5. Vertex of the skull of two fossil ziphiids from the Neogene of the North Sea in dorsal view: A, Aporotus dicyrtus
IRSNB M.541; B, Beneziphius brevirostris IRSNB M.1885, displaying the contact of the premaxillary crest with the

posterolateral corner of the short nasal.

the interparietal is observed in this area, differing
from Berardius and related extinct taxa. This poste-
rior part of the vertex is less transversely compressed
than in Tasmacetus (the condition in Berardius is
variable). No informative frontal element of the orbit
roof was preserved in any specimen and the preser-
vation state of the roof of the temporal fossa in
MNHN SAS 1629 does not provide precise informa-
tion about its outline. The fossa is completely covered
dorsally by the frontal and the maxilla, as in all other
ziphiids.

Supraoccipital: The supraoccipital sends a wide and
25-30 mm long projection between the maxillae until
the vertex (Fig. 4), reaching the same vertical level as
the frontals and nasals on the vertex. This condition
contrasts with the lower supraoccipital in Berardius
and related extinct taxa.

Palatine: In MNHN SAS 1628 the anterior end of the
palatine is 81 mm anterior to the antorbital notch
(Figs 6, 9). As in the holotype the medial suture with
the maxilla is more easily distinguished than the
lateral limit of the much thinner lateral part of the
palatine. The palatine is 25-30 mm longer than the
pterygoid, which does not contact the maxilla anteri-
orly. Such a pterygoid-maxilla contact is occasionally
observed in most extant ziphiids, including Berardius,
Indopacetus, and Tasmacetus. The fossa for the
hamular lobe of the pterygoid sinus is limited laterally
by a thin lamina rising posteriorly to a maximum
height slightly posterior to the level of the antorbital
notch (Figs 6, 7, 9). This anterior part of the lateral
lamina, somewhat higher than in most other ziphiids,
is interpreted here as made up by the sole palatine. A

similar condition is for example observed in Berardius,
with the pterygoid barely involved in the anterior part
of the lateral lamina. Similar to other ziphiids this
lateral lamina of the palatine ends before the level of
the frontal groove. The palatine is extremely thin in
the fossa for the hamular lobe, and in some parts of
the fossa the maxilla is possibly exposed. In the bony
nares, two main foramina presumably pierce each
palatine (limits of bones are difficult to identify in this
area). The foramen on the anterior wall of the naris
may be the posterior palatine foramen, located on the
ethmoidal crest of the palatine sensu Mead & Fordyce
(2009). In MNHN SAS 1628, this foramen exits on the
medial wall of the large dorsal infraorbital foramen.
The second foramen, located on the lateral wall of the
naris and exiting on the medial wall of the ventral
infraorbital foramen, is likely to be the sphenopalatine
foramen (see Mead & Fordyce, 2009; additional dorsal
exit for infraorbital complex mentioned by Rommel,
1990 for Tursiops; possibly homologous to the ‘blind
pit’ identified in the vomer of Berardius arnuxii by
MacCann, 1975).

Ptervgoid: As observed in all the known ziphiids, the
fossa for the hamular lobe of the pterygoid sinus is
wide, extending anteriorly on the palatal surface of
the rostrum and ventrally close to the ventral limit of
the basicranium (Figs 2, 7). Considering the extent
of the preserved portion of the pterygoid on the floor
of the wide and long fossa for the hamular lobe of
the pterygoid sinus and the marks of the pterygoid
sutures in the fossa of both the holotype and MNHN
SAS 1628 (Figs 2B, 6, 7), it is likely that the pterygoid
did not completely cover the fossa in Ninoziphius.
Large parts of the palatine or maxilla were probably
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Figure 6. A, skull of Ninoziphius platyrostris MNHN SAS 1628 in ventral view; B, detached left hamular process of the

pterygoid of MNHN SAS 1628 in dorsolateral view.

exposed (see above). Small fenestrae occur in the
fossa in many extant ziphiids, but the condition in
Ninoziphius is especially similar to some specimens of
Berardius bairdii (e.g. USNM 49725) and to the
archaic odontocete Squaloziphius, in which most of
the anterior part of the fossa is not covered by the
pterygoid.

As described for the holotype by de Muizon (1984),
the hamular process of the pterygoid is robust in
MNHN SAS 1628 (Fig. 6). It is even slightly thicker
and longer than in the holotype. The inner surface of
the bone is similarly buttressed by a series of trans-
verse crests (Figs 7, 8B), a feature rarely seen in
extant ziphiids (e.g. Indopacetus pacificus, see USNM
593534 and Dalebout ef al., 2003; a few specimens of
Ziphius cavirostris, see Omura, 1972>). It is interest-
ing to note that very similar transverse crests were
observed in the fossa for the hamular lobe of the
pterygoid sinus during a dissection of a skull of

Z. cavirostris (Cranford et al., 2008: fig. 12; Fig. 8A);
in this case the crests proved to be made up of
soft, connective tissue, not bone (T. W. Cranford,
pers. comm., 2012). Transverse bony crests are also
observed in some delphinids (e.g. Delphinus and Tur-
siops). In MNHN SAS 1628, the surface between the
crests is made of a peculiar type of bone, a network of
intermingled fibres forming a lot of small cavities
(Fig. 8B), more conspicuous than in the holotype. This
unusual organization of the bone is reminiscent of the
soft tissue fibrous venous plexus described lateral to
the pterygoid sinus in the same region in Z. caviros-
tris (Cranford et al., 2008: fig. 12; Fig. 8A). The apex
of the hamular process is more posteriorly extended
in ventral view than in extant ziphiids and Messapi-
cetus. It is not completely excavated by the fossa for
the hamular lobe of the pterygoid sinus, a presumably
primitive feature (see phylogeny below), differing
from all ziphiids for which this area is preserved,
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Figure 7. Cranium of Ninoziphius platyrostris MNHN SAS 941 (holotype) in right ventrolateral view. The right
squamosal, most of the right supraorbital region, and the apex of the right hamular process are missing.
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Figure 8. Comparison of the hamular region in Ziphius cavirostris and Ninoziphius platyrostris: A, gossamer-like
trabeculae in the fibrous venous plexus of the hamular region of Z. cavirostris, with soft tissue transverse crests on the
medial wall of the pterygoid sinus fossa, modified from Cranford et al. (2008; courtesy of T. W. Cranford); B, detail of the
surface of the left pterygoid of N. platyrostris MNHN SAS 1628 on the medial wall of the fossa for the hamular lobe of
the pterygoid sinus, with bony transverse crests and numerous small cavities.
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including Messapicetus, Nazcacetus, and possibly
Archaeoziphius. The unexcavated part of the process
is even somewhat longer in MNHN SAS 1628 than in
the holotype; it is somewhat reminiscent of the mor-
phology of the process in some delphinids (e.g. Globi-
cephala, see Fraser & Purves, 1960: pl. 34). The apex
is similarly unexcavated and finger-like in some
eurhinodelphinids, Argyrocetus joaquinensis, Simoce-
tus, and Squaloziphius (Kellogg, 1932; de Muizon,
1991; Fordyce, 2002), but in these taxa left and right
apices are near each other, instead of divergent as
in Ninoziphius and other ziphiids. Consequently the
posterior margin formed by the joined right and left
apices is concave in Ninoziphius. As in Messapicetus
and Tasmacetus, it is V-shaped, whereas it is
U-shaped in all other extant ziphiids.

Posterior to the lateral lamina of the palatine, the
outer margin of the pterygoid sinus fossa is made up
of the low and thin lateral lamina of the pterygoid.
Here again the bone is buttressed by transverse
crests (Fig. 9), a feature also observed in Indopacetus
USNM 593534, separating areas where the fossa
deepens dorsally. The reduced lateral lamina of the
pterygoid does not contact the short falciform process
of the squamosal, a condition also observed in other
ziphiids, physeteroids, Squaloziphius, and Simocetus.
Ninoziphius differs in this respect from the platanis-
toids, Pontoporia, and at least some eurhinodelphin-
ids, in which the lateral lamina of the pterygoid is
continuous with the falciform process of the squa-
mosal. Posteromedial to the ventral infraorbital
foramen, the dorsolateral surface of the pterygoid is
pierced by a series of small fenestrae (three on the left
side of MNHN SAS 1628 and at least three on the
partly prepared left side of the holotype), connecting
the pterygoid sinus fossa with the orbit just anterior
to the frontal groove (Figs 6, 9). These fenestrae prob-
ably correspond to extensions of the pterygoid sinus
in the orbit region, a feature previously unknown in
ziphiids (see Fraser & Purves, 1960). The invasion of
the orbit by the pterygoid sinus has been detected in
Inia, Pontoporia, delphinids, phocoenids, and eurhi-
nodelphinids (Fraser & Purves, 1960; de Muizon,
1988, 1991; Lambert, 2005a). The condition in Ninoz-
iphius may correspond to a preliminary step towards
the development of a fossa for the preorbital lobe of
the pterygoid sinus as observed in many delphinidans
and later lost in other ziphiids. Alternatively, this
condition may have evolved independently from other
odontocete lineages.

Posteriorly the dorsal lamina of the pterygoid
partly covers the alisphenoid (Fig. 9). In most extant
ziphiids, except Tasmacetus and some specimens
from other taxa, the alisphenoid is more extensively
covered, sometimes completely hidden in ventral
view, and the pterygoid in Ninoziphius probably

represents the primitive condition, as observed in
Simocetus and possibly in Archaeoziphius.

Jugal-lacrimal: In addition to the well-preserved
and slender styliform part of the jugal in the holotype,
the anterior part of the bone is partly preserved in
MNHN SAS 1628 (Fig. 6). It displays a long, lateral
projection that corresponds either to a part of the
wide lateral process of the jugal seen in other ziphi-
ids, Squaloziphius, and Eurhinodelphis (‘ventroposte-
rior projection of the jugal’, Lambert, 2005b; preferred
hypothesis), or to a part of the lacrimal partly fused
to the jugal, as proposed for the delphinid Tursiops
by Mead & Fordyce (2009). Obviously, in taxa in
which the lacrimal and jugal are fused, it is difficult
to distinguish the contribution of each bone to the
general shape of the complex.

Alisphenoid: Ventrally the exposed surface of the
alisphenoid displays a distinet concavity directed
anteroventrally, corresponding to the pterygoid sinus
fossa (Figs 6, 9). A thin and high crest separates this
concave area from the large foramen ovale posteriorly.
The latter is completely included in the alisphenoid.
The foramen ovale opens anterolaterally, but another
large foramen, dorsally joined to the foramen ovale as
seen in the cerebral cavity (Fig. 10), exits posteroven-
trally. In extant ziphiids the posteroventral foramen
is sometimes smaller and/or not completely separated
from the foramen ovale (e.g. Mesoplodon stejnegeri
USNM 504330). It might correspond to a part of the
posterior lacerate foramen, the path for some of the
cranial nerves and vessels. More generally, the topol-
ogy of the foramina of the basicranium differs in
larger ziphiid species, probably because of differences
in proportions (larger bones and relatively smaller
foramina in Berardius or Hyperoodon). The path for
the mandibular nerve V3 is a wider sulcus than in
Archaeoziphius. The carotid foramen is located in the
alisphenoid or the basisphenoid, along the suture
with the medial lamina of the pterygoid.

Squamosal: As in all other ziphiids, the zygomatic
process of the squamosal is elevated, anteriorly short,
and robust (Figs 1A, 2B). The surface of articulation
for the jugal is a well-marked oval depression. The
mandibular fossa (=glenoid cavity) is wide (Fig. 9),
more so than in Archaeoziphius; its medial part over-
hangs the deep tympanosquamosal recess, with a
slender, spine-shaped posteromedial projection only
observed in MNHN SAS 1628. The tympanosqua-
mosal recess (for the middle sinus) extends anteriorly
near the end of the zygomatic process and deeply
excavates the medial surface of the postglenoid
process. The latter is therefore transversely narrow in
ventral view, as in other ziphiids, but narrower than
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Figure 9. Basicranium of Ninoziphius platyrostris MNHN SAS 1628 in ventral to slightly ventrolateral view: A, line
drawing; B, corresponding photograph.

the large, bulging process in Squaloziphius, and, to a
lesser extent, in eurhinodelphinids, despite the simi-
larities with the latter in lateral view. Furthermore,
as in all other ziphiids, and differing from Squaloz-
iphius, the ventral margin of the postglenoid process
is clearly more dorsal than the ventral margin of the

paroccipital process of the exoccipital (Fig. 2B). The
surface of the posterior part of the tympanosquamosal
recess has numerous pits and crests. These are
common but variable in other ziphiids and various
odontocetes. Medial to the recess is the short and thin
remainder of the falciform process. This is under
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Figure 10. Cerebral cavity of Ninoziphius platyrostris MNHN SAS 1628: A, dorsal view (supraoccipital and vertex
detached); B, corresponding line drawing. Shaded areas indicate missing parts.

10 mm long (Fig. 9) and not as developed as the long,
rod-like process displayed by various extant ziphiids
and Nazcacetus. Anteromedial to the spiny process
is a small foramen probably corresponding to the
foramen spinosum sensu Fordyce (1994).

Exoccipital: As in other ziphiids (Fraser & Purves,
1960), the anterior surface of the paroccipital process
of the exoccipital does not bear any fossa for the
posterior sinus. The large hypoglossal foramen is
located in the jugular notch. The jugular foramen is
not completely separated from the posterior lacerate
foramen, and at least two to three smaller foramina
are lateral to these two foramina in both the holotype
and MNHN SAS 1628 (Fig. 9.

Tympanic bulla: In ventral view the inner posterior
prominence is much narrower than the outer promi-
nence, and slightly shorter posteriorly (Fig. 11B). The
inner prominence is proportionally wider in Berar-
dius, Tasmacetus, the eurhinodelphinid Eurhino-
delphis cocheteuxi, and archaic odontocetes like
Albertocetus (see Uhen, 2008), whereas other eurhi-
nodelphinids (e.g. Schizodelphis, Xiphiacetus) and
ziphiids, including Indopacetus and Messapicetus,
display a narrow inner prominence. In Hyperoodon
and Ziphius the inner prominence is even more
reduced, being much shorter posteriorly. The ventral
groove is deep and narrow, ending roughly at the
mid-length of the bone; it is deeper than in Hyperoo-
don and Tasmacetus, being instead more similar to

Messapicetus and eurhinodelphinids like Xiphiacetus.
The ventral groove is virtually absent in the related
eoplatanistids (de Muizon, 1988c¢). In ventral view the
anterior margin of the bone is nearly rectilinear, and
no individualized anterior spine can be detected, con-
trary to what the medial view suggests. The dorsal
margin of the involucrum is cut by an indentation at
about one third of its length (Fig. 11C). As in most
ziphiids this indentation is better seen in dorsal view,
whereas in eurhinodelphinids and some other archaic
odontocetes it is more distinct in medial view. The
anterior part of the involucrum is higher in Hyperoo-
don and Tasmacetus. Here again, the closest form is
Messapicetus. In lateral view, the posterior margin of
the sigmoid process is rectilinear and roughly perpen-
dicular to the long axis of the bone (Fig. 11A). In other
ziphiids, including Messapicetus and Nazcacetus, the
posteroventral margin of the process is posteriorly
projecting. In eurhinodelphinids and eoplatanistids
this posterior margin is also perpendicular to the
long axis of the tympanic, as in Ninoziphius, but the
sigmoid process is ventrally shorter than in the latter
and in other ziphiids.

Between the posterior meatal crest of the squa-
mosal and the paroccipital process of the exoccipital,
a prominent and rounded bony part (Fig. 9) is inter-
preted, following de Muizon (1984) and contrary to
a comment in Bianucci ef al. (2010), as the enlarged
posterior process of the tympanic bulla, partly fused
with elements of the post-tympanic process of the
squamosal, and possibly parts of the exoccipital
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Figure 11. Right ear bones of Ninoziphius platyrostris MNHN SAS 941 (holotype). Periotic and tympanic in lateral (A)
and ventral (B) view; tympanic in dorsal (C) and medial (F) views; periotic in ventral (D), medioventral (E), lateral (G),
medial (H), and dorsal (I) views.

(= mastoid process, see Fraser & Purves, 1960). Even
though, as in other ziphiids, the limits of this process
are difficult to define, its size is not distinctly smaller
than in similarly sized extant ziphiids. Such an
enlarged posterior process could not be detected in
Squaloziphius. It is also important to note that the
proximal part of the posterior process (which bears
the facet for the articulation with the periotic) in the
holotype of Ninoziphius does not differ significantly
from the process in odontocetes that lack the enlarged
distal portion: the facet for the posterior process of the
periotic is smooth and the posteroventral margin is
thin and regular, displaying no clue as to the presence
of a large distal part. In fact, in Recent ziphiids, the
transition between the articular proximal portion of
the posterior process and the distal spongy portion is
a thin bridge of bone that breaks easily; thus, there
is little chance of discovering an isolated tympanic
of a fossil ziphiid that still bears the distal portion of
the posterior process. Therefore, isolated tympanics
are unlikely to be of use in proving the absence of an
enlarged posterior process, and the contribution of the
tympanic to this ‘mastoid process’ (versus the contri-

bution of the squamosal and the exoccipital) should be
further investigated, for example with ontogenetic
series of extant ziphiids.

Periotic: As in Messapicetus, and differing from all
other ziphiids including Berardius, Nazcacetus, and
Tasmacetus, in ventral view the anterior process of
the periotic is barely wider (Fig. 11D) than in eurhi-
nodelphinids, eoplatanistids, Waipatia, and other
archaic odontocetes. In medial view, the anterior
process of Messapicetus and Ninoziphius is also dis-
tinctly more slender (Fig. 11H) than in other ziphids;
the anterodorsal angle is less bulging. The size and
shape of the accessory ossicle are similar to those of
large eurhinodelphinids (e.g. E. cocheteuxi), Messapi-
cetus, and Mesoplodon spp., and smaller and less
spherical than in Berardius, Nazcacetus, Hyperoodon,
Tasmacetus, and Ziphius. In ventral view the lateral
tuberosity is distinctly transversely shorter than in
all other ziphiids, apart from Messapicetus (Bianucci
et al., 2010). Here again, the condition is considered
as primitive (see phylogeny below), shared with many
other odontocete groups including eurhinodelphinids,
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eoplatanistids, and Waipatia. As described by de
Muizon (1984), a large cochlear spine posterodorsal to
the internal auditory meatus is one of the main
features of the periotic of Ninoziphius (Fig. 11E). A
spine has been observed in specimens of Berardius
(de Muizon, 1984; Berardius arnuxii ZMA 21007),
and, even though shorter, in some eurhinodelphinids
(see E. cocheteuxi; Lambert, 2005b) and in Monodon.
It is absent in known specimens of Messapicetus and
Nazcacetus. The outline of the posterior bullar facet
of Messapicetus and Ninoziphius in ventral view is
clearly less rounded and less fan-shaped than in
other ziphiids, including Nazcacetus, and is instead
more similar to eurhinodelphinids and eoplatanistids
because of the longer posteroventral tip of the poste-
rior process. However, the posterior bullar facet is
more regularly posteroventrally curved (= longitudi-
nally concave) in Messapicetus and Ninoziphius than
in eurhinodelphinids. Furthermore, as in most other
ziphiids, the posterior process of Messapicetus and
Ninoziphius lacks a distinct and complete dorsal keel,
a feature observed in many eurhinodelphinids and
eoplatanistids. Finally, the dorsal and dorsolateral
surfaces of the process are smooth in these two fossil
ziphiids, as in all other ziphiids, whereas they are
rough and pitted in eurhinodelphinids and eopla-
tanistids, for which a more extensive bony contact
with the squamosal and possibly the exoccipital is
suggested.

Basioccipital: In ventral view the basioccipital crests
are more posteriorly diverged in MNHN SAS 1628
(Fig. 6) than in the holotype (angle between the crests
about 60 and 45°, respectively). The condition in
Ninoziphius is therefore intermediary between taxa
with a wide basioccipital basin (most ziphiids except
Messapicetus, Squaloziphius, and Waipatia) and
those with a narrower basin (eurhinodelphinids).

Cerebral cavity: Owing to the peculiar preservation
state of the specimens, the floor and anterior wall of
the cerebral cavity of the holotype and MNHN SAS
1628 could be observed (Fig. 10). However, the lack of
comparative material prevented a complete analysis;
for now this area is only compared to Mesoplodon
densirostris USNM 550351, Mesoplodon mirus USNM
504724, and Tursiops truncatus (Mead & Fordyce,
2009; adult and neonate). The ventral and dorsal
orbital fissures are wider in Ninoziphius than in
Mesoplodon. The dorsal exit of the foramen ovale is
proportionally smaller in Mesoplodon and Tursiops,
not divided into two branches in dorsal view contrary
to Ninoziphius. The dorsal carotid foramen is anterior
to the foramen ovale in Mesoplodon, whereas it is
medial in Ninoziphius and Tursiops. It is also more
distant from the tentorium in Ninoziphius; the ten-
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Figure 12. Mandibles of Ninoziphius platyrostris MNHN
SAS 941 (holotype): A, posterior region of left dentary in
medial view; B, anterior symphyseal region in dorsal view.

torium is more medially projected in Mesoplodon,
with the part of the cerebral cavity between the
tentoria distinctly narrower than in Ninoziphius,
whereas the lateral parts of the cerebral cavity are
wider, suggesting differences in the proportions of the
brain.

Mandible

Described in detail by de Muizon (1984) the mandi-
bles are characterized by an elongated fused symphy-
seal portion (Figs 1A, 12B), about 36% of the total
length, only slightly shorter than in Messapicetus
gregarius (38-42% following Bianucci ef al., 2010).
The degree of fusion of the two dentaries matches
Mess. gregarius and Tasmacetus, and is more
advanced than in any other ziphiid. The transverse
section in the symphyseal region is much wider than
high; it is also half-circled, a feature observed in
specimens of Berardius and Mess. gregarius, whereas
in other ziphiids, including Nazcacetus, the posterov-
entral region of the symphysis is more transversely
pinched. However, it should be noted that the shape
of the transverse section is related in several species
(e.g. Mess. gregarius and Ziphius) to the development
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of the apical teeth and alveoli, a parameter known to
be sexually dimorphic in most extant ziphiids (Moore,
1968; MacLeod & Herman, 2004; Lambert, Bianucci
& Post, 2010a). The distal portion of the mandibles
is distinctly curved upwards (Fig. 1A) to a greater
extent than in Messapicetus. This feature is also
especially pronounced in adult males of Ziphius. The
large subcircular apical alveoli of the holotype of
Ninoziphius (maximum diameter = 19 mm; Fig. 12B)
differ from the transversely compressed apical alveoli
of Mess. gregarius. Furthermore, they are not fol-
lowed anteriorly by an anteromedian protuberance
(sensu Lambert ef al., 2010a), differing from some,
presumably adult male, specimens of Mess. gregarius.
Nevertheless, the dorsal surface of the symphysis
posteromedial to the alveoli is concave, suggesting a
tight contact for the apex of the shorter rostrum, as in
Mess. gregarius. In this region Ninoziphius differs
from Mess. gregarius and Tasmacetus by the presence
of two pairs of narrow and elongated exostoses in the
alveolar grooves, between the apical alveoli and the
first ‘normal’ postapical alveoli. Differing markedly
from the deep second pair of alveoli in several isolated
fossil ziphiid mandibles and Berardius, the only
extant ziphiid with two pairs of tusks, these exostoses
might correspond to pads for additional subapical
teeth, as proposed by de Muizon (1984), with a diam-
eter not exceeding the diameter of non-enlarged
postapical teeth. In that case these teeth would have
an intermediate status unknown in extant ziphiids:
probably longer than more posterior teeth, they could
be described as tusks, even though their diameter
would have been much smaller than for apical teeth
and they were mostly held in place by the gums.
Another hypothesis would be simply that these exos-
toses did not bear teeth, corresponding instead to a
differential filling of the alveolar groove in the
diastema. A similar diastema is present in both the
other ziphiids with a full set of postapical teeth,
Mess. gregarius and Tasmacetus. In the former, sec-
ondary bone growth has also been noted in this area
(Bianucei et al., 2010). We estimate the number of
large and deep postapical alveoli at 40 to 42 for each
dentary (as proposed by de Muizon, 1984), again
higher than in Tasmacetus (18-28; Mead & Payne,
1975) and Mess. gregarius (25-26; Bianucci ef al.,
2010). Anterior alveoli are roughly as long as wide,
whereas posterior alveoli are wider than long, a
feature reflected in the section of the root of teeth (see
below). Posterior alveoli of Tusmacetus are slightly
proportionally longer, whereas all the alveoli of Mess.
gregarius are longer and transversely flattened. Inter-
alveolar septa are reduced.

Complete until the level of the anterior end of
the mandibular foramen, the dorsal margin of the
dentary displays a precoronoid crest (= dorsal margin

convex, instead of rectilinear or concave, between
the last alveolus and the coronoid process; Figs 1A,
12A) slightly lower than in Berardius, Indopacetus,
Nazcacetus, and Tasmacetus, being instead more
similar to Mess. gregarius. Absent or much lower in
most other odontocetes (with the exception of some
delphinoids), including eurhinodelphinids and eopla-
tanistids, the precoronoid crest of ziphiids and the
strange ziphiid-like delphinid Australodelphis has
been tentatively interpreted as an element constitut-
ing a rigid lateral wall for the oral cavity, probably
useful during suction feeding (Fordyce et al., 2002;
Lambert et al., 2009).

Compared to the total length of the mandible, the
mandibular foramen of the long-snouted Ninoziphius
is short (de Muizon, 1984; Fig. 12A). In the holotype,
when the mandible is articulated to the skull, the
mandibular foramen roughly reaches the anterior end
of the pterygoid sinus fossa. In other ziphiids the
foramen either ends at the same level (the condition
in Ninoziphius), or is somewhat longer than the fossa.
Considering the acoustic pathway recently proposed
for the echolocation sounds towards the ear bones in
Ziphius (see Cranford, Krysl & Hildebrand, 2008),
entering below the head and between the lower jaws
and passing through the opening created by the man-
dibular foramen, via the mandibular fat bodies until
the ear bones (‘gular pathway’), it is tempting to
propose that the anterior extent of the pterygoid sinus
fossa and the mandibular foramen are functionally
related, forming a common low-density cavity for the
propagation of sounds towards the ear.

A notch marks the posterior margin of the dentary
between the mandibular condyle and the angular
process (Fig. 12A; de Muizon, 1984), as in Mess. gre-
garius and some, but not all, specimens of Tusmacetus
(de Muizon, 1984; Bianucci et al., 2010: fig. 9). Absent
in other ziphiids, such a notch might have helped to
produce a larger gape in these ziphiids with a com-
plete dentition, preventing any contact of the poste-
rior margin of the mandible with the posteroventral
part of the squamosal (postglenoid process, meatal
crests). Direct observation of stranded specimens, as
well as the shape and position of the tusks in adult
males of Mesoplodon layardii, demonstrates that the
gape is very limited at least in some extant ziphiids
displaying a strong dental reduction, a feature prob-
ably related to suction feeding (Heyning & Mead,
1996).

Teeth

No apical lower teeth are preserved. Considering the
circular alveoli, the root of these tusks is not trans-
versely flattened, differing from Berardius, Mesoplo-
don hectori, Mesoplodon perrini, and Mess. gregarius
(Bianucci ef al., 2010). Similarly, the section of the
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Figure 13. Teeth of Ninoziphius platyrostris MNHN SAS
941 (holotype) and tooth wear: A, three anterior upper
postapical teeth, slightly shifted from their original
position; B, less worn posterior upper tooth, considerably

shifted from its original position; C, four lower teeth, in situ.

.
L

root of the preserved functional postapical lower and
upper teeth is subcircular to quadrate, more similar
to Tasmacetus than to Mess. gregarius. The root
is massive and covered with a thick layer of cement
(Fig. 13), as in Mess. gregarius, Tasmacetus, and phy-
seteroids. Successive teeth contact each other via the
root, a feature probably related to ontogeny. Crowns
are poorly preserved because of intense wear (see
below). The crown base has a section slightly more
anteroposteriorly compressed in the upper teeth, B 20 mm
whereas it is subcircular in the lower teeth. The
slender conical crown of one posterior left upper tooth
is less worn; it bears a thin layer of smooth enamel
and does not differ significantly from teeth of
Tasmacetus.

The distal and/or mesial surfaces of the root and
crown base often display wear corresponding to the
ocelusion surface for the opposite tooth (Fig. 13A, C);
upper and lower teeth were therefore probably inter-
locking and part of this occlusion wear occurred
before the complete apical wear. In some teeth of
Tasmacetus and Mess. gregarius a similar wear type
was detected (Oliver, 1937; Bianucci et al., 2010), sug-
gesting that, unsurprisingly, interlocking teeth is the
primitive condition in ziphiids (as observed in most
other odontocete clades). cement samel

Apical wear has removed most of the crown in C
lower teeth; in upper teeth a slightly longer part of
the crown has been retained (Fig. 13A, C). The wear )

; ; posterior
surface is very smooth and slightly convex. No mac- occlusion faceat
roscopic structure (grooves of ridge) could be observed ( / ) ™ ?7lingual wear
on this uniform surface. For both the upper and lower ({ { }
dentition, successive teeth display the same degree of \ 20 mm
wear, and no difference between anterior and poste-
rior preserved teeth could be detected. For example,
teeth at the mid-length of the ramus are worn to the
same degree as teeth from the posterior symphyseal
region. However, teeth from the anterior-most part of
the alveolar groove are unknown and one posterior
upper tooth is significantly less worn. Even though
some of the teeth were obviously tilted laterally post
mortem, in their original position the apical wear
surface was probably subhorizontal. Considering the
equal degree of wear in one row and the proposed
orientation of the wear surface, it is possible that the
teeth were worn until the level of the gums, as in
some offshore specimens of the killer whale Orcinus
orca (see Ford et al., 2011). In that case, the gums

A ™ apical wear
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might have been slightly higher along the upper
teeth. A similar apical wear, even if considerably
less developed, is observed in the holotype of Mess.
gregarius and in the holotype of Tasmacetus shep-
herdi, presumably an adult individual (Oliver, 1937;
Bianucci et al., 2010). Teeth of a sexually mature
female of the latter display only weak apical wear
(Mead & Payne, 1975; USNM 484878, O. Lambert,
pers. observ.).

Finally, a subtly smoothed surface detected on the
lingual surface of the root of some lower teeth
(Fig. 13C) may indicate a slight degree of lingual
wear, suggesting that at least the highest part of the
root was not embedded in the gums on the lingual
side; if proved, this interpretation would contradict
the above hypothesis of apical wear reaching the level
of the gums.

Vertebrae

The partial vertebral column of the holotype has been
described and compared in detail by de Muizon
(1984). As in Mes. perrini and Nazcacetus, only the
atlas and the axis are fused, whereas in Archaeoz-
iphius the atlas is free and in most extant ziphiids no
more than four cervical vertebrae remain free. The
atlas—axis complex of Ninoziphius is also longer than
in Nazcacetus (Lambert et al., 2009) and extant ziphi-
ids (de Muizon, 1984). Together with more marked
areas of insertion for neck muscles on the different
cervical vertebrae, deeper and higher anterior articu-
lar facets on the atlas, and the development of the
various apophyses, this suggests greater flexibility of
the neck in Ninoziphius compared to extant ziphiids
(de Muizon, 1984). The transverse process of the atlas
is much longer than in the eurhinodelphinid Xiphi-
acetus cristatus and longer than in Nazcacetus. Cer-
vicals €3, ¢4, and ¢6 are proportionally shorter than in
X cristatus (see Lambert, 2005a) and longer than in
Nazcacetus.

The number of thoracic vertebrae is estimated to be
at least 11, slightly higher than in extant ziphiids,
even for species recently described or redescribed
(Dalebout et al., 2002, 2003). The morphology of the
preserved thoracics suggests that nine pairs of ribs
were double-headed, with both a tuberculum and a
capitulum (de Muizon, 1984). All extant ziphiids
except Berardius display a double-headed rib count
lower than eight (True, 1910; Oliver, 1937; Mead,
1989a; Dalebout etal., 2003; O. Lambert, pers.
observ.), and therefore a more derived, shorter chest
region as defined by Buchholtz (2001). In the only
preserved lumbar vertebra, de Muizon (1984) noted a
neural canal significantly narrower than in extant
ziphiids, possibly indicating weaker innervation of
the caudal region and lesser development of the mus-
culature of that area.

Sternum

The robust first sternal element is proportionally
longer than in any extant ziphiid, including Indopace-
tus, for which this element was unknown at the time of
de Muizon’s study. The anterolateral corner creates a
triangular apophysis more prominent than in extant
ziphiids (de Muizon, 1984: fig. 95). The most similar
outline is seen in Tasmacetus, in which the anterior
notch is probably deeper (see Oliver, 1937:
pl. 4). Changes in the shape of the sternum suggest
modifications for the insertion of hyoid muscles (e.g.
sternohyoid, altering the position of the hyoid); the
hyoid region is critical for the origin of muscles acting
on the tongue and floor of the mouth in odontocetes,
and, together with other muscles, the sternohyoid ‘may
create a strong piston-like motion of the tongue within
the tube of the long rostrum and mandibles
to produce a powerful suction force’ (Reidenberg &
Laitman, 1994). In this framework, and considering
that suction feeding is a key adaptation of extant
ziphiids (Heyning & Mead, 1996), it is interesting
to note the similarities between Ninoziphius and Tas-
macetus, the only extant ziphiid with a complete
dentition. The anterior margin of the first sternal
element is more robust in Berardius, Hyperoodon,
Indopacetus, and Mesoplodon, wider with shorter ante-
rior projections compared to the level of the articula-
tion of the first rib. This difference might be related to
a stronger sternohyoid muscle in the latter taxa, even
though an important variation is observed in this area
within the genus Mesoplodon. Data on outgroup taxa,
for example eurhinodelphinids, would be important to
better understand the evolution of this character.

Body size

As the posteranial skeleton of N. platyrostris is only
partially known, we used skull measurements to esti-
mate the total body length of the animal. From the
various equations proposed in the past to estimate
cetacean body length (see Pyenson & Sponberg, 2011),
we chose the equation proposed by Bianucci ef al.
(2008: supplementary online material, fig. b), because
it is the only one that considers the ziphiids alone.
From a regression line based on the body length (v)
versus postorbital width of the skull (x) for 25 speci-
mens of extant =ziphiids, Bianucci etal. (2008)
obtained the following equation: y=9.464x + 1137.
The body length of Ninoziphius is estimated to be
4.41 m, a value close to that of Messapicetus (4.47 m)
and in the range of several species of Mesoplodon
(e.g. Mesoplodon bowdoini and Mes. densirostris), but
smaller than members of other extant ziphiid genera
(MacLeod, 2006). However, with some differences
noted between the vertebral columns of Ninoziphius
and extant ziphiids (see above; de Muizon, 1984), this
body size estimate must be considered as tentative.
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Figure 14. Consensus tree of 45 equally parsimonious
cladograms showing the relationships of Ninoziphius with
other ziphiid genera. Homoplastic characters down-
weighted using the method of Goloboff (1993).Tree
length = 134, Goloboff fit=-36.21, consistency index=
0.54, and retention index = 0.77. Numbers associated with
the branches are bootstrap values. See text for discussion
and Appendices S1-S2 for description of characters and
data matrix. ¥, strictly fossil taxa.

PHYLOGENY

The cladistic analysis produced 45 equally parsimo-
nious trees, with tree length =134, Goloboff fit=
-36.21, consistency index=0.54, and retention
index =0.77. The consensus tree of these cladograms
and the bootstrap support values are presented in
Figure 14 and are discussed below.

In our analysis, contrary to the original interpreta-
tion by de Muizon (1991) and despite the presence
of distinct premaxillary crests and elongated nasals,
Squaloziphius does not fall as sister group of the
ziphiids. It lacks two key characters of the family [the
elevated vertex (char. 9); the fossa for the hamular
lobe of the pterygoid sinus extending anteriorly on the
rostrum and ventrally until the ventral limit of the
basicranium (char. 35)] and a few characters shared
by ziphiids and several other odontocetes [e.g. the
concave ascending process of the premaxilla in lateral
view (char. 7); the postglenoid process of the squa-
mosal higher than the ventral margin of the paroc-
cipital process (char. 39); and the anteriorly shortened
zygomatic process of the squamosal (char. 38)]. Nev-
ertheless, some of the latter characters probably
evolved independently in several odontocete clades,
and the unusual morphology of the robust squamosal
of Squaloziphius might be derived, as proposed by de
Muizon (1991). Additional data on this interesting
archaic odontocete, whose rostrum, ear bones, and
mandibles are still unknown, might change our
current view of its still-debated relationships with
eurhinodelphinids and ziphiids, especially in a more
widely sampled phylogenetic analysis.

Contrasting with Squaloziphius, Ninoziphius is
placed as sister group to all other ziphiids; it is
considered here as the most basal stem-ziphiid cur-
rently known. The monophyly of Ziphiidae has a
bootstrap support value of 93; it is supported by the
following six apomorphies, observed in Ninoziphius
and all the other ziphiid genera: (1) presence of a
posteroventral corner on the sigmoid process of the
tympanic (char. 23, states 1-2); (2) presence of one
or two pairs of tusks on the mandibles (char. 28,
states 1-3); (3) hamular fossa of the pterygoid sinus
extended anteriorly on the palatal surface of the
rostrum and ventrally close to the ventral limit of the
basicranium (char. 35, state 1); (4) ventral margin of
the postglenoid process of the squamosal clearly more
dorsal than the ventral margin of the paroccipital
process of the exoccipital in lateral view (char. 39,
state 2); (5) absence or substantial reduction of the
dorsal keel on the posterior process of the periotic
(char. 41, state 1); (6) presence of a precoronoid crest
on the dorsal margin of the mandible (char. 44,
state 1). Moreover, Ninoziphius exhibits an elevated
vertex (char. 9, state 2), which, as pointed out above,
is a feature shared with all the ziphiids apart from
Nazcacetus.

Ninoziphius is less derived than all the other ziphi-
ids, including Messapicetus, also a stem-ziphiid here,
in having a sigmoid process of the tympanic with the
posteroventral corner not posteriorly projected (char.
23, state 1) and in having the apex of the hamular
process of the pterygoid not excavated by the fossa for

© 2013 The Linnean Society of London, Zoological Journal of the Linnean Society, 2013, 167, 569-598



THE ARCHAIC BEAKED WHALE NINOZIPHIUS 589

the hamular lobe of the pterygoid sinus (char. 37,
state 0). Ninoziphius differs from all the other ziphi-
ids except Messapicetus in the following additional
plesiomorphic characters: elongated rostrum (char. 1,
state 0); posterior bullar facet of the periotic not
fan-shaped (char. 20, state 0); transverse thickening
of the anterior process of the periotic absent or weak
(char. 21, state 0); elongated symphyseal portion
of the mandibles (char. 29, state 0). Other primitive
characters shared by Ninoziphius and a few other
ziphiids are the following: ascending process of the
premaxilla in lateral view only slightly concave (char.
7, state 1; also observed in the berardiines); absence
of the anteromedial excavation of the dorsal surface of
the of the nasal (char. 14, state 0; also observed in
Archaeoziphius, Berardius, Izikoziphius, Xhosacetus,
and Ziphius); functional maxillary teeth in indivi-
dualized alveoli (char. 27, state 0; also observed in
Messapicetus and Tasmacetus); eight or more pairs
of double-headed ribs (char. 46, state 0; also observed
in Berardius, but status unknown for all other fossil
ziphiids).

Concerning the other ziphiids, our analysis sub-
stantially agreed with those recently published
(Bianucci et al., 2010; 2013) with some minor changes
(e.g. the sister-group relationship between the Ziphii-
nae and the Hyperoodontinae +stem relatives)
because of the addition of new taxa and characters.
The bootstrap analysis supported the exclusion of
Squaloziphius from the ziphiids and the basal posi-
tion of Ninoziphius inside the family. However, it also
confirmed, as already pointed out (Bianucci et al.,
2010; 2013), that the relationships amongst some
clades and genera of this family still need to be better
resolved. Further discoveries of well-preserved speci-
mens such as those of Ninoziphius described here
could improve the knowledge of the relationships
within this family.

Considering the late early to middle Miocene age of
the oldest known fossil ziphiid remains (Bianucci
et al., 2005; Lambert & Louwye, 2006), the basal-most
position of the early Pliocene (or latest Miocene, see
discussion above) N. platyrostris in the ziphiid phylo-
genetic tree suggests a long range extension (amount
of stratigraphical range of a given taxon to be added
to comply with the phylogenetic tree; Smith, 1994;
Cavin & Forey, 2007). Indeed, Archaeoziphius micro-
glenoideus, the geologically oldest fossil ziphiid
crownward to the lineage of Ninoziphius in our phy-
logenetic tree, is dated from the middle Miocene
(tentatively late Langhian to early Serravallian,
c. 15-13.2 Mya; Lambert & Louwye, 2006); this
implies a range extension of more than 7.3 or 7.9 Mya
for the lineage of Ninoziphius, depending on the early
Pliocene or latest Miocene age of the Sud-Sacaco level
in which the specimens were found.

PALAEOECOLOGY

CLUES ON THE FEEDING STRATEGY AND
HABITAT OF NINOZIPHIUS

One of the most obvious features of the head of
Ninoziphius is its very elongated snout. It is striking
to note that the two ziphiids with the longest snout,
namely Messapicetus and Ninoziphius, and another
long-snouted taxon, Tasmacetus, have a complete set
of functional upper and lower teeth. This combina-
tion, which might be considered as primitive amongst
ziphiids (see phylogeny above), suggests that teeth
were still used for grasping the prey, with the help of
the long snout, whereas in toothless ziphiids the prey
is probably captured and ingested through suction
(Heyning & Mead, 1996; Werth, 2006; Johnston &
Berta, 2011). Additional arguments to support this
hypothesis can be found. For example, the first
sternal element of Ninoziphius is more similar to
Tasmacetus, suggesting a weaker sternohyoid muscle
(see above). The notch in the posterior margin of
the dentary, between the mandibular condyle and
angular process, might have allowed a larger gape
in Messapicetus and Ninoziphius compared with
‘capture’ suction-feeding ziphiids (see Heyning &
Mead, 1996), possibly related to the use of the jaws
to grasp prey. Alternatively, the enlarged hamular
processes of the pterygoids of Ninoziphius, observed
in all other ziphiids, might have enhanced gular
distension in association with suction feeding; during
caudal retraction of the tongue, the ventrally
extended processes would force it to move ventrally,
further increasing the intraoral volume and conse-
quently decreasing the intraoral pressure (Heyning &
Mead, 1996). Apart from the non-excavated apex,
the hamular process is not smaller in Ninoziphius
than in any other ziphiids. Furthermore, Ninoziphius
displays a distinct precoronoid crest, albeit slightly
lower than in some other ziphiids. As mentioned
above, this anatomical feature constitutes a rigid
lateral wall for the oral cavity and has been consid-
ered as useful for the production of an increased
intraoral pressure for suction (Fordyce et al., 2002;
Lambert et al., 2009).

The intense apical tooth wear observed in most of
the preserved upper and lower teeth of the holotype of
N. platyrostris is another interesting element for dis-
cussion of the feeding strategy of the species, even
though it is difficult to interpret. Such tooth wear is
observed in many extant odontocetes, for example
the beluga, Delphinapterus leucas, the sperm whale,
Physeter macrocephalus, and some populations of
the killer whale, Orcinus orca (Fitzgerald, 2010; Ford
et al., 2011; O. Lambert, pers. observ.). The wear in
Delphinapterus is in large part because of the oblique
occlusion of upper and lower teeth (Fitzgerald, 2010),
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whereas in Ninoziphius shallow occlusion facets are
located on mesial and distal surfaces of teeth. In
Physeter, which only bears erupted teeth on the lower
jaw, roughly flat apical wear surfaces are mostly seen
in the posterior part of the tooth row, beyond the end
of the symphysis. Wear surfaces are not necessarily
horizontal; they are sometimes tilted medially or lat-
erally. It is well known that the teeth of Physeter are
not used for grasping prey, which is directly sucked
into the oropharynx (Werth, 2004, 2006). In this case,
apical wear on the posterior teeth could be explained
by the repeated passage of food and water through
this area; the lesser wear in more anterior teeth
might be explained if the animal feeds with the
mouth widely open. Intense tooth wear in individuals
of a north-eastern Pacific population of Orcinus has
been proposed to be at least partly related to preda-
tion on the Pacific sleeper shark Somniosus pacificus;
dermal denticles in the skin of this shark would
produce abrasion of the apex of the teeth (Ford ef al.,
2011). In this case mandibular wear is sometimes
severe, reaching until the gum line, and wear is
proposed to be more intense in anterior teeth, prob-
ably related to the preferential use of these teeth for
grasping and tearing this large prey (Caldwell &
Brown, 1964).

In Ninoziphius, apical tooth wear could have hap-
pened following two different scenarios: (1) direct
suction or (2) capture with the teeth and ingestion by
suction. In the first case, wear would be the result of
repeated passage of prey with water along the teeth,
implying that the prey was captured and ingested
with the mouth nearly closed (both upper and lower
dentitions are deeply worn). An additional abrasive
element would be added if the animal was feeding on
the sea floor, with sediment being ingested together
with the prey and water (for comments and references
about benthic feeding, see Fitzgerald, 2010). In the
second hypothesis, wear would be the result of direct
contact of the apex of interlocking teeth with the prey.
After capture by the anterior teeth, the prey would be
progressively brought posteriorly into the area where
it could finally be sucked in for ingestion. The wear in
the middle part of the jaws would here be linked to
the progressive transfer of food from the anterior part
of the elongated snout to the back, not to an initial
break of the crown apex when contacting hard tissue,
as all the teeth on the row have a similar level of
wear. Feeding close to the sea floor could also bring
abrasive sediment between the interlocking teeth and
the captured prey. Considering the very long jaws of
Ninoziphius and subhorizontal wear surfaces all
along the preserved part of the tooth row, the second
hypothesis is preferred here. We therefore hypoth-
esize that Ninoziphius fed on medium-sized indi-
vidual prey, fish and/or cephalopods, possibly at close

Figure 15. Life reconstruction of an adult male of Ninoz-
iphius platyrostris preying upon medium-size benthic
gadiform fish along the sea floor off the southern Peruvian
coast during the late Neogene (scientific artist: C. Leten-
neur, MNHN, Paris).

proximity to the seafloor (Fig. 15), grasping the prey
with the anterior part of the toothed jaws, transfer-
ring it to the posterior part of the mouth, and swal-
lowing it by suction. By analogy, the long-snouted
river dolphins Inia geoffrensis and Platanista
gangetica are known to feed on the bottom of rivers;
both have been observed probing and digging in the
sediment to find prey and grasping it with their
anterior teeth (Best & da Silva, 1989; Reeves &
Brownell, 1989). However, in contrast to our hypoth-
esis for Ninoziphius, after having grasped the prey,
I. geoffrensis and P. gangetica probably rely less on
suction than on movements of the jaws to move the
prey posteriorly as the lateral opening of their mouths
are longer than those of ziphiids (Best & da Silva,
1989; Reeves & Brownell, 1989; Werth, 2006). Micro-
wear analyses of dental enamel and cement would be
useful, even though no detailed study of this param-
eter in extant odontocetes is currently available for
comparison. It is interesting to note that stomach
content analyses have shown that several extant
ziphiids feed at or close to the seafloor (MacLeod,
Santos & Pierce, 2003). Recently, gouges observed in
the soft sediment of the seafloor at great depths have
even been interpreted as the result of bottom feeding
by ziphiids (Auster & Watling, 2010).

Similar, although less pronounced, wear in the
holotype of the other long-snouted ziphiid Mess. gre-
garius suggests that the latter fed with the same kind
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of strategy, as proposed in part for Mess. longirostris
(Bianucci et al., 1994: fig. 9). Few data are available
on the diet of the extant Tasmacetus; the stomach
content of one specimen revealed only cephalopod
remains, whereas another only contained fish (Mead
& Payne, 1975; Pitman et al., 2006). The even less
pronounced apical tooth wear seen in Tasmacetus
may indicate that it feeds further from the seafloor,
that its prey bears less abrasive skin, or even that
only younger individuals of Tasmacetus were
observed.

The question of feeding depth can also be discussed
using the extent of the pterygoid sinuses. The consid-
erable enlargement of the sinuses and the reduction
of the lateral bony lamina limiting them in Physeter
and the ziphiids, compared to other odontocetes
(Fraser & Purves, 1960; Rommel ef al., 2006), led
Cranford et al. (2008) to propose an interesting func-
tional hypothesis. As suggested by previous authors
(Fraser & Purves, 1960), Cranford et al. (2008) agreed
that the pterygoid sinuses provide a reservoir of air
that moves towards the ear bones when the animal
dives because of the increased hydrostatic pressure.
As air is essential for the functioning of the ossicular
chain, a larger volume of air in the sinuses would
ensure that a small pocket of air was retained around
the ear bones during deep dives, as performed by
extant ziphiids and Physeter (e.g. Tyack et al., 20086;
Minamikawa etal., 2007), and would allow the
animal to continue echolocating, a function crucial for
prey detection (Fraser & Purves, 1960; Johnson et al.,
2004; Cranford et al., 2008; Reidenberg & Laitman,
2008). Therefore, the volume of the pterygoid sinuses
might be one of the rough indicators of the ability of
an odontocete to dive at great depths. A similar argu-
ment (size of pterygoid hamuli) has been used to
differentiate an offshore, presumably deeper diving,
population of the delphinid Tursiops truncatus from a
coastal ecotype (Perrin et al., 2011). Except for the
unexcavated apex of the hamular process, the volume
of the pterygoid sinuses is not significantly smaller in
Ninoziphius than in other extinct and extant ziphiids,
meaning that this factor would not have limited the
depths to which Ninoziphius would have been able
to echolocate. The volume of the pterygoid sinuses
was considerably smaller in the archaic odontocete
Squaloziphius, although still larger than in eurhino-
delphinids.

Another element worth commenting on is the simi-
larity noted between the aspect of the pterygoid bone
on the medial surface of the fossa for the hamular
lobe of the pterygoid sinus in Ninoziphius and the
gossamer-like trabeculae of the soft tissue fibrous
venous plexus (FVP) laterally surrounding the ptery-
goid sinus in the same area in Ziphius (see Cranford
et al., 2008). The small cavities in the pterygoid are

only well formed in one of the two specimens of
N. platyrostris in which this area is preserved, but the
high level of shape similarity with the FVP in Ziphius
(Fig. 8) could suggest a similar function. In the latter,
the anterior part of the FVP has been proposed to fill
the volume left by the air sinuses squeezed by hydro-
static pressure during deep dives (Cranford et al.,
2008). The small cavities on the pterygoid bone
medial to the hamular lobe of the pterygoid sinus in
N. platyrostris might allow the retention of a small
residual quantity of air along all of the bony surfaces
concerned when the quantity of air is greatly reduced
(T. W. Cranford, pers. comm., 2012), and possibly
retain a reflective function. In the framework of this
hypothesis, the bony transverse crests observed in the
fossa for the hamular lobe of the pterygoid sinus of
the two specimens of N. platyrostris would be analo-
gous to the soft tissue transverse crests of Ziphius,
possibly corresponding to a partial compartmentali-
zation of the sinus volume (T. W. Cranford, pers.
comm., 2012), which would also help to retain air in
a given area when the sinus collapses during phases
of increased pressure.

Another important aspect for the process of echolo-
cation is the morphology of the facial area, where the
high frequency sounds are produced. Unfortunately,
in odontocetes these echolocation sounds are pro-
duced by phonic lips in a region only made of soft
tissues (e.g. Heyning, 1989; Cranford et al., 2008) that
do not fossilize. The only information available
in fossil specimens is the morphology of the surround-
ing bony elements. One main change in ziphiids
compared to other odontocetes is the elevation of
the vertex and the development of transverse premax-
illary crests lateral to the nasals (Moore, 1968;
Heyning, 1989; de Muizon, 1991). Even though the
crests are not completely preserved in Ninoziphius,
they are present, on an elevated vertex that is pro-
portionally even more elevated than in Berardius and
Tasmacetus, amongst extant ziphiids. Another char-
acter of facial bones that is reflected in forehead soft
anatomy and that might be related to echolocation
parameters is the asymmetry of the premaxillary sac
fossae, mirrored by a corresponding asymmetry of the
premaxillary sacs and nasal plugs in extant ziphiids
(see Heyning, 1989; Cranford, Amundin & Norris,
1996). The moderate asymmetry observed in Ninoz-
iphius is, as mentioned above, much more reduced
than in Hyperoodon, Ziphius, and several fossil
genera, and somewhat more reduced than in some
species of Mesoplodon, but close to the range of Berar-
dius spp., Indopacetus, Tasmacetus, and other species
of Mesoplodon. For the moment, there are to our
knowledge no significant differences noted amongst
the echolocation performances of the different extant
ziphiid species, so nothing can be concluded from this
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observation. In addition, Ninoziphius might represent
a preliminary step in the development of a prenarial
basin (anterior position of the premaxillary foramen,
deep posteromedial sulcus). However, it is far from
the extremely wide and deep basin observed in adult
males of Ziphius (Heyning, 1989; Cranford ef al.,
2008), and it only approaches other fossil forms, for
example Beneziphius or Messapicetus, for which no
direct information about forehead anatomy and echo-
location features is known. With these few elements
in hand, it can only be concluded that, based on
osteology, there is no argument to support a high
frequency sound production area less specialized
in Ninoziphius than in, at least, some of the extant
ziphiids, the latter relying on echolocation to detect
their small to medium-sized prey in deep and dark
oceanic areas (e.g. Johnson et al., 2004, 2008).

From a hydrodynamic standpoint, a longer and
more flexible neck leads to greater manoeuvrability at
low speed, but also to a loss of stability and power
when swimming fast (Fish, 2002). In the case of deep
diving extant ziphiids, individuals spend a long time
travelling to feeding areas and back to the surface
(Hooker & Baird, 1999; Johnson et al., 2004; Tyack
et al., 2006). In some species it has been noted that
the fluke rate is low for most of the descent, meaning
that the animal glides for some time between the
fluking periods (Tyack et al., 2006). It seems obvious
that a more rigid and hydrodynamic body, with,
amongst other features, a short and rigid neck, would
be more efficient for such a succession of fluking
and gliding phases. With its longer neck, made up of
a higher number of free cervicals, and a possibly
shorter tail with a less powerful fluke (de Muizon,
1984), Ninoziphius can be considered as less adapted
to deep dives than extant ziphiids. Together with the
long snout, this conformation might have been better
fitted for hunting elusive prey along the sea floor
in shallower water (Fig. 15), in a way possibly more
similar to eurhinodelphinids.

Body size is another important parameter related
to diving depth and duration in air-breathing
animals; larger/heavier species are often recorded to
dive longer, presumably in relation to oxygen storage
capacity and oxygen metabolism (Schreer & Kovacs,
1997, Watanabe ef al., 2011). Correlations between
body mass and dive duration and between body mass
and maximum diving depth have even been proposed
for cetaceans or odontocetes (Schreer & Kovacs, 1997;
Noren & Williams, 2000). However, concerning Ninoz-
iphius, extant ziphiids with a similar body size, for
example Mes. densirostris (MacLeod, 2008), have
been recorded to dive much longer and deeper (Tyack
et al., 2006; Baird et al., 2008) than would have been
predicted by the equations of Schreer & Kovacs (1997)
and Noren & Williams (2000), close to the perform-

ances of the largest extant ziphiid Berardius bairdii
(see Minamikawa et al., 2007).

Preliminary X-ray investigation of two caudal ver-
tebrae (ninth and tenth) of the holotype did not reveal
any cavity that might correspond to avascular
osteonecrosis. This behaviourally induced pathology
is the result of nonlethal emboli causing repeated
damage to blood vessels and bones supplied by these
vessels (Beatty & Rothschild, 2008). The absence of
such a pathology suggests that the animal did not
suffer decompression syndrome, either because it
did not dive regularly at great depths, or because it
already possessed the behavioural and physiological
adaptations for such deep dives, as do the extant
ziphiids. However, additional tests on other bones and
new specimens are necessary to investigate further
this question.

To summarize, most of the morphological traits of
the skull of Ninoziphius related to echolocation
(elevation of the vertex, asymmetry, volume of air
sinuses . ..) are more similar to extant ziphiids than
to any other odontocete. Based on these similarities,
no indication has been found that Ninoziphius was
less efficient for echolocation at depth than extant
ziphiids. The morphology of the pterygoid bone at the
surface of the hamular fossa further supports this
hypothesis. However, considering the available post-
cranial elements, Ninoziphius was less specialized
than extant ziphiids for locomotion as it appears to
have been less adapted for long periods of vertical
travel towards feeding areas. The elongated snout
and the complete rows of upper and lower teeth
suggest that Ninoziphius was still catching prey with
its jaws, before moving it towards the posterior part
of the mouth by suction. Finally, strong apical tooth
wear in the holotype is tentatively interpreted as an
indicator of benthic feeding.

CLUES ON THE SOCIAL BEHAVIOUR OF NINOZIPHIUS

Like all other ziphiids, Ninoziphius bore enlarged
mandibular tusks. The apical pair probably protruded
anteriorly to the end of the rostrum, and it may
have been followed posteriorly by two smaller pairs
(Fig. 15). Apart from Berardius, the tusks are sexu-
ally dimorphic in all extant ziphiids and, with some
exceptions they are probably used in possibly ritual-
ized fights between adult males (Heyning, 1984;
MacLeod, 2002). A sufficiently large sample allowed
the proposal of a similar sexual dimorphism in the
extinet species Mess. gregarius (see Lambert ef al.,
2010a). Unfortunately only one pair of mandibles of
N. platyrostris is known to date. Therefore, consider-
ing the basal position of Ninoziphius in the ziphiid
phylogenetic tree, we have no solid argument to
support a similar sexual dimorphism in N. platyros-
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Il Very large body size (> 7.5 m long)

Figure 16. Consensus tree of 45 equally parsimonious cladograms as presented in Figure 14, showing the evolution of
body size amongst ziphiids. Values for each genus correspond to the maximum size recorded. Note the independent size
increase in several lineages and that the largest body sizes are limited to extant genera. Total body sizes of the fossil
ziphiids were estimated using the equation in Bianucci ef al. (2008: supplementary online material, fig. b). For the extant
ziphiids we considered the maximum body sizes in MacLeod (2006: table 1).

tris. Nevertheless, it is interesting to note that none
of the three specimens described here displays any of
the changes of the rostrum morphology often observed
in other ziphiids: filling of the mesorostral groove
by the mesethmoid or the compact vomer, or dorsal
closure of the groove by the thickened and compact
premaxillae. Although no consensus exists, some of
these specializations have been tentatively related to
intraspecific fights (see MacLeod, 2002; Lambert
et al., 2010a, 2011).

ELEMENTS OF ZIPHIID
EVOLUTIONARY HISTORY

REDUCTION OF DENTITION

The most parsimonious optimization of the character
‘presence/absence of a full set of functional maxillary
teeth’ on the obtained phylogenetic tree indicates one
main episode of dental reduction, at the base of the
clade of crown ziphiids including Nazcacetus + more
derived ziphiids, and one or two minor episodes in the
stem-ziphiid Messapicetus clade (towards members of
the Beneziphius + Ziphirostrum clade). However, it
should be kept in mind that in several extant, and
possibly fossil, ziphiid species, tiny teeth are occasion-
ally observed in the gum (e.g. Boschma, 1951;
Lambert et al., 2009). This means that the genetic
basis for the development of teeth is still present,
even if not systematically expressed, in several
ziphiid lineages. Therefore it would not be surprising
if the history of the character ‘presence/absence of a
full set of functional maxillary teeth’ proved to be

more complex in the future than the simple optimi-
zation presented here.

MANDIBULAR TUSKS

The presence of apical mandibular tusks in the most
basal ziphiid Ninoziphius (and in all the taxa for
which the mandibles are known) suggests that the
development of these enlarged lower teeth represents
a key character in the evolution of the family, most
likely present in all the crown ziphiids, even though
the position of the tusks is modified in many species
of Mesoplodon (Moore, 1968). This acquisition
appears not to be related, either temporally or func-
tionally, to the reduction of the postapical dentition,
as proposed by Lambert ef al. (2009). Considering the
extensive radiation(s) of the ziphiids following this
acquisition, it is hypothesized that variation in the
shape, size, and position of the tusks, and possibly
variation of the social behaviours related to the devel-
opment of tusks, might have been, together with
habitat shifts and changes in the feeding technique,
one of the fundamental conditions for the diversi-
fication of the family, as already proposed for the 14
known extant species of the genus Mesoplodon
(Dalebout, Steel & Baker, 2008).

BoDY SIZE

The largest known ziphiids, with a maximum body
Iength above 7.50 m, are all extant (Berardius, Hyper-
oodon, and Ziphius), whereas none of the stem-
ziphiids has an estimated body length reaching
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4.50 m (Fig. 16). Although a preservational or collec-
tion bias cannot be excluded, a size increase is
observed in members of several lineages: at least
amongst Berardiinae, Hyperoodontinae, and Ziphii-
nae. In cetaceans, an increased body size has been
variously interpreted as: an adaptation to cold water,
an antipredatory strategy, a way to metabolically
improve the dive capacity or to minimize the drag per
unit mass during swimming or diving; maximum
body size has also been demonstrated to be directly
related to a higher diversification rate of the
clade (Noren & Williams, 2000; Fordyce & Muizon,
2001; Trammer, 2005; Fitzgerald, 2010; Lambert
et al., 2010b). Considering the diving performances
of smaller extant species, the general distribution of
extant ziphiids (e.g. Davies, 1963), the reports of
attacks by killer whales, even on the largest species
(Balcomb, 1989; Mead, 1989b), and the separate
dietary niches of species living in the same area
(MacLeod ef al., 2003), the parallel evolution of a
larger size in several lineages could be interpreted as
an adaptation to a cooler habitat, and/or as a mean to
overcome predator attacks, and/or as providing the
opportunity to feed on larger prey.

ECHOLOCATION AND DEEP DIVING

The known stem-ziphiids display facial and basicra-
nial features that roughly match the anatomy of
at least some of the extant ziphiids. Therefore, we
cannot find strong arguments that would indicate an
echolocation system less efficient in stem-ziphiids
than in at least some of the extant forms (see discus-
sion above for Ninoziphius). Additional data on the
postcranial anatomy of other basal ziphiids, investi-
gations of their hearing abilities, stable isotope analy-
ses of tooth enamel, and computed tomography scans
of vertebrae for the detection of avascular osteonecro-
sis might refine the various steps and timing of the
critical ecological shift of ziphiids towards deeper and
darker oceanic regions. Only after that would it be
possible to confront the evolutionary history of the
family with changes in the diversity of their prey,
with the evolution of the other known main group of
deep diving odontocetes (the sperm whales), and with
physical changes in the oceans during the Neogene
(e.g. Lindberg & Pyenson, 2007).

CONCLUSIONS

Based on the holotype specimen and two newly pre-
pared partial skulls from the same Peruvian locality,
we have redescribed in detail the late Neogene fossil
ziphiid (beaked whale) N. platyrostris. This descrip-
tion and the comparison with other fossil and extant
ziphiid taxa led to the elaboration of an emended
diagnosis for Ninoziphius.

In our phylogenetic analysis, including 22 other
fossil and extant ziphiid genera, as well as, amongst
others, the strange archaic odontocete Squaloziphius
and several eurhinodelphinids, Ninoziphius turned
out to be the most basal stem ziphiid.

Based on the morphology of the oral apparatus,
Ninoziphius appears to be less adapted for suction
feeding than most extant ziphiids and probably
relied instead on its elongated tooth-bearing snout to
grasp its prey. We tentatively interpreted tooth wear
observed on the holotype of N. platyrostris as being
related to benthic feeding, even though prey type
could also affect dental condition. The vertebral
column of Ninoziphius was considered somewhat less
specialized for deep diving compared with extant
ziphiids.

At the level of cranial anatomy, we did not detect
major differences from extant ziphiids that would
suggest a less efficient echolocation system. However,
more detailed analyses, both on fossil and extant
taxa, are necessary to understand better the evolution
of ziphiid sonar.

Taking account of the basal position of Ninoziphius
in the phylogenetic tree of ziphiids, the evolution of
several morphological characters within the family
has been discussed, namely dental reduction, the
development of tusks early in the history of the
family, and the increased body size evolving in par-
allel in at least three ziphiid lineages.
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