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Function, sexual dimorphism and intraspecific variation of the bizarre rostral structureshef
extinct beaked whaleGlobicetus hiberus

Abstract

Ziphiids(commonly known as beaked whalesm)e deepdiving, echolocatioruser odontocetes.
The recently nam& Pliocene Globicetus hiberubearsa peculiar largebony spherein the rostrum
the mesorostral process of the premax@iar MPP. The origin and function dfIPPis mysterious but
hypothesesare addressedl. malformation, deformity or diseasg2. ballast 3. intraspecific fighting
4. reflection and directional aim of the sound beam;iBcreasing the velocity of sound wayes
sound barrier and 7. secondary sexual orgasomne hypotheses are rejected (1, 2),6thers my
play a secondary role (3, 8) and we sugge the secondary sexual organ) (&@s themost likely
explanation The MPP varies in size in the six specimens studidduring life, MPP grows
allometricallyin a subgroup but not in the other, suggesting tibae subgroup corresponds to males
and the other to females (sexual dimorphism). Beakelles are able to perceivebones as
distinctive echoiégmageswith their sonar therefore theMPP may work @asecondary sexual organ
the socalledéantlersinsides hypothesis.

Key words Ziphiid cetaceans; beakedhales; sexual dimorphism secondary sexual organ;
echolocation skull anatomy
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Funcédo, dimorfismo sexual e variacdo intraespecifica das estruturas rostrais bizarras na-teleia
bico extintaGlobicetus hiberus

Resumo

Zifideos (vulgarmente conhecidos como baleias de bisdp odontocetes ecolocalizadores
capazes de efetuar mergulhos de grande profundid&eescentemente nomeadGlobicetus tberus
do Plioceno, exibe uma peculiar e grande esféssea no rostroo processo mesorostral da pré
maxilaou MPP. A origem e fun¢cdo do MPP é misterioso, mas algumas hipoteses séo abdrdadas:
malformacédo, doenca ou deformidade; 2. lastro; 3. luta intraespecifica; 4. reflexdo e orientagdo do
feixe de som; 5. aumento da velocidade das ondas sonordsarfeira sonorae 7.6rgédo sexual
secundario Algumas higteses séo rejeitadas (1, 2),6outros podem desempenhar um papel
secundario §, 4,5) e sugerimos o 6rgao sexual secundarjocomo a melhor hipétes€ MPP varia
de tamanho nos seis espécimes estudados. Durante a vida, o MPP cresce alométricgmeeate
em um subgrupo, sugerindo quenudeles corresponde a machos e o outro a fémeas (dimorfismo
sexual).Estas baleias seriam capazes de detetar 0ssos como imagens ecdicas distimtasseu
sonar, portanto, o MPP poderia funcionar como um 6rgédo sexual secundario, a chanmidese
dasthaa 1 Sa A.YyGSNYI a¢

Palavraschave: Cetaceos ifidecs; baleiade-bico; dimorfismo sexual;6rgdo sexual secundario;
ecolocalizagdmanatomia craniana
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1. Introduction

The objective of the present work is to understand the function, development, osteology and
evolution of the spherdike structure (themesorostral process of the premaxa|dPP in the skull
of a poorlyknown extinctspecies of beaked whal&lobicetus hiberus

1.1. Beaked Whales (Ziphiidae; Cetacea)

Cetacea comprises three suborders, the extiotl

paraphyletic Archeoceti, the Mysticeti or baleen Hyperoodontinae Mesoplodan
whales and tb Odontoceti or toothed whale®Beaked Hyperoodon
whales (family Ziphiidae Gray, 185@vithin the

Odontocet) are thesecond most speciasch modern Ziphius
cetacean family following the Delphinidae Gray, 1821

Ziphiidaeincludes at least 21 extant species (Dalebo Choniziphius
et al.,, 2002; Lambert, 2005; Bianucet al, 2007

Bianucciet al, 2013 and a divese fossil record (see  ZPhinae -=-. | i G

cladogramin fig. 1.1).Beaked whales areiidespread

- . P ~ . ) o Globicetus
U KNP dz3 K 2 dzi océakshut raadinfofe dfthe

most poorlyknown groug of cetaceans. Almost Ziphiidae Imocetus +
nothing is known about many of the species, and sor

have never been positively identified in the wilc Berardiinae
largely due to their cryptic behaviors drdeepwater

habits (Mead, 1989; Hardy, 2005; Soldeviia al., Ziphirostrum
2005; Rommelet al., 2005 Bianucciet al., 2007; ,

Lambert et al., 2011; Bianuccet al., 2010 T d2 ,, . Ghparats Y
2014). They are capable ofaging submerged for long Delphircides
periods of time, with apnea duratins over one hour

(Tyacket al, 2006; Schoret al, 2014 and diving to Physeteroidea
incredible depths. Down to more thah800 meters

have been documenteth some speciedndividuals of Mysticeti

BIainviIIe':; bgaked vwhal_el\{l(esoplgdgn_de}ns_irostrii _Fig. 1.1: Ziphiid phylogenyased on
and/ dzdA SNRa 0 YiphiuSdavirastHgth&ve a | ampert (2005), Bianucct al. (2013) and
been recorded at depthsp to 1251 and 1888 eters  pa t QR A Vi, stiailyfossil ata.
(Tyacket al., 2006; Lamberet al., 2011 Schorret al.,
2014), with average foraging divedurationsof 47 and 58 minutes, respectivéy (Tyacket al., 2006) A
recent study by Schoet al. (2014) reported a new mammalian dive record, setting it at a depth of
2992 netersand lasting 137.5 mitesdo & / dzdA SNR& o0SIF {1 SR ¢KIfSao

In addition to their deepdiving habits, they exhibit dental reduction, beinggenerally
teuthophagous(squideating) suctionfeeders (MacLeod & Herman, 2008oldevillaet al., 2005;
Rommelet al, 2005 Lambertet al., 2011; Bianucceét al., 2013) andare characterized by various
skull specializationsome being considerabsexually dimgphic; these specializations place them as
one of the most peculiar odontocete groups and lead to contrasted functional interpretations
(Buffrénilet al, 2000; MacLeod2002; Lamberet al, 2011). Jaws and facial skugostra) of many
fAGAY3I FYR SEGAYOUG 1 AdaltestuBuiesidthe/sée brgadi@ihtducedzd Wo A
by Gould in hisd974work on the evolutionary significana& antler and skull size iMegaloceros
giganteug. Examples include a reshaped msorostral ossification formed by the vomer,
exaggerated premaxillae and premaxillary crests on the rostrum and vertex, -doapeed and
bulbous maxillary crests, thiened nasals of irregular shape aedlarged lower teeth (tusRshigh
compactnessxtendirg to a part or to alrostral bones is common to adult male specimens from
manytaxa of ziphiids along with occasional byplasia of the premaxillad3(ffrénil et al, in review),
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resultingin highly speciespecific morphological patterns of cresind associated structuresmany
demonstratingage varation and sexual dimorphisnproviding evidenceof evolution under sexual
selection (Cranforaet al,, 2008&). Dentition isoften reduced,generally developed in extant males
only and used in combats (Hard2p05)The Mesoplodongenus is a goo@&xampleof the sexual
dimorphisn in these animals: tusks gramly in sexually mature males, while females are effectively
toothless éee, for instance Hardy, 2005 abdleboutet al, 2008). Heavy scarring throughout the
body of many beaked whalesiggesting thathe large teeth of the lower jaw are used aggressively
(Mead, 1989; MacLeod & Herman, 2004; Hardy, 2005; Seuzil, 2005). Those species that
accumulatescars are predomantly cetaceans that exhibit largely cephalopbdsed diets and do
not require complex teeth to capture their prey (Heyning & Mead, 1996).

Most odontocetes (toothed whales, dolphins and porpoises) spend the majority of their lives in an
underwater worldwhere light barely penetrates the surface layers and where vision is of limited
value, for which they have to rely heavily on echolocation (Heyning, 1989a)hihexnd navigate
through dark and turbid aquatic environments; the cephalic anatomy is malkedtructural
complexes that have long been recognized as components of a sophisticated biosonar system. The
nasal apparatus in all odontocetes, as compared to all other mammals, is greatly enlarged, fitted with
specialized lipid organs with complex samding muscles (Heyning, 1989a). lteguipped with
rostral bones that sometimes form an amphitheatike shape (Cranfordt al., 2008b), perfect for
accommodation of the soft tissues. The echolocation uses mainly the phonforighge production
of sound, and themelon and connective tissués guide the sound waves.

Members of the beaked whaliamily are characterized by a prominent beakd wide rostrum
base,providing a broad surface area for muscle attachments amohetimes a bulging forehead.
Sorre of their skull bones suffer from a condition called pachswosclerosis (MacLeod, 2002;
Buffrénil et al., 2000, Buffrénil & Lambert, 20%11Lambertet al., 2011), an increase in bone inner
compactnesand thickeningZiouposet al., 1997; Cranforet al, 2008a; Lamberet al., 2011; Li &
Pasteris, 2014)The facial and rostral bonem ziphiid Mesoplodon densirostrigthe maxillae,
premaxillae, vomer, palatine, mesethmoid) exhibit the densest, most compact, mineralized and rigid
osseous tissue describeth far (Zylberbergt al., 1998; Zioupost al., 1997; Lamberet al., 2011; Li
& Pasteris, 2014; Buffréniét al, in review). Other ziphiids carsometimesdisplay protruding
structural specializatiomof facial and rostral bonexhibited by excrescemps, rugosities or crests
(Bianuccet al., 2007 & 2013; G@in, 2014; Buffrénikt al., in review).

Many of the spectaculattiversity of anatomical solutions displayed by beakdxhlesare not only
functional but alsopresumed to be a result of sexual selectidm the animal kingdom, secondary
sexual traits are often easy to spot and characterize, but in cetaceans, little research has been
conducted Somewhales do show impressive and very developed sexual traitghwdain include the
highly developed melon Globicephalaspp.), the spermaceti organ (sperm whalBhyseter
macrocephalusand the development of specialized tusks in a variety of beaked wjsaieh as the
Mesoplodorgenus Mead, 1989 Daleboutet al., 20@B).

In the skeleton ofextant whales, some sexudimorphismis easy to identify, sincéeeth, which
are highly diagnosticare only present in the lower jawf males of certain specigsn fossilized
beaked whales it's harder, since most of the recovdomsils aresimplyrostra, probably because of
the high mesorostral ossificatiosome of them sufferunfortunately, this makes tooth identification
impossible, since they are normally only presenthia lower jaw, anddo not appear very often in
the fossil recordSize can be consideraldgxually dimorphic: among aquatic mammals, it is normal
for males to be larger #in females (Bert&t al., 2005),and in odontocetes this is usually also the
case,such as irthe killerwhale and the sperm whale; but this is actually reversed when referring to
the Mysticeti, and in someiphiidspecies (Bertat al., 2005).

Lastly, it is important to bawarethat beaked whalesire elusive creatures arttiat there is still a
lot to learn about their behaviorsince some species actuallygave neverbeen observed aliveA
major limitation of this type of study is thecarceavailability of both fossil and extant specimens
impairing more accurate comparisenwith fewer speculations.An additional problem is the
inaccuracy of the data regarding thecalitieswhere many of the fossils were founahostly because
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of the secreckept bysome trawling fishermaabouttheir fishing grounds. In the case of this study,
this was not a major awern, but in future worksledicated to evolutionary studies arthbitat
reconstitutionsit could be a considerable obstacle

Record of narine mammas of Portugalthrough time

Theworldwide fossil record of ziphiids scarcecompared to thewidespreadpresence and diversity
of extant species. Even now, the number of fossil species based on specingemstingfrom inland
deposits remains small (Muizon, 1984; Lambert, 2005; Lambert & Louwye 2006; Baraic@010;
Bianuccket al, 2013). However, specimens recovered from tleean floorproved to be an essential
source of information These dssils, generally isolated skulls fsagmentary rostra, have been
recovered fromtrawling and long fishing activities on the ocean bottomdapthsup to 1000 m
(Bianuccet al., 2007 & 2013; Antunest al,, 2015).

Marine mammals from the Neogene of Portugal, occurring mostly in the Mioacameprise28
taxa: 24 Cetacea (16 Odontoceti and 7 Mysticeti), 3 Sirenia and 1 Pinnipedia (Estevéay,&2@D
could be usedo distinguishfour major evolutionary intervals, which according to Estevens (@006
Ol y carBlatad tolocal paleoenvironmental changes and global evolutionary and oceanographic
SgSytaé o

Excluding the fossils fished from thettmon of the Portuguese coastal waters, thdéeogene
marine mammalsrom inland depositswere still poorly studed until recently (Estevens, 2006b)
although several occurrences were previously publishesl pointed by Estevens (2000n older
fossilcolledions there are problems of systematic assignment of the specimen®fdefinition of
their provenance.Published records of marine mammals for the Early Miocene of Listmude
sirenians byCotter (1956 and Chofét (19509 (cited by Estevens, 20Q0p. 324) and the work by
Antunes (Antunes, 1959, 196®, 1984)who allocatedseveralfragmentaryfossilsfrom the Early
Mioceneas belongingo sirenians(Estevens, 2000p. 324).Esteveng200Q p. 329, also refers to
work byZbyszewsk{1965 &1967)of the fossil record for the Burdigalian of Foz da Fonte, originally
reported to Cetaceand later reassigned to SireniZbyszewski (1954)Iso allocateda lower jaw
collected in Melides in southern Portugal to a new ziphiid species, which hedhBakeoziphius
melidensis(fig. 1.2) The genusPalaeoziphiusvas founded in 1905 by O. Abdbased on an
incomplete mandible found inthe Boldérien Mioceng of the Old Fort (Antwerpthat had bee
classified by dBus in 1872 a€hampsodelphiscaldensisand by O. Abel in 1899 ascrodelphis
scaldensigZbyszewski, 1954); howevelue to the fragmentary nature of the holotype material, the
gerusPabeoziphiusAbel (1905), has been consideriedertae sedi©dontoceti by Lambert (2005: p.
445).The speciesi t I £ I S2 1 A LIK Airdparéiculay, 8/&sxelgeBdgdias a probable kentriodontid
dolphin of uncertain affinities (Estevens, 2006

Fig. 1.2: Lower jaw afPdaeoziphius melidensisZbyszewski (1954), currently alisplay in the
Museu Geoldgico de Lisboa, Portugal. Original photograph by Octavio Mateus. Scale bar: 1

Besides some fragmentary fossil material from the Miocene assigned to a variety of genera and
families of toothed cetaceans (Estevens & Anwn2004), ae other important fossil discovery in
mainland Portugal was the nearly complete skull, a partial left scapula, five lumbar vertebrae, and
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d2YS FTNI3IYSyida 2F NAoa 27F I TayiSRd\jonfib wasdis®wrereq Sy i NA 3
in the middle Miocene othe Setubal Peninsula, Lower Tagus Baasi constitutes the first record
of the subfamily from the east coast of the NorAtlantic, and was assigned tongw genus and
species(Lambert et al, 2005) The importance of the findelates to the reassertion ofhe
YSYGUGNR2R2YyUGAYI S +a GKS o0Saidbly2s6y ado¥FlYAfe A0
nearly complete skullL@mbertet al., 2005).More recently, an anterior axial skeleton and a partial
anterior limb of another kentriodontid dolphin (Cetacea; Dghinoidea) was discovered in the
Tortonian sediments of Caparica, Portugal, by anBSI research team.

An overall review of the marine mammals from the Neogene of Portugalkcas®d out during
PhD studies (Esteven2006b), which focused mainly on odontocetes and sirenians (although also
referring mysticetes and phocids) and reviewed most of the previously published records.

Around thePortugueseAtlantic islandof the Azores archipelago, there is a rich living cetars
fauna andthe archipelago has also produceecords of Late Neogene fossils of whales in Santa
Maria Island the only island in this volcanic archipelago with a significant sedimentary record
(Estevens & Avila, 2007). Estevens & Avila (2@87@wedthe scarce fossil record of cetaceans from
SantaMaria, including both the historical occurrences long cited inlitezature and more recent
ones. hie most significant fossil occurrences belong to groups whose living representatives are
mostly pelagicsuch as large baleen and beaked whales (mdilaenopteridae and Ziphiidae).

Among these, there is one of the few beaked whale fossils described for Portugal, which was
assigned toMesoplodonsp. by Estevens & Avila (2007); they were able to iderttify fossilas a
portion of rostrumas belonging td4A LIKA A Rl S RdzS (G2 GiKS OefAyRNAOL
the rostrum, together with the lack of dental alveoli and the strong mesorostral ossification of the
@2YSNE 0940 S0S Trereis only ahatliet Beaked avhate Gogsil record from Portugal,
corresponding to a rostral fragment from the Miocene of Algarve, tentatively assigned to
Messapicetusp. (Estevens, 2005

Many modern species of cetacean liwgsit andstrand along Portuguese watersn a side note,
next aregiven some additionaleports about strandingf beaked whalesn Portuguese shores: in
continental Portugalt has been reported the stranding dflesoplodon densirostrigViesoplodon
mirus (namely male specimen Crar® figuredin section 1.2, Ziphius cavirostrisnd Mesoplodon
europaeus(Reiner, 1979, Freita2004 SantosReis & Mathias, 1996; and unpublished data). In
Madeira archipelago, it has been reported the presence&iphius cavirostrjgvl. densirostris and
Mesoplodon bidengFreitas, 2004, Santd®eis & Mathias, 1996), while in Azorddyperoodon
ampullatus, M. densirostrignd M. bidengSantosReis & Mathias, 1996).

1.2. Production, transmission and reception of sound

The cephbic anatomy of toothed whales, ddntoceti, has long been recognized by its sophisticated
biosonar system Granford et al., 2008a2008b). The nasal apparatus of odontocetes is greatly
enlarged and fitted with specializef@at lipidic organs, connective tissuasd a set of skull bones that
form anhyperbolic paraboloid shape in the posterior part of the rostrum, compdredranford et

al. (2008b: p. 1xo anamphitheaterlike shapeDense, thick and downturned rostrum, air sac fossae,
cranial asymmetry and egptionally broad maxillae (Geislet al., 2014) are also features shared by

all sonarusing whales.

The biosonar apparatus includes structures for sound generation and transmission, located on the
dorsalpart of the headsee, for exampleCranford et al. 1996, 2008p but also components for the
reception of the sound wavelig. 1.3. These arassociatedo the mandibles and the presumed
hearing apparatus located in two large furrows that run between the mandible on each side of the
ventral aspect of he head Cranford et al 2008a)o the highly specializednd mineralized tympanic
bulla Buffrénil et al., 2000)The soft tissues used in the echolocation are mainly the phonigc lips
melon and connective tissues.
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air sacs blowhole

OUTGOING SOUNDS
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melon

rostrum

auditory bulla
lower jaw

Fig. 1.3: Model of the production and reception of sound waveBéiphinus and valid for all
other Odontoceti.
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2008a p. 359, are composed of two sepamatets of dense connective tisswhich account for two
separate virtual sound sources and produced beams that converged just outside the head (Cranford
et al, 2008b). The phonic lips are connectedth@ nasal passagend the distalair sacqCranford,
1999) ando the prenarial basin air sacs. The fat bodies extend from the phonic lips, underneath the
overhanging vertex of the skull to approximately halfway along the anterior portion of the rostrum.
According to Soldevilla (200p. 2320, itg & b2NNAa Oompcy 0 K2 AYyidNRRdzO
to describe the mandibular fat bodies due to their supposed role in the sound propagation of the
sonar beamThe melon , normally being the dorsabst fat body (Cranford et al., 2008a), is a fad a
connectiveadipose tissue with varying amount of connective tissue within Heyning, 1989a); it
conducts the sound beam out of the head (Cranford et al., 2008b), which begins in the phonic lips,
and is the most important acoustic fat of the head. Franstructural point of view, the melon is
composed of a graduation of tissues with a central core of acoustic lipids grading into more complex
musculature, like dense connective tissue (theca) and blubber (Heyning, 1989a; Cranford et al., 1996
in Soldevil et al., 2005p. 2323, the last one different from other types of adipose tissieing
adapted to serve as thermal insulator It is typically set asymmetrically, slightly off to the right side
and can be divided into two parts: one region represeitkK S Wi 2¢g RSyaAirdeqQ asSoi;
GKS2NRAT SR (2 068 GKS WTdzyOlA2ylfQ LRNIA2Y 2F (GKS
2NBFYQ 2F (GKS aLISNY ¢KIfSY t KeaSGidSNI YI ONRPOSLKI €
the melon organ (Hrdy, 2005). The lower density part sits next to important rostral bones that help
redirect some of the sound, and the denser part is responsible for transmitting the sound from the
head into the aquatic environmeni.he main distinction between the lipfats, the melon and the
anterior spermacetorgan in odontocetes can be tricky and is based primarily upon their position in
the skull, their geometry and density differences (Heyning, 1989a; Craefaid 2008a).The melon
and the spermaceti organ havwmeen considered to be homologous by some authors (Hardy, 2005;
Cranfordet al.,2008a),howeverl S&€y Ay 3 omdpy pF 0 RAAIFIINBSE yR I NHAG
even vaguely resembles the spermaceti organ is the adipose structure found in the prbaaiabf
adult males ofZiphius cavirostrés In the present study, following the work by Cranfaet al.
(2008a), the “low density” section of the melon is referred as “spermaceti organ” or “spesikaceti
organ” and the “denser” region of the melon ya#it be called melon.

Cranfordet al. (2008a) describes connective tissue theca as a bond of connective tissue that
arches over the fat bodies of the forehead composed of fibers oriented in several directions,
anchored to the vertex and the maxilldney also pointout that the melon in extant ziphiidiphius
cavirostris projects out through the arch, suggesting the pathway for sound transmission accepted
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for odontocetes and thathe concavecavity on the posterior part of the rostrum (prenarial basin)

YIe KIFI®S 06SSy F2NN¥SR a GKS FlLid o02Reé AY(dNHZRSR
elements this would result irthe extremely dense pachyosteosclerotic condition of the bones of the
basinand becounterintuitive tothe notion of bone absoton in the region.

The phonic lips are thprimary source of sound and particulady sonar signalén odontocetes
(Cranford, 1999Cranfordet al., 2008220080). Cranforcet al. (2008a)hypothesizesi K i G 1 KS LK 2
lips probably represent the ancient external closure of the nasal openings that have invaginated over
evolutionary time so that the phonic lips are now located just inside the external nasal closure, the
blowhole (K.S. Norris, personal¥d dzy' A O tiey Baye)riddges aind groove®i( visual aidsee
Cranfordet al., 2008a p. 369 that vibrateby compression of the air sacs that surround thend
are believed to perhaps play a role, not just in producing the sound, but also in dirdadifigw of
air.

The mechanism for producing the sound waves and beam is complex and is the result of several
interactions between soft tissues and the bony anatomic components of the rostrum, as noted by
Cranfordet al. (2008b) they performed simulatedsound beam direction by placing a sound source at
the phonic lips, one to the right of the nasaptum and one to the left, of aecent dead Ziphius
cavirostris The beam produced overlapped in front of the head along its horizontal axis and some of
the energy (wave forms) refraetl ventrally around the tip of the mandibles. This gives clues on how
the soundis formed in the phonic lips and hatlve sound beammay be directed forwardly through
the soft tissue and reflected bfhe head.

1.2.1. Clicks and buzzes

The echolocating sounds have been described as short Hyaad pulses of high frequency
(Heyning, 1989a) and thmain vocalizations used by tHedontocetiare called clickend buzzes
(Heyning, 1989alohnsoret al.,2004, 2008 Johnsoret al. (2004)did extensive work recording high
frequency vocalizations from the genetiphiusand Mesoplodon showing the production of
ultrasonic clicks and echoes from prey; they were able to assess that no vocalizations were detected
from the tagged whales within 20@ of the surface, but that they all clicked almost continuotisly
deep waters The recorded trains of clicks often ended in a rapid increase in click rate (25@elicks
second, which could be an indication of the final approach on p¢dghnsonet al, 2008) or
aggressive behavior (Dunn, 2015KXa AYONBIF aS Ay Of A0]1 LINRPRdAzOUGA 2
terminology used for odaicetes and bats (Griffin, 1958ohnsonet al., 2004). Dunn (2015) also
refers soundsn porpoisesvhere slow repetition rate followed by a sudden increase were deduced
to be contact calls between a mother and haalf (Clauseret al, 2010;Dunn, 2015)Before the
buzz, which is associated with an increase in the dynamic acceleration of the whale, there are clicks
with sound poduction intervals called inteclickintervals (ICI). These ICls can be the result of the
time needed for the sound to be reflected on prey or conspecific whales, and be detected by the
sound producing whale (Johnsenal.,2004).

However, sund categorization should be used with céar, sinceauthorslike Morisaka(2012)
refer to odontocete sounds as classified into three categories rather than two: tonal whistles, clicks,
and burstpulse soundsThe work by Dunn (2015), also refather formsof echacommunication,
such as patterns of clicks called codas that function ashwanicative signals, described Wyatkins
& Schevill(1977), and slow clicksdistinguished from usual clicks by their slower repetition rate or
interclick interval, which & usually correlated witlsexual advertisemenby mature male sperm
whales(Weilgart & Whitehead, 1988)The same study also mentiornthe existence of distinctive
acoustic signals called signature whistles, produced by bottledofghins Dunn (2015)reports
that male Mesoplodon densirostrigoroduce more soundsthan their female counterparts,
acknowledginghe possibility ofsexually distinctive signals of communication and social interaction
for Mesoplodon densirostids 5 dzy'y OHnAmMp U GeXuyally distiRcva sodniskpibduced K S
by both males and females may be important cues for the more likely scenario of males choosing
GKAOK 3INRBdzZL) 2F FSYIL{Sa (G2 22AyE¢d | 26 SHSNE | f (K
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they still spend enoughirhe at or near the surface between foraging dives to provide opportunity to
choose their associates using visual cues. However, Dunn (2015) admits the whales may be able to
maintain group cohesion simply through their echolocation clicks, functioninggasugp cohesion
cue.

By studying extant whale behavior and vocalizations, data camppbed tovirtual experiments
using acoustic models to mimic the effects in extinct ziphiids skulls.

1.2.2. Sound reception

Theideaofam | O2dza 6 A O ¢ & € RS & N kef@rRatiBedund reception pathway
in odontocetesvas according to Cranforet al. (2008h p. 2, first introduced by Nais in 1968 in his
G2N)] a¢KS S@2ftdziazy 2F | O2dza i & @e proPoddd lthditAsdund A Yy ;
entered the head through a fatty pad which lies between the skin and the thin posterior portion of
YIYRAOE ST O2YY2yf e O etfalSZ08k).GtoyftocétengnBibles aré flledy ¥ 2 NR
with pellucid fat bodies, and according to Norris, the sound waagsthrough a channel of these
fatty tissues to the ear compkes, propagating the sound throughe thin external bony lamina of
the pan bone along the internal mandibular fat body to the dense beay tympanoperioic
complex This complexs the primary conponent of the hearing apparatus and can be viewed as the
fusion between the tympanic and periotic bon@Sranfordet al, 2008a).There have beeseveral
FGGSYLIia G2 SELX LAY 6KAOK LI GKgle R2S8a az2dzyR &dz
Cranford et al. (2008b),conducted studies on this subject and suggested a new way of sound
NBOSLIiA2YyS 6KAOK KS Qit prdp&és thatithe Sacodtiztpteddlire Ldtaie K & | & £
encounters the core of soft tissues surrounding the head and refradtsaband in between the
mandibles, entering thrnagh the internal mandibular fat bodies vithe opening created by the
absence of the medial bonyaMN of the mandible. Thiproduesa series of small amplitude waves
that flex specific regions of the pan €S Y I YyRA Ot S 0 & Tt S)Btutdodagaes t@S Y SO
the ear complex, where the tympanic bulla is situated

1.3. Recycling of the air: aid in deep diving

Ziphiids possess a series of air sacs associated with the sound production:sysgtitmular,
accessory, nasofrontal and premaxillaffleyning, 1989a)Muscles surrounding them, like the
palatopharyngeal muscle, contract the nasopharyngeal airspace forcing the air up through the bony
nares into the distal nasal passages (Heyning, 1989a); thesethedmuscles, could therefore be
responsible for allowing the air sacs to be a reservoir for air to be recyptssibly exchanging air
after entering througtthe blowhole, between the upper air sacs (that surround the phonic lips) and
lower air sacs 8iated near the premaxillary crests and the base of the premaxillary bdiese are
plugs located in the nasal premaxillary sac fossaetiklttransfer this air up and down through the
nasal track, forcing the air passage by contracting and relaxiegissues(Heyning, 1989a)As
mentioned before, baked whales are deep divers and perform laiegpdives, so this recycling of
air, which could be compared ta bagpipe that swells and deflates using the samecaiuld be
hypothesized in helping thdives, avoidng the necessity of carrying a large amount of air in their
lungs,thusleaving them free tde compressed.

1.4. Cranial asymmetry in odontocetes

Unlike most mammalssranial and facial asymmetry is foundntost modernodontocete whales
(Physeteridae, Ziphidae, Delphinidae, Monodontidae, Phodaen Iniidae and Platanistidagdjeing
regarded as a synapomorphy of the groumth the rostrum bones and some soft tissues lack
bilateral symmetry (Heyning, 1989Cranford 1999);within the living Ziphidae, the genWBerardius
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exhibits the least degree of cranedymmetry(Heyning & Mead, 1990Heyning (1989a) defines
ONI yAlIf Fa@YYSOiNE |a alye RSOAFGAZ2Y FTNRBY GKS ae
and facial asymmetry fahe same deviation in facial soft anatonijhe terms are separate since it is

possible to have facial but not cranial asymmetry (Heyning, 1989a).this reason, & cannot

separate cranial asymmetry from facial and soft anatomy: cranial bones may dewsoped

asymmetry in response to facial asymmetHeyning, 1989awhich would have evolved for several

functional purposes.The work of Heyning (1989a) also poiotg that the asymmetry of the head is

related tosome aspect of sound production.

Fosdi evidence indicates that cranial asymmetry is less pronounced or even absent in some
extinct groups of ziphiids which may be indicative that the soft tissues may have developed an earlier
asymmetry, modifying the bony cranial structures along the way rfiigy 1989a)In Globicetus
asymmetry can beeen inthe premaxillary crests and nasdfgy. 1.4) but also in the premaxillary
shelf, which is significantly different from one side to the other: the left sided soft tissues would
probably have a differanmorphology with different muscles and tissue attachments, hence the
contrast in symmetryHowever, ke Gobicetus(ML 1361), there are several examples of extreme
asymmetry in fossil beaked whales, sucHasciziphiugtlanticus whichalso has a vergronounced
asymmetry of the premaxillary sac fossa, premaxillangtsrand bony nares (Bianucei al., 2013).

This could be related, once more, to the right side apparatus hypotbé&sisyning, since the major
development is on the right side (Heynirkf)89%). Reidenberg, & Laitman (1994), suggest that the
position and shape of thedontocete hyoid apparatustie collective term used to refer to
the bonesof the tongue), which has tilted placement, allowing for an asymmetrical enlargement of
0KS LIANARTF2NY aAiydzaSazr Yleée KIFI@S aSg2t SR (2

a dzo a
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y

s
N
Delphinus delphis Mesoplodon mirus Globicetus hiberus
LARC Cram-Q ML 1361

Fig. 1.4: Skull obelphinus delphigLARC)Mesoplodon mirugCramQ) andGlobicetus hiberugML
1361) in dorsal viewsize and cranial asymnrgtbetween the different skulls; the red boxes and dash
lines draw attention to the most notorious asymmetry in the vertex: the development between left
right nasals and premaxillary crescale bar: 10 cm.

Finally, cranial asymmetry isualy related to the biosonar apparatus, intraspecific fights and
tissue anchoring, but also to bottom suction feeding (Muigoal., 1999) It is noted by Muizort al.
(1999), that some cetaceans liEschrichtiusand Tursiopsare known to feed prefereially on the
right side, but their skulls are not as dimorphic as the ones found in other extinct and extant ziphiids.
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If we consider that in ziphiids the bony structures are usually less developed on the left side, then we
could hypothesize that the lefide would be used for bottom feeding in other ziphiids too (as it
happened with the extinct walrdbke cetaceanOdobenocetopgMuizon et al., 1999; Muizon &
Domning 2002; Nweeiat al., 2009), which had a posteroventratlyiented right premaxillary toth
(Muizonet al.,, 1999; Muizon & Bmning 2002); this could be the case Globicetus but this is still
hypothetical, since feeding habits in deep diving ziphiids are still fairly unknown. Skull asymmetry
may also be related with differential timing sound reception which helps to target prey and better
judge distances, as reported for dolphins.skull of a shorbeaked common dolphinDelphinus
delphis (Linnaeus, 1758)s used in figure 1.4 to illustrate and compare size and asymmetric
dimorphismfound in the majority of odontocetes.

1.5. Geological and environmental f ramework

Overall, MiddleLate Miocene was ppmosed by

. ®
Bianucciet al. (2008),as a possible age for the fossils @S \‘0&35
beaked whales recovered from the ocean flobased on § gsf  g—
phosphogenicepisodes, which could be correlated with® ¢ @ Seres/®en  Sege/fse G age (e
the fossil ziphiids trawled off the South African coastal  § " o oo
waters (Bianucciet al, 2008, 2013) In the work by 8 oiistoceneMiddle g;zf
Antuneset al. (2015, additionaldata is usedo advance g 2l S T
more accurate paleobiogeographic and paleolegical g Piec':::;n i ;Sch

hypothesedor the sites of the Iberian fossil beaked whalg= == i o Zanclean x .

finds, since comparison with ziphiids from other localities--..- Dseennnnenntene] M siss'n.'an..i...:;i;:
proves tobe insufficient 2 LRGN 1163
The fossils here described were collected by trawlers § Miocene Sf;f;’:;:” SRR
off the Portuguese western coast, but most of the time § Bidigakan 1997
fishermen do not disclose accurate information about the g Aquitanian < ‘22‘3)3‘;
findings; Globicetusfossils have é&en found in several ©O Chattian '
localities, but in closely similar conditions. Their maisix e Rupelian @
. C 7 . o ‘ N a9
phosphatized and iromich with small quantities of o BHEbor N
manganese and zinc and even less copper (Antehes, 5 Bartonian o
2015). Cetacean bones, often with a dark brown patlna & Eocene Lutetian o
andd LIBNID | yS2 dza ¢  f 22kinuffﬂerf|I&2° Y(;%gyu)\zya,,gg.an < '
Lambert (201} and Bianuccet al. (2013) are dominant g _ Thanetian < Zgg
among the vertebrate fossils recovered in trawling néts. & Paleocene | Selandian < 4
is noted by Antunest al. (2015), that the remnants of the L . Danian o

beaked whalegleposited at thesea floor stay thgre for Fig. 1.5:Detail of the International

long and mayact as a substrate for other organisf®  cpronostrat Chart 2015 (Cohest al,

which the study oftheir foraminiferal assemblagesnay 2013, updated)red dashedbox marks
indicate a more accurate age spaifhe studied cetacean the late Messinian Zanclean age.

skull cavitiescontents analyzed in Antunest al. (2015),

had evidence of planktonic foraminifera vidh pointed to a late Messinian Zanclean age (late
Mioceneearly Pliocenefrom 6.1 to 4.4 Ma. see ig. 1.9, indicative of a subtropical to temperate
province (Antunegt al., 2015) According to Buffréngt al. (in review), the time interval matches the
late MiocenePliocene phosphogenesis episod TB3. The fact that benthic foraminifera were
extremely scarce in theampleprovidesevidence of a more or less deep environment (Antuees
al., 2015).It is important to note thatChoneziphiusp. has been found in Portuguese coastal waters
(Bianuccet al.,2013), and similar rostrums havediedescribed by Lambert (2008pm the Deurne
Sands Member of the Diest Formation (Antwerp, Belgium) as beomm the Tortonian (late
Miocene) (Lambert, 2005; Antunes al., 2015).
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Bianucciet al. (2008 p. 14) makereference to periods of intensified upwelling during the Late
Miocene and the Early to early Late Pliocene, whicdy also find an expression éxtant ziphiid
habitats, since there seems to be evidence afconnectionbetween feeding areas and the
interaction of submarine topography (submarine canyons) with marine currents (Wetradg 2001,
Bianucciet al, 2008).This nutrientrich water stimulates the development and reproduction of
primary producerssuch as phytoplankton.

Survey of fishermen with fossil ziphiids

Globicetusand other phosphatized ziphiid skulls have been collecteddherfmen during their
fishing activities near theoast of Peniche, PortugdPaleontologist Octavio Mateus and | visited
three of theseboatowner fishermen from Ribamarand Casais de Porto Dinheiro (Lourinhd,
Portugal) who all have fragments or complephosphatizedrostra of extinct beaked whales ineir
homes Several genus of extinct beaked whale were identifi@éaviziphiusimocetusand Aporotus
The fishermen were using losige fishing technique® Palangré with numerous hooksn which
the fossilswvere unintentionally collected:he fishinghooks got stuck on the natural structures of the
NPaGN}IZ &dzOK a GKS FaOSyYyRAYy3 LINPASHe dea Bodr, af KS  LINZ
well as some of the original phosphatized matrix. Two of the men had been the masters of their
fishing véi & St & T Mestr& inSP¥dtuguese) Daniel Vieira Pinto from Porto Dinheiro has a
CaviziphiuspecimenOl dzZ3 K& GY2NB GKIY Hn @SINBA ld@vhds aSadN
G¢ A wl Y ASNGugtter, INéh Rguikrioathed the times her father wad go to sea and bring
GKA& oAT I NNB ONBI ( dzNB Q & neighporsBad suggasted thd Hrokeh yoStiR K 2 6
were pterosaurid fossilized beaks. Their privatessessions accoufior two fragmentary anterior
most part of therostrum of Caviziphiusind an almost complete rostrum @faviziphiuor possibly
Tusciziphiusbut this needs further analysisle reported, from memory, the collectingpordinates
around 39.21 to 2N and 10.23 to 2A4V. Héder Pinto, a fisherman also from Porto Bheiro,
accounts for several rostra being dragged of the #ear, sometimes two in the same dailis
collection has spectacular specimens,Gaviziphiugand two complete rostra: one dmocetusand
one that siows similarities with a fragmentarily preserved sipeen Ziphiidae aff Aporotus dicyrtus
(Ziphirostrum tumidunsensu du Bus, 1868RSNB 3801.1889,figured in Lambert (2005), p. 489.

The account for the finds are all very simitard consistentall the ziphiidsskulls were collected
from a seabottom, south of Nazaré Canyat a depth of about 900 to 150& (most commonly
reported around 1000n) southwestto westof the Farilhdes Islandat Berlengasrchipelagoat the
latitude of Reniche,about 30 miles from the coastaking into account the bathyrtrg of the region
where the ziphiids were collectedhey should have been collected from the sea fladr9.8 to
10.1°W and 39.3 to 39N, around the 1000m of depth. In this survey, there are no repofts
ziphiid skulls collecting outside this area ahdre are noaccouns for occurrence®f Megaselachus
megalodonteeth for that location.In the geologicalmap / I NIi DS2f 5 3A0F RS t 2 NI
of 2010 withtts 2 FFAK2NB 3IS2f 2383 NI LldedEbpari K BoRugal 1 000K S & a |
006 2F HAamMpX (GKS LINRPOSYIl yOS I NB IgDepésito N&TraasNdits R I &
RS a | (figa 1.8 At the current state of knowledge, the age consistent wih the work by
Antuneset al. (2015).
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Fig. 1.6: Extract dflapa Geolégicale Espafia y Portugal 1:1 000 O@®15) of the coast at the latitude o
Peniche; the dotted rectangle fers to the area of 9.8 to 10°% and 39.3 to 39.2N, around the 904.000m
of depth. Scale bar (in red): 10 km.
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2. Materials and Methods

2.1. Specimens

Thespectaculaspherical bone structure seen @lobicetushiberushas been reported to be very
similar in several specimens recovered from #®&a floor some of which cannot be fully described
here, since they are kept in private collectiomalf of thespecimens ofGlobicetusdescribed or
redescribed in this work are from the collection of tMuseu da Lourinhéin total, five fossilized
skullswere personally analyzednd a sixth one (IEO RP&026) was compared only based on
literature by Bianucaet al. (2013 and Buffrénikt al. (in review) Fourskullshave never been figured
and studiedbefore (ML 1850,ML 2023 DGAO%, 100/PAL/UE see fig. 2.10ther fossil and extant
beaked whale rostrums weralso analyzed fordetermining association of bone structures and

intraspecific variation.

ML 1361

ML 2023

ML 1850

DGAOT-a

100/PAL/UE

IEO DR26 026

Fig. 2.1: Bulls ofGlobicetus hiberuand respective outlinesOn thebottom, an overlay of the
outlines is provided to illustrate the intraspecific \aion within the skulls; the gre arrows
show the proposd growth direction of the MPFR5cale bar: 10 cm

12
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Thefossilizedskullswere recoveredrom the Atlantic Oceaffloor during fishing activities based
on londine fishing The holotype, ML 1361, was found in deep watedf central Portugal t the
latitude of Lourinh&, or Penicheputh ofthe Nazaré Canyarlikely NB dzy R o dc mtheQb = et
other rostrums belongig to the Museum of Lourinhd (ML 18%Mhd ML 2023) share a similar
location; 100/PAL/UE was collected at about @@€ters of depth, froman unknown location based
at the Setdbal harbor (central Portugal); the fossil designated as unnumbered REA®&longs to
FCUPwhich has anajor partof its collectionyet to be catalogued, sib is a provsionaldesignation
the same happens with specimen DGA®)Eee below was found in deep waters d?orto, north
Portugal, around 4M H Q Bozn Q#ED DR26 026 as recovered off the Galician coastn HC HT Qb X
M M ¢ p)dr@dAa depth of approximately 1500 nfror the horizon and age, seection 1.5.

Extant whale<Ziphius cavirostrisnd Mesoplodon miruskulls were described as a comparative
measure of some structures in living ziphiids (seetion 3.1.2. and 3.1)3The maleCuvier's beaked
whale,Ziphius cavirostriGfMNHN 395775, from th&lational Museum of Natural History, Washington
DC, USAis usedn this work for osteological comparison wilobicetus The specimen of NHzS Q a
beaked whale Mesoplodon mirugdCGam-Q), washed up at a beach in central Portugadd was
considerate an immature male, based on size and genifalia body of the animal gacollected and
dissected by the Portuguese Society of Wildlife (Sociedade Portuguesa de Vida Sel&R¢8), in
their headquartersat Quiaios, Figueira da Fd2oftugal), where they operata center for marine
animals rehabilitation (CRAK). The skullvas lent to Museu da Lourinha for study purposes and
further examination of the anatomical featurestbie extant beaked whale.

For further anatomical comparison, twiwagmented Caviziphiussp. fossil rostra and gartial
rostrum of Tusciziphiusatlanticus were alsoanalyzed and described (ssection3.1.4. and 3.1.5.).
Caviziphiusp. (ML 2022; DGAGH) and the rostra ofTusciziphius atlanticu§viL 1819 were also
recovered by trawling and are believed to bthe same age as the other fosdiind in the coastal
waters of thePortuguese western coasiML 2022 from the same locality as ML 20ZBGA0DH
probably from the coastal waters of Porto, and ML 1819 was recovered by a fisherman from
Ribamar, Miguel Fonseca LourenceQOm southwest of the Farilhdes Islands, at Berlengas
archipelago, at a depth of around 275mhe specimens have never been figured and formally
studied before.

Five different fossil beaked whales from the Neogériand deposits of Antwerp (Belgium) kept
in the collection of the Institut Royal des Sciences Naturelles de BeliRG&B)n Brussels were
also analyzedThe purpose of using specimens from Antwerp iglistuss some of the features of
the rostral bones, not repeating original work by Lambert @00ut simply comparing them with
homologous structures observed @lobicetus New information on the fossils dRSNBs not added
(seesection 3.2.

A skull of a shorbeaked common dolphiDelphinus delphjss used in figuré 4 to illustrate and
compare size and asymmetric dimorphism. The skull is part of the collection of the Laboratory of
Arqueosciences (Laboratério de Argueociénciad ARC) in Lisbon (Portugal), with collections
accessible to students and to the scientifiersaunity in general.

Preservation and taphonomy

The fossils analyzed have different degrees of preservation. Seloeicetusrostra are not
complete: some are missing thmosterior part (ML 2023; IEO P& 026) or part of the ascending
process of the premabia (100/PAL/UE)Caviziphiusp. specimens (ML 2022; DGAIR)Tare missing
most of its posterior process anbusciziphius atlanticudL 1819) the most anterior part of the
telescoping rostrum.

The Globicetudossils studied show signs of bioturbation by lithophagous animals, which create
boringsin the fossil. These borings seemilar to the one madeby Petroxestes per&nown from
Ordovician to Miocene; however, their slike apertureseemsa bit wider and slightly elongated in
one of the extremitiest KSa S (NI OS F2aaArAfa INBE RSAONAROSR o0& ¢
a Kl LISR ardl hdpgsoduéed By acrothoracican barnacles, and are cdllederellaLambers &

13
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Boekschoten, 1986)Vithout further tests, which coulthvolvemakinga silicone internal cast of the
borings, both possibilitiegetroxestesind Rogerelld should be considered

Associated to the fossils are also incrustations by polychaets, bryozoans, corals and sponges. Some
non-phogphatized sediment filling the natural cavities of the rostra &afeella borings is present,

with evidence of extant foraminifer§lanktonic forms)and pteropods(Cavoplinia inflexd.esueur,

1813 (fig. 2.2)

Fig.2.2: Associated fauna anthphonomy in ziphiid skulls and other phosphorites samples from
same areaA, spongeover Globicetusskull ML 203; B, polychaet calcium carbonate tubes ovewud
ML 2023 C coralover skull ML 1850D, cf. Rogerellaborings (trace fossil attributetb cirripeds) E, cf.
Rogerellaboringsfilled with sediment withposterior coral incrustation;F, phosphatecoated pebble
(white arrow)in dorsal infraorbital foramemf skull ML 1850Black scale bars: 1 ci@3; phosphatized
matrix with pocketsfilled with sediment containing foraminifers and modern(?) pteropoda (ne
insets) H, sediments of sample G witleraminifers, pteropoda, and sponge spicules, amplified 10x
pteropod gastropodsCavoplinia inflexérom sedimentover ML 1850 scale bar: 5 mm.
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2.2. 3D prototyping

Using photographs of the holotype &lobicetuspecimen ML 1361, it was possible to generate a
digital version of the fossilized rostrum with the softwatgisoft PhotoScarProfessional Edition
(version 0.9.0) creating a model fit for 3D printingThe model was then generated usiageramie
polymer canposite, strong yet very lightand was gnted in a scale 1:10 (fig. 3.3he printerused
was a Z Printer 650which uses aselective laser sintering (SL&) precisely control local
polymerization Using printed models gives an easier opportunity for the modeling of soft tissues of
the rostrum, allowing the study of the fossil without the specimen being physically present, and
makes it a great future teachingpol. The impossibility of not having permaneatcess to the
Globicetusskullswas minimized by having a 3D model of ML 13@bwdhg to better hypothesizen
the soft tissue anatomy placement atmlformulate ®me structure comparison.

Fig.2.3: 3D model of skull dBlobicetus hiberugML 1361) printed by Tridaxis
at the scale: 1:10.

2.3. Skull measurements

The only skulls measured in the present study wheeGlobicetuspecimensThe trades selected
were chosen because of their value for MPP scmaparisonand inference of an approximate size
of the animals when alivéThe medial pad of premaxillaedescribed in some of the specimens was
not measured, since it is not a common feauto all the rosta. Figure 2.4represents the
characteristic/structures measureahd Table 2.1 the actual measurements

Fig. 2.4 Description of the measurements taken from the skulGtifbicetus A,
dorsal view; B, lateral view Outline: ML 1361, adapted from Biamtiadi (2013). 15
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Table 21: Measurements oBlobicetusskulls (in mm). *estimated.

ML138) ML 1850 ML 2023 100/PAL/UE DGAOT-a IEO DR26 026
(holotype)
Rostrum length (G1) 530 506 530 507 470 552
Maximum premaxillary shelf length (G2) 130 125 150 230 175 138
Preorbital width of the skull (G3) 306 320 >250 (310%) 256 270 260
MPP length (G4) 200 180 220 250 195 200
MPP width (G5) 185 180 195 155 130 135
MPP maximum height (G6) 125 110 140 100 90 100
G5xG6 23125 19800 27300 15500 11700 13500

2.4,

Histology

The work by Buffréniet al. (in review) gives the

only insight on the histology o&lobicetusand how

the MPP may have been formed. Buffréetl al. (in

review) cutted Globicetus hiberusostrum IEO DR26
026 into eightslices; the four main slicefig. 2.5

some 15 mm thick wereasnpled in transversal planes
from the most interesting sites of the rostrum: the
middle of the MPRplane Afig. 2.9, the middle of the ®
medial pad of premaxillagplane B)the middle of the
premaxillary shel{plane Cland finally the middle of
the nontswollen distal part of the rostrunfplane D)

Transversal and/or sagittal plane sections of differe*

thicknesses were also made for additional informatio
It is only figured (in detail) plane A, since it is the mc
important for the specifications of th study.

Fig 2.5:Skull ofGlobicetus hiberulEO DR26
026: A: right lateral view, used in the stuc
by de Buffrénilet al. (in review); B: dorsal
view. AD: red rectangles represent th@ace

A summary of the most important morphologicé of the four slices made. Original image fro
and structural peculiarities of the bosehat make out Buffrénilet al. (in review).
the rostrum aregiven, based on the work by Buffrén
et al. (in review):

)l

1

The bone tissue forming the MPP displays extreme compactness (938%1100%);

Five pairs of large neurovascular canals (1 to 5.5 mm in diameter), symmetrically distributed,
occur in the ventral part of the rostrum, an anatomical region corresponding to the vomer
and maxillae; there is also a pair of larger canals (diareé and 5.5 mm, respectively) that
perforatethe rostrum on itswvhole length;

The core of the prominence shows a uniform whitish coloration and a vitreous aspect similar
to those displayed by sections from very compact extant bones such as the rosefrum
Mesoplodon densirostris

No suture visible between the structures; howeviernaked eye observation, two territories
are clearly distinct by some characteristics of their structural organization;

The ventral region of the rostrum, correspondittgthe maxillaand the vomer, is occupied
by a greyish translucent Haversian tissue, densely remodeled with exceptional size secondary
osteons with convoluted orientations, and with walls often made of famnellar, poorly

16
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birefringent tissue; however, the presmillae remains untouched by this process, a situation
also encounteredfor examplejn AporotusrecurvirostriqBuffrénil& Lambert 201};

1 The dorsal part of the rostrum, corresponding to the premaxillae and the MPP, is composed
of a very homogeneous saession of thin white and grey strata that extend up to the
peripheral margins of the bone forming a regularly stratified structure similar to the
geometrical organization of the laminar bone tissue;

1 The micreanatomical and histological features of bofiem the medial pad of premaxillae
and the premaxillary shelf ardsa similar to those previoustf the MPP;

1 Bone structuremay turn intoplexiform or reticula patternsin the basal part of the MPP

3.
Fig. 2.6:Section of kull of Globicetus hiberutEO DR6 026 A, transversesectionof slice A with
enlarged fields of different aspects of the bone (red squares numbered)11.¢ laminarlike bone
tissue in the deep region of the prominence with clear strataring withdarker ones; 2¢ laminar
like formation of the MPP contrasify with the remodeled area of the vomer, easily observed at
naked eye; 3¢ dense Haversian tissue with very big secondary osteons in the ventral region ¢
rostrum. pmx: putative area occupied by the premaxillae; mputative area occupied by the
maxillae; vo: putative area occupied the vomer. Original images by Olivier Lambert.
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3. Description and comparisons

3.1. Extinct and extant ziphiids

In this sectionfossil and extant ziphiid skulls are descrilveith the purpose of highlighting and
understanding anatomical aspects relevant in this work. For complete and extensive anatomical
descriptions see Bianuceit al. (2013) forGlobicetushiberus ML 1361and IEO DR26 026plus
Caviziphiussp. ML 2022 as well asLambert (2005), for descriptions of the specimens from the
Neogene of Antwerp, BelgiunThroughoutthe course of this workGlobicetus hiberusill most of
the times be referredo just asGlobicetusfora simpler, easieread.

Anatomical terminology

Anatomical terminology used to refer and descrthe distinctiverostral structures irGlobicetus
has been given different names iliterature. As such, we herebyrgpose standardizing this
terminology. | have tried to avoid, as much as possible, the creation of new terms, and for each term
listed below, synonymies in parentheses and the author who coined the ternafeseferred.

Mesorostral Process of the Premaxid@dMPP)¢ Refers to the spheréike structure only found in this

particular specie2 ¥ 0 S+ { SR ¢ K| f Sspherical @etlial prgh@adligrpromiencé

(Bianucciet al, 2013),a @2 f dzYAy 2dza LINB Y| EA fef a,NB1D & LIKGI BNESAYR £E A 6 f
LINE Y A y BuffrénBet al,6n reviewd = @& KS Y A & LIK S N@Buiftérilet RON®raview 8ry O S ¢
éprotuberancé (Buffrénilet al,inreview). ¢ KS G SNX& aYSRALFf LINBEHEESE | NE
have been used to refer to similar ontogenetic structures in extinct beaked whales such as
Caviziphiussp. andTusciziphius atlanticuBianucciet al, 2013) and inChoneziphius planirostris

(Lambert, 2005). For a more practical reason, we wihrréo the medial rostral premaxillary bone
developments found inT. atlanticus Caviziphiussp. and C. planirostrisas MPP also, since the

structure seem to have a very similar ontogenetic origin.

Maxillary rugosity ¢ Refers to several rugosities found on tHersal surface of the maxilla on the

posterior half of the rostrurh y & S@SNI f aLISOASa 2F o60SF{SR ¢KIfSa
YFEAEELE O[FYOStNEDY mnmopTI . 4 EFaRDASEYy 084 | big B NE NNJ
AAYL @ | ASASEONBIAVESYNEtAL, 20181 p T . Al ydzOOA

3.1.1 Globicetus hiberu8ianuccet al., 2013

Globicetus hiberuwas first described by Bianucei al. (2013, based on hree fossilizedskulls
ML 1361 holotype (Fig. 3.2; 3.3)IEO DR26 026, and MHNUSC 3958. The present work does not
intend to repeat the extensive worresentedby the previous authors, since they made an excellent
work in describing the different rostral bones &flobicetusfor the pupose of this work, only some
skull bones and specific characteristics will be discussed and approached in detail.

Globicetusexhibits one of the mosstriking and strange caseof rostrum specializatignit is
characterized by the extreme thickening thie premaxillae, forming large spherical premaxillary
prominencein the middle of the snoytpossibly cradling the anteriorly soft tissues and sound
production mechanisms: thmesorostralprocess of thepremaxillae (MPP) According toBuffrénil
et al. (in review), its development resulted from a mere protraction of periosteal accretion over the
premaxillae made of an atypical fiblamellar complex displaying an irregular laminar organization
and extreme compactness called osteosclerofie MPPis pregrved in all the specimens studied,
but has different sizes and sometimes shapes, normally with an anteriorly directional growth.
Specimen ML 1850 and DGA®have similaMPPsizes, lower than ML 2023 and ML 13@e
latter ones have the verteaf the premaxillary crests on a similar height as the top of MR
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Posteriorly, it is followed by a thick shelf predominantly constituted by the right premaxillae, the
premaxillary shelf both their surfaces are similarly compact and covered with sulci andvibe
structures are fused together, being somehow part oéaingle structure, but differentiateith this
work for a better osteological comprehension. The abrupt posterior margin of the shelf corresponds
to the anterior limit of the right premaxillary sdossa, which is considerably wider than the left
fossa. The shelf is slightly asymmetrical and on the left side is marked by parallel lines attributed to
muscle and tissue attachment related to the protection and positioning of the melon and other soft
tissues. A wide subhorizontal surface margins the premaxillary shelf on both sides of the rostrum
base, which is pierced by several dorsal infraorbital foramina.

In specimendviL 1361 and ML 202@ig. 3.2 3.3, 3.4), the anterior and anterolateral margins of
the MPPdoesnot contact the underlying premaxilla and maxilla, leaving an open space, whereas in
the other analyzed rostrums, a highedial pad of premaxillag(term mentioned byBianucciet al,

2013 and de Bufénil et al., in review) frames and joinsthe MPPto the dorsal surface of the
telescopingrostrum. The pad can have different elongation and is only present in individuals with
lower MPPs and premaxillary crests, such &0 DR26 026/4L 18® and DGAOTa (fig. 3.6; fossil
100/PALUE (fig. 3.5 exhibits a longer anteriorly projected pad of premaxillden the other
specimens.

As for he maxilla, it slightly widens along the dista
half of the skull with a somewhat medially conve \
maxillapremaxilla sutre, similar to the one in
Mesoplodon miruspecimens. From the level of théPP,
it sends a thin lateral plate whose lateral margin reach
the pre-orbital process in a nearly rectilinear line, forming
a wide rostrum base.

A large longitudinal sulcus passes between KEP
and the maxilla, exiting on thanterior margin of the
spheroid:the MPPs lateral margins onsfightly contact
the underlying maxilla, leaving what is seen :
innervatons passages or canalsg(f3.); these ventral
gaps could be interpreted as places for the attachmen
and as a gateway for vital soft tissues (nerves, vess~'~ _ _
tendons, muscles, etcetera), allowing for a good Fi9: 3.1: Skull oGlobicets hiberusML
vascularization of innervations responsible for importa 2023 In posterior view: detail of left inne
L . passage between the maxillary bone ar
irrigation of bones and tissue of the apex of the rostru the MPP.
or be related with acoustics and the echolocation sigr
reception. The gaps may also be a sign of histodealutionary legacy, where the MPP evolved a
faster rate and the rest of the structures could not keep up, leaving these vestigial grooves on its
sides.

The vomer, contrary to extant ziphiidZiphius cavirostrisnd some species d¥lesoplodon is
hidden dasally by the development of the premaxillae. It is only visible ventrally between the
premaxillae and maxillae. In some cases, the vomer fills the mesorostralodamalrostrum.

Thenasalsin the medial margin of the right maxilla are more erected than the margin of the left
maxilla. The facial area is short with the low and wide vertex overhanging it, hiding the bony nares
and most of the premaxillary sac fossae in dorsal view

The ascendig process of the premaxilla is steeper and more anteriorly pronounced than in other
gerera such asChoneziphiuaind Ziphius.The top of the vertex is formeby the right premaxilla
whichis higher than the left. The anterior margin of the right premaryllerests is posterolaterally
directed, whereas the anterior margin of the left premaxillary crest is roughly anterolaterally
directed, similar tdmocetus piscatu@Bianuccet al, 2013: fig. 14M). InTusciziphiudoth crests are
usually anterolaterayl directed. The crests cause extreme cramping of the soft tissues of the head in
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their most posterior partWhen comparingGlobicetuswith Ziphiusand Hyperoodoniit is important to
refer that the MPP irGlobicetuds only slightly more anterior than the position of the melorZiphius
and it is nearly as high (Bianuetial., 2013).Globicetusloes not have a prenarial basin, which is very
characteristic oZiphius cavirostrisso the premaxillary shelf and degpemaxillary sac fossa should
be a substitute for that absencéhe term prenarial basin should therefore not be used when
referring to Globicetus since it is not present in the latter; when referring to the facial bones that
hold the lower density part fothe melon in Globicetusthe correct term should beiconcave
ascending process of the premadél@ianucciet al., 2013).As previously referred, other fossilized
beaked whales from around the world show different degrees and -hPstructures on the
anterior part of the rostrum, which could leatb some speculation on the purpose of the bone
compactness. The development of tiheedial pad of premaxillae in some of the rostruim also
discussed isection 4.4.

left premaxillary

crest —— additional foramen

left premaxillary sac fossa

dorsal infraorbital foramina

mesorostral process of the premaxilla

premaxilla

maxilla
medial suture between premaxillae

—— premaxillary shelf

sulci
antorbital notch
- frontal

— right premaxillary sac fossa

\

right premaxillary

crest dorsal infraorbital foramen

Fig. 3.2: Skull oGlobicetus hiberusvL 1361 (holotype)A, dorsal view;B, corresponding line
drawing.Scale bar: 10 cniheoriginal photographs and line drawing are from Bianuetal. (2013)

by courtesy of this author.
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mesorostral process
of the premaxilla

right premaxillary crest

premaxillary shelf

premaxilla

\ " vestigial alveolar groove
maxilla d i
palatine-maxilla suture

nasals

D

right premaxillary crest — 7

left premaxillary
crest

mesorostral process

of the premaxilla
frontal

L

dorsal infraorbital
foramen

maxilla

premaxilla
foramen

Fig. 3.3 Skullof Globicetus hiberudiL 1361 (holotype)A, lateral view;B, corresponding line
drawing; C anterodorsal viewD, corresponding line drawing. Scale bar: 10 cfhe original
photographs and line drawing afeom Bianuccet al. (2013) by courtesy of this author.
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premaxillary shelf

mesorostral process
of the premaxilla

semi-engulfed medial
pad of premaxillae

premaxilla

maxilla

Fig. 3.4 Skull ofGlobicetushiberusML 2023:A, lateral view; B, anterolatal view; C,
anterior view; Ddetail of anterolateral view. Scale bar: 10 cm.

right premaxillary crest mesorostral process
of the premaxilla

A

medial pad
of premaxillae

premaxilla

mesorostral process
of the premaxilla

fragmented medial
pad of premaxillae

premaxilla

filling of the mesorostral
canal by the vomer

Fig. 3.5 Skull ofGlobicetus hibers 100/PAL/UE: A, lateral view; B, detail of anterolate
view, the white lineglelimitate the fragmented pad of premaxillae. Scale bar: 10 cm. 22
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right premaxillary crest

mesorostral process
of the premaxilla

medial pad

of premaxillae ;
premaxilla

medial pad of
premaxillae
premaxillary crests
premaxillary shelf
i mesorostral process
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»

Fig. 3.6: Skull dblobicetus hiberusIL 1850, AC: A, anterolateral view; B, detail of A, showing the
of premaxillae; Cateral view; BE, DGAO@: D, anterolateral view; Hateral view. DGAOT’s crests ar
nasals show a high degree of wear, the shape is nearly gone, but the asymmetry of the skull
perceptible. The premaxillary shelf is also partially eroded pad of premaxillae and the MPP aery
similar in shap@&nd heightasin ML 1850 and IEO DR26 03gale bar: 10 cm.
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3.1.2 Ziphius cavirostri€uvier,1823

| dz@A SN & (Zphils BaRirosiriid. 8.8 is mentioned due to its hard bone composition
and to the very characteristic prenarial basin, which could be related to the very concave ascending
process of the premaxillsm GlobicetusIn a cladistic analysis of extinct and extant ziphiids based on
morphological characters, authors such as Bianetal (2013) placeSlobicetusin the subfamily
Ziphiinae, making it more closely related Zgphius cavirostrishan to any of the 21 other extant
ziphiid specieslt is alsoessentialwhen hypothesizing ad inferring onthe softtissue inGlobicetus
based on the work by Cranfodd al. (20083).

Cuvier (1823) was the first to descriltlee speciesfrom a partial craniumand, acording to
Heyning (1989b)e, supposedlyfirst thought the skullwas afos§tldzS (2 A d0&a GLISGNRFAS
Z. cavirostrisindeed represents a ziphiid where thessification of the rostrum happens to a
significant degreedylberberget al., 1998; Curregt al., 2001 MacLeod, 2002).

The ascending process of timemaxilla forms the very characteristiprenarial basin It is a
6bowkda K I LISR¢ O CehafitBe darsalsuifacedf th® Skylljust anterior to the external bony
nares (Fig. 3.8) This region of secondary resorption of bone anterior to the external bony nares
appears with presumably advancing age in malesrasdlits from the reabsorption of bone from the
nasal passage, specifically from the vomer, premaaiith maxilla ideyning, 1989aeyning, 1989
Hardy 2005)Fossil beaked whales such @moneziphiusind Ziphirostrumalso possess a prenarial
basin, but this sexually dimorphic anatomical feature is only prese@t avirostrignales among
extant ziphiids (Heyning, 1989a)

The floor of the basin is made of thhemer, which sends thin dorsomedial plates partially closing
dorsallythe mesorostral groove in the basin. Thereaiso adorsal intrusion of the vomeand to a
less extentfrom the premaxillae that fills, with age, the mesorostral cafiédyning, 1989a)This
intrusion is calleanesorostral ossificatiorand is a deposition of bone usually found in adult males of
the generaMesoplodon Ziphiusand to a lesser exterBerardius(Heyning, 1984; Heyning, 1989
Posterior to the mesorostral ossification in malés,a deeper part of the prenarial basin which
houses a series of connective tissue she@tK A OKX | OO2NRAYy 3 (G2 | SeyAy3d 6w
R2NBFf FYyGSNA2NI NAY 2F GKS LINBYFEATELFS 062dzyRAY:
corresponds @ a fatty organ that may be homologous to the spermaceti organ of the sperm whale
and occupies the excavation of the surface of the rostrum (Heyning, 1989a; Hardy, 2005),
communicating with the enlarged oily right nasal plug (Heyning, 1989a), also housedprenarial
basin. Part of the fatty organ should also correspond to the melon (Hardy, 2005) as expected for
odontocetes. The prenarial basin is surrounded on its anterior, posterior, lateral, and ventral surfaces
by the basin wall¢see fig. 3.7)The connective tissues and dermal shield cushion the dorsal surface
of the melon/spermaceti organ from potentially severe blows inflicted upon the forehead in
wa22dzadAy3aQ O2ydaSaidao

The anterior part of thanaxillais not very wideand Z. cavirostrisnasalsare approximatelythe
same size and are not cramped between the premaxillary crest bones as seen in beaked whales such
as Mesoplodonand Globicetus on the vertex of theskull, the nasal borgeprotrude andextends
forward of the premaxillae@nd frontal baes.The enlarged nasals are separated from the premaxilla
bones by thick bands of cartilage that fill the clefts between the structures (Heyning, 1989a)

The skulls are extremely sexually dimorphic in the facial region: sexual differecbtede the
presence of aprenarial basinmesorostral ossificatiomnd more massive and compact rostrum
adult malesandlonger and leaner ros&rinfemales.
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right premaxillary crest left premaxillary crest

maxilla nasals

premaxilla

prenarial basin

Fig. 3.7 Skull ofmale Ziphius cavirostrigUSNM 395775), from theNational
Museum of Natural Historyvashington DC, USBetail of the middle/posterior
part of the skull. Original photograph by Olivier Lambert.
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3.1.3 Mesoplodon mirusTrue, 1913

Beaked whales of the genidesoplodon(Cetacea; Odontoceti; Ziphiidae) are the least known
group amongextant cetaceans and the few data about them primarily come from analysis of
skeletons and carcassed stranded animals (Souzat al, 2005. The Mesoplodongenus,
particularlyMesoplodon mirugfig. 3.8 is used, mainljor osteological comparisons and aidin size
and weight estimates foGlobicetus Theanalyzed skulbf True’s beaked whalé&lesoplodon mirus
CramaQ (fig. 3.9, 3.10), belonged to aranimalconsideed an immature male, due to the overall size
(when recovered, it measurecsd0 mm) andyonadsdevelopment.

In the premaxilla, animportant feature that can be observedagpremaxillary basin, which ikl.
mirus is not very wide or excavated likbe homologous prenarial basin i cavirostris On the
vertex of the skullthe premaxillary bone extends forward of the nasal and tabbones,separating
this genus fronBerardiusand Ziphius

The dorsal exposure of thenaxilla widens posteriorlyand displays a steeper slope along the
premaxillarybasin.There is athickeningof the maxillaon the supraorbital processhe lateral flange
of bone that dorsally avers the orbit (Heyning, 198Bavhich is more pronounced thain other
beaked whale species analyzédts ventral surface is formed by the frontal and its dorsal sarfac
consists primarily of the maxilla.

As for thenasals they are not pushed forwards seen in theskullsof Z cavirostrisand are not
leveled and pushed together: sulcusruns along the middle of the nasal boneepressing their
combinedmedial region. As in all the beaked whale familyl. mirusalso shows the characteristic
telescoping of the rostrum, characterized by having the maxilla extending onto the top of the head

Fig. 3.8 Artisticlife reconstructionof True’s beaked whal&lesoplodon mirugtop) and
Cuvier’s beaked whal&jphius cavirostrigbottom). lllustrations not to scale.
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Fig 3.9 Skull ofMesoplodon miru€CramQ: A, dorsal view;B, corresponding line drawing
Scale bar: 10 cm.
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Fig 3.1Q Skull oMesoplodormirusCramQ: A, lateral view;B, corresponding line drawing.
Scale bar: 10 cm.
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3.1.4.Tusciziphius atlanticus Bianucciet al.,2013

Bianuccit al. (2013 were the first to describeanothervery interesting species of extinct beaked
whale: Tusciziphius atlanticusThe extinct whale has a rostral maxillary eminence and fused
premaxillae forming a protuberamlPRlike structure(whichwill be referredalso as MPRWwhich can
assume a variety fopositions and heights. It also exhibits rostral maxillary eminences, located
posteriorlyabove the maxilla just anterior to thentorbital notches.

In the premaxilla, the MPPis positioned anteriorly in the rostrum facial area, showing that the
bone developmentwas not exclusive t&lobicetuseven ifthe latter had a much extrem®PPR In
terms of shapeT. atlanticusMPP does not become a spheroidesemblingmore the sail of a
sailboat

The anterior part of the righpremaxillary sac fossa compétely filled by compact bone, forming
a thick semicircular shelf, absent in the left premaxillary fossa, which is severely coBimaugccit
al. (2013) popose that the partiafilling of the right premaxillary fossa may be homologous with the
rectanguar premaxillary shelf ofslobicetus However, m the speciesTusciziphiuscrispus, both
premaxillary sac fossae are excavated (Biaretcal, 2013).

Theright premaxillary crestof T. atlanticusshows the extreme transverse widening typical for
Tusciziphiughe right premaxillary crest is larger, higher and more anteriorly projected than the left.
In this character,Tusciziphiugliffers from Globicetusin which both crests have approximately the
same anterior extent.

Thenasalsare anteroposteriorly elongated ands inGlobicetusthe lateral margin of the nasal is
in contact with the premaxillary crest for all its extent. The dorsal surface of the joined nasals forms a
shallow depression between the premaxillary crests, but duéhtoextreme ossification observed,
their sutures are hard to detect.

A high and voluminousostral maxillary eminenceslightly medially curvedan also be observed
in specimenML 1819(fig. 3.1). This maxillary characteristic is present on the right sidd is less
developed on the left side, exhibitingwer rostral maxillary eminences, more anteriorly positioned
than the one present on the right sid€hisdifferent development coulde the resit of erosion of
the fossil surfaceHowever, fosils analyzed by Biacciet al. (2013), sometimes exhibit a more
developed rostral maxillary eminence on the left sidde structures wuld, probably, serve as
anchorsfor muscles and #&chment of connedte tissug(Bianuccet al., 2013).

In what regards the fossilized rostra @f atlanticus Bianucciet al. (2013) basedon the
development of theMPPand the rostral maxillary eminences, proposedlifferentiationbetween
male and female rostraTheir analysis was made by analogy with extant ziphiids, especially
Hyperoodonampullatus whose development of theostral maxillary crestseachits peak inmature
adult males (Hardy 200®Bianucciet al., 2013). The intraspecific variation conside@sl possibly
related to sexual dimorphism that can be observed at the levahefMPPwithin the speciesT.
atlanticusis considered by Bianucef al. 20132 | & aGKS Yz2ald aA3aIyAFAOlyi
ziphiid considering the range of sizes oK S 02 y O S Ny T8eRsan&: faraddy yilike duskdin
this work for theevaluation of size and shapariation of structures in the rostra dfie Globicetus
specimens
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Fig. 3.11 Fragmented skull ofusciziphius atlanticuglL 1819, A D: A, lateral view; B, anterolaters
view; C, dorsal view; D, detail of C showing maxillary eminences. Parallel lines indicate worn poi
the rostrum. Scale bar: 10 cm.

30



J. Muchagat Variation and interpretatiorof Globicetus hiberusostral structures

3.1.5.Caviziphius sp. Bianucci & Post2005

The genugaviziphiusvas first desgbed by Banucci & Post (2005), based the single specimen
know at the time. A secondff. Caviziphiusp.,SGHN MA092Qvas laterdescribed by Bianucet al.
(2013: fig. 18 M). The importance of thigarticularbeaked whale ithe medial rostral premaxillary,
structure also supposed to be analogous to kP of Globicetusand T. atlanticus The very
characteristic salike MPP allows fora quick and easy identification of thgeenus,even if only a
fragment ofthe rostrum is preserved.

In lateral viewthere isa progressive increase in height of theemaxillaestarting from the tip of
the rostrum forming a protuberantMPP, and an abrupt decrease posteriorly, generating a clear step
on the dorsal outline of the rostrunThe MPPis slightly curved to the right side of the rostrum.
similar anteriorMPPis present in a partial skull from the Neogene of Antwerp, Belgium (NO23,
referredby Lambert (2005: fig. 2&%-C).

In the analyzed fossil specimens described higg 3.13, both ascending processes of the
premaxilla are not preserved, and the premaxillary sac f®saee incomplete: they are only
posteriorly distinguishiale by their semicircular deep excavatioifthe deep esavation and
depressionof the rostral area could be compared with the one observed in specimehaarfetus
piscatusdescribed by Bianucet al. (2013: fig. 14, 15, 17).

No significant features can baferred for the maxilla of ML 2022and DGAOT, with the
exception of a slightlyvorn left rostral maxillary eminence, lated at the rostrum base, and a
medially right premaxillary eminenceTwo parallel maxillary eminences can be observed in SGHN
MAOQ092 (Bianuccet al, 2013: fig. 18M) andDGAO, which allows for supposition that ML 2022
would also possess a right rostral maxillary eminemicmplete The rostral maxillary eminences
are tilted medially to the center of the maxilla and could h&edped anchor the melon; they can be
further compared to the maxillary crests observedHgperoodonsince theywould probably also
confine (sightly) part of the lower melon and withmocetus piscatuéBianuccit al, 2013: fig. 16A
C),because of its maxillary crests, which may have served a similar puirpase Caviziphiusp.;
despite similarities ofmocetuswith hyperoodontines, it is interpreted as a member of the subfamily
Ziphiinae (Bianuceit al., 2013)
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Fig. 3.12Partial rostrum o#ff. Caviziphiusp. ML 2022: A, dorsal view; B, lateral view; fragmented
skull ofCaviziphiusp. DGAO: C, dorsal view; D, lateral vie®cale bar: 10 cm.
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3.2. Description of structures in extinct beaked whales from Antwerp

Unusualossification of the rostrum bones in beaked whales is not as rare and unique asagne
think: development of crestsiostrum densification and eminences as¢so evident in the fossil
record of AntwerpTheNeogene (Tortonian, late Miocene) of the Deurne Sands Member of the Diest
Formation, Antwerp (North of Belgium, southern part of therthoSea Basin) are, according to
Lambert (2005), probably the richest location where diagnostic specimens of ziphiids have been
discovered, with several genera based on speoigginatingfrom the sequenceThe present work
does not intend to repeat the extensive systematic waidne by Lambert (2005), but to draw
attention to structuresof specimengrom the collection of thdnstitut Royal des Sciences Naturelles
de Belgique (IRSNB) of Brusséist can ®mehow be homologous to other fossil beaked whales
analyzed in the present work.

SpecimenRSNB 378M.543 (fig. 3.13) is a partial rostrum with the left premaxillary sac fossa
still partially preserved Its most striking feature is the very developeuxillary rugositieson the
dorsalsurfaceof the maxillae at the base of the rostrum (some of them longer than 8 mm); they are
hock-like in shape, a feature that would be very efficient in muscle and tissue anch@&imjjar
rugositiescan also be found in th&iangular maxillary surface dfiphirostrumsp., SGHN MAQ0936
(Bianuccet al,, 2013 fig. 19, page 141

left premaxillary sac fossa

excrescences
on maxilla

premaxillary crest

Fig. 3.13Rostrum and left premaxillary sac fossa of Ziphiimhaet. (sensuLambert, 2005, but seer
asZiphiopsis phymatoddsy du Bus, 1863IRSNB 378M.543;A, anterolateral viewB, detail of the
hocklike maxillary rugosities. Scale bar: 10, dmt may change due to perspective
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However, the development of rugosities
with the same hoclike shapds not exclusive |
of the previousbeaked whale specgandcan \
also be observed in the posterior part of th
rostrum of Gobicetus ML 1361, near the
dorsal infraorbital foramenjust on the right
side of the premaxillary sheffig. 3.14).

Fig 3.14 Skull ofGlobicetushiberusML 1861 in
anterodorsal view with detail of axillary
rugosities for the attachment of tissue anc
muscle marked by two white arrows.

But maxillary rugositiesare not always so developed;honeziphius planirostriSuvier (1823)
IRSNB 3775.1883 also exhibits covering of its surface by series of dorsal anteriorly directed
prominent rugositiesand irregularities(fig. 3.15. Lambert (2005) draws awareness to the fact that
aLy SEII sudh aiphiud&rid Méddplodon the dorsal surface of the maxilla on the rostrum
corresponds to the main area of insertion for the rostral muscles, extending partially dorsally and
YSRAIFIff@ 2yi2 GKS YSft 2ydgdositigsi/ CpKezipghidsdplamtrostvisty y G K I
serve as an efficient anchoring area fiousclegdo the surface ofhe rostrum.

vertex

right premaxillary crest

left premaxillary crest

P S

maxillary rugosities mesorostral process
of the premaxilla

maxilla

maxilla-premaxilla
suture

Fig. 3.15 Skull ofChoneziphiuplanirostrisCuvier, 1823IRSNEB775M.1883), A- C: A, lateral view;
B, anterolateral view; C, detail &: rugosity of the maxilla for anchoring of rostral muscle &
tissue. Scale bar: 10 cm.
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Ziphiids exhibit strong head muscles that aid in the
closure and opening of the blowhole and inethair
exchange between air sac These muscleslso have an
important role in the soft tissue reinforcement and
placement.Most superficial is th@ars posteroexternuthat
originates from the supraorbital process and sweeps
dorsally to the vertex and the connective tissue surroundin
the blowhole deep tothese muscless thepars intermedius
that has a similar origin just medial to th@ars
posteroexternusbut with fibers that extend over the facial
region farther anteriorly to insert into the connective tissue
melon (Heyning, 1989a)According to Heyning (1989ahet
most anterior fibers of this muse originate anteriorly
along the rostrum and are termed the rostraluscle, which
can usually be subdivided into a lateral and a medial rostral
muscle. Rostral muscles originate off the dorsal surface of
the mandibleqalong the lateral aspect of the rostrum) and
radiate laterally and dorsally (Bianucci, 2009)he laeral
muscle originates on the lateral surfaceof the maxillae,
inserting in the connective tissue mass around the blowhole
(Heyning, 1989a)the medial originates primarily on the
dorsal surface of the premaxillae and inserts on the
ventrolateral aspect ofte melon, whose tissue grades into
the connective tissue just below the epidern{ideyning,
1989a) Heyning (1989a) concluded that theuscles do not
pass over the top of the melon, buhat there are some iy 316 ¢ Outline of skull of
fibers that sweep over the top, completely ending it,  Mesoplodon miruswith the origin of
having extreme importancén the lateral confinement of some of the facial maxillary muscle:
the melon and other oily tissues ardrole inthe blowhole yellow, pars anteroexternus green,
and nasal plug closure and opening is these rostral pars anterointernus red, rostral
muscles that areanchored along the maxillae by the muscles. The placement of the muscl
maxillary rugosities so developed in some fossil ziphiids,a€¢ based on illustration of muscles i
such asIRSNB 378M.543 and IRSNB 37861883 M carlhubbsby Heyning (1989a).

(Lambert, 2005)Activity in thepars anterointernuspars posterointernusnasal plug muscles and
diagonal membrane muscles has been associated with phonations (Heg8B@p) andn havingan
important role during submersion, since it is important that a tight seal be maintained in order to
prevent the entrance of water into the lungEacial maxillary musclgsars anteroexternuspars
anterointernusand the rostral macles placement is exemplified in figure 3.16.

Thedevelopment ofmaxillary rugositiesn some ziphiidss higher on the right side of the skull,
indicating that probably more powerful muscles would be found on the right side. This can be
explaineddue to the usualasymmetry of the melon: in extant odontocetes, the melon is set
asymmetrically, slightly off to the right side (Heyning, 1989a; Lambert, 2005) and extends posteriorly
into the right nasal plug, which in adult malesZyphiusg the closesextant genus tadChoneziphiugs
much enlargedHeyning 1989a; Lambert, 2008hen compared with the left onedeyning (1989a)
describes that in some species MEsoplodon such asviesoplodon carlhubbsbn the right sideof
the skull the melon takes ugome of the space occupied by the lateral rostral muscle, making the
lateral rostral muscle to appear slightly larger on the left side.

For further information on ziphiids rostral muscle®nnective tissues and soft anatoprgaders
should referto the work of Heyning (1989a) arranfordet al. (2008a).
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Someother fossilized specimensxhibit crest like structures that can be compared to the ones
found in extantHyperoodonbut are very different in bone densitporotus recurvirostrisiu Bus
(1869, IRSNB 381R1.1887 holotype) is partially fragmentary, butgivesa clear overall view of the
skullanatomy(fig. 3.17: it includes an almost complete rostruamd the anteriorpart of the vertex
exhbiting elevated lmgitudinal premaxillary crestsheé surfaces of the crests exhibit numerous
anastomosed vascular sulci, which, even though the rostrum igbgpken in two, are evidence that
there wasno fusedsuture between the crests, since innervations camatsild not be foundin the
interior surfaceif they were fused. The lateral surface of the crest is also covered by sulci and the
expansion of these cafgecan be observed quite easily.

left premaxillary crest

right premaxillary crest

maxillary crests

longitudinal premaxillary crests

anastomosi vascular sulci

maxilla

prenarial basin

valley between premaxillary
and maxillary crests

Fig. 3.17 Skull of Aporotus recurvirostrisdu Bus (1868, IRSNB 381®1.1887 (holotype) in
anterolateral view.Notice that the right and left crests would not contact, since vascular sulci
seen preserved between their supposed contact surfaBesle bar: 10 cpbut may change due tc
perspective

Rostrum IRSNB 380K1.1889 (fig. 3.18, also exhibits numerous small vascular sulci orvéy
smooth premaxillarysurface This fragment of rostrum igust a part of the premaxillae ands
extremely developed to form a massive elongated dome, hidinghhagillae from dorsal view. The
premaxillae are only partly fused along their dorsadial contact above the reduced mesorostral
groove and there is a clear break on the ventral part of the contact surface between the two crests;
they have a maximum heightf 92 mmand a maximum width of 82 mm, both roughly at mid
rostrum length.These vast innervations canals and the partial fusion of the premaxillae above the
mesorostral groovare similar to the one found in Globicetuseven thoughin IRSNB 380.1889
the structure initially developed as independent premaxillary crests.
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premaxillary crests

partial fusion
of the premaxilla

maxilla

vascular sulci

Fig. 3.18 Rostrumof Aporotusdicyrtus(sensu Lambert, 200%ut seen aZiphirostrum timidum
by du Bus, 1868 IRSIB 3807M.1889; A, anterior view;B, anterodorsal view. Scale bar: 10 cr
but may change due to perspective

Specimen IRSNB 38846538 (fig. 3.19)is a goodexample of grenarial basinsimilar to the one
found inextant Ziphius cavirostriformed by nearly complete reabsorptiaf the premaxillae, and
limited, laterally,by the maxillae The premaxillaare thick and dense and appeat the anterior
limit of the prenarial basifLambert,2005).

transverse

premaxilla premaxillary crests

prenarial basin

maxilla

median premaxillary crest

Fig 3.19 Skull ofZiphirostrum marginatundu Bus,1868 (IRSNEB845M.536) in anterodorsal view.
Scale bar: 10 cpbut may change due to perspective
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4. Discussion

4.1. Dimorphic variation and sexual crest development in Hyperoodon

There are two known species dflyperoodonForster 1770 Hyperoodon ampullatusand
Hyperoodon planifronsTheir skulls are fairly easy to identify because they are very different from
the skullsof other zphiids: they have maxillary bone eruptions (different fré@tobicetusn which
the major bone development is observed in the premlaxihat forms theMPB), usuallyreferred as
maxillary crests, that become ossified and enlarged, increasing in size allometrically with age
(Heyning, 1989ain adult males(Gray& Flower 1882;Heyning, 1989aGowars & Rendell, 1999;
Hardy, 2005)As far & fossil ziphiidsHyperoodorfs crestscould be better compared témocetus
pisctatus which also shows unusual maxillary developm@ianuccit al, 2013 page 13 to 136),
but both placement and overall compactness is differérite skull oH. planifronsdiffers fromH.
ampullatusin crest sizeand development, which Hardy (2005) describebasngY | EAf £ I NB & 0 dzY
2NJ aY2dzy Raé > shwhen Gmpgaringghdm witNde structures inH. ampullatus
Hyperoodoris one of the best examples ofest development being both sexually dimorphic and age
related. Age/sex oH. ampullatus based on theiskulls is usually not hard to determine (see figure
4.1), through crest development and shapéales exhibit a biggerest development than females,
accentuated with maturity. Females have smaller crests and the space between them is wider than
males.

¢ KS (SNM dqf2r (RRSENENA 6 S ( K Sis uget! NEdnoRSG5k§ds thédtoRed ONB & G &
by Hardy (2005: p. 8what Gray(1863) described as a new specielsafjenoctus latifrojswas
actually just oldeH. ampullatusY | £ S& 5 0 dzii ifrah&(S2 LASENIVY | 6EfALE (f Istbkk, RS OS
andis still used today to desibe older male crest maturitydardy (2005)efers that this structures
I NB GLISNFSOGfte adZAiSR F2NJ aG2NRAy3a Gl aid +y2dzyi
them excellent morphological adaptatio2 NJ I 6 & 2 ND A y 3 the¥ a2 bohylénselandLI: O
strong at the same timegble to absorb and dissipate the impacts of hdmting encounters.

a
ua

z
€

Fig. 4.1: Age and sexually dimorphic development and differences of the maxillary crest region in th
of Hyperoodon ampullatusAD: A, young male; B, older maleut still yaing C, mature maleD, older
YItSs SEKAOA (-8 ¥ Hifaill&nd develbpmént. DiRings originally from GrayFlower
(1882), adapted from Hardy (20051 E juvenile anterolateral viewlRSNB 1503BF, juvenilefpossibly
female, anterolagral view [(RSNB 18037 G & H, adult male, anterolateral & anterodorsal view (sa
skull, MNHN 1872491, on display in the National Museum of Natural History of Paris, Fjan
photographs by Olivier Lambert. Scale bar: 10 cm, but may change due to gterspe
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The melon is described as sitting between the creldisyfing, 1989aardy, 2005; pers. comm.
[ FYOSNIO FyR (GKSY aKNAYy(1Ay3d lFa (KSGeAKE REDES 2 YA
males (Hardy, 2005). According to Hardy (2005), this tike structures allows the sempiastic
YStz2y G2 Y20S gKAtS (GKS FTyAYlIf 3aANRBgas Y2Q0Ay3ad a
ONE a (i a ¢ donelstiuctukedhatipfotecls the soft tissue from impts in heaebutting activities
by other malesOther functions, aside from fighting, for the extreme maxillary development have
been proposedHardy (2005proposedthat the narrow and convex region betweéme crest would
£ a2 0S5 ¢ gKOKKattRitin®traSsmission along its length.
Hyperoodotines are imperative when trying to hypothesizehow bone structures could have
been used irextinct whalesand how they migh have affected their behavicand have developed
with age A few hypotheses for how the melon Blobicetuswould develop and how it could be
cramped by the MPP can be inferrég studying the extreme crest development Hyperoodon
although neither the position nor the constitution of the bone is the sam@labicetus

4.2. Soft-tissue inference in Globicetus

0O0bviously, l'iving organisms are more than <collecti
interpretation of the paleobiology of extinct organisms often requires explicit refereamtatdmical systems
ot her than the skeleton, that is, to those portions

Witmer, L. M. (1995)

In modern paleotology, the reconstruction ofextinct animas does not rely only on the
assemblage T GKS F2aaAiftAl SR o0602ySazx odzi GNASdissud2 | OdGd
reconstruction isimportant for paleobiological inferences as functional morphology, behavior and
mode of life.According towWitmer (1995) taking soft tissues into account, allows the formulation of
causal hypotheses of character correlaticsince skeletal tissues are largely responsive to the
influence of their softissue functional matrices and thus may be only subjected indirecthatoral
selection.

Trades exhibited by extant descendents are the starting poinfotmulating hypotheses about
the tissues attributeson the common ancestor of the extarphylogenetic bracketThe Extant
Phylogenetic Bracket (EPB) asmethodology forreconstructing soft anatomy in fossils which
references at least the first two extant outgroups of the fossil taxon of interest, correlation involving
the application of basic cladistic principles (Witmer, 1998)kmer (1995 p. 2% LINB L2 alSa G K |
similarities in soft tissuegand carelated osteological featurgdbetween the two extant taxa can be
hypothesized to have been present (minimally at least) in their common ancestor and all its
RS&4OSyRIyliazs AyOfdzRAYy3a GKS F2aarft GFE2y 2F AydSN

The propsed method requires and makes explicit use of extant taxa as these are the only
organisms for which we can obtain precise information about the soft tissues and their relations to
the bones and the phylogenetic relationships of the fossil and extant {@k@mer, 1995) The soft
tissue modeling foGlobicetusnay be labeled, according to the hierarchy of inference proposed by

2AGYSNE a | £S@St L AYyFSNBYyOSY daltyvyzald y2 aLlSO
decisive positive assessmentiatk S 2 dzii 3 N&leizeDllinfeReRCE Endt the case here since it
referstoa 32 F0 GA&adzS &adzaLISOGSR (2 200dz2NJ Ay | F2aaif

Fye 208KSN) 2dzi 3NPWAdar{199%5p.8a YSHE NMdpp Kl & adKS 9t . |
bar the recognition of the novelties of extinct taxa; rather, it allows us to assess critically the
SYLANROFE oFaixa 2F GKS Ay T SabBicetOsSné dtherifdsdil ZiphhdS§ + y a G |
structuresnot exactly present in extant taxa have to be treated with some prudence.

Bryant & Russell (199%. 409 refer to the work of Bock (1988pout the transferal of known
attributes from extant taxa to fossil specimens based on phylogenetic relationshies; tpis, basic
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evolutionary assumptions justify for inferring features of organisms closely related to the fossil taxa.
According to. NB I y i 9 w didssilSaka are predicthel t6 Eharé the synapomorphies that
diagnose the clades to which theylbage. In thecaseof fossil ziphiidsthe echolocatingapparatus
hasseveral features suggestive of echolocation, such as dense, thick and downturned rostrum, the
air sac fossae, cranial asymmetry amdeptionallybroad maxillagGeisleret al.,2014). Based on

the sound apparatus commonly associated with ziphiids, we can hypothesize how the sound
transmission and pathway may have beerGlobicetusthe direction of the vibrations produced in

the phonic lips would first travel through the air sacs tisatrround them and then go to the
spermacetiike organ, whichwith the help of thehigh-density bony boundariesf the bones where

it is normally cradled (the concave ascending process of the premaxilla), would reflect the beam
throughthe rest of the melon, being then transmitted into the water which has a bigger mean sound
speed, emanating the transmitted sonar at a higher velodiys cradling of the melon may be
similar to the function of the dense connective tissue case that Heuhe spermaceti organ in
sperm whales (Cranford, 199%art of the high frequency sounds would indeed probably propagate

in a posteroventral direction through thiewer density part of the melgnbut a large part of the
beam would be directly transmittethrough thelower denser density parand focused anteriorly by

a low density pathway inside the melon (as is proposed for many extant odontocetes). Functionally
the best suited sounds would probably be the ones that leave the head without major refiect
Qearersounds would be more advantageofes the echolocating activities, since fewer reflections
would produce a sound with less noi&lobicetustrange osteological structure leaves an open door

for conjecture on how the sound would be propagahiEnd how the soft tissue and sound production
apparatus would be cradled in thmosterior portion of the rostrum

Theexerciseof softtissue inferenceas partially based on the work by Cranfatal. (2008a), which
usesremote imaging technology to quantify, compare, and contrast the cephalic anatomy between a
neonate female and goung adult male
| dz@A SN & qZphigs Savirosark |
His work provides clues tanfer and
compare traits that lack osteologica
correlates. However, such inferences mu:
require additional theorizing (Witmer,
1995), and two main examples as far ¢
the anatomical soft tissue traitsand
placement irthe rostrum ofGlobicetusare
presented nextWhen trying to figure out
how the soft tissues would be positionec
inside the head ofSlobicetus there are a
couple of things to consider: how high uj
were the phonic lips positioned in relation
to the premaxillary crestyertex and how
high would the melon sit on the rostrum.
Important note: we will refer to the
G YSt 2 yassingle &rgan, buin figure
4.2 the melon in divided into two colors
referring to the different densities it
exhibits: purple, lower density; yellow

higher densit Fig 4.2: Representationsof Globicetus hiberuswith
9 Y- hypothesis for the placement of the melon (low density pe
In e>_<tan_t beaked whale anatomy, the in purple and thehighe density portion in yellow) and the
phonic lips and the melon have a clos phonic lips (red triangles); A, higher positioned melon a
relationship when it comes to the phonic lips; B, lower positionedPP and phonic lips
placement inside the hea(Fig. 4.2 If the  allowing for a better anchoring of the muscles and tisst
phonic lips are high, the meldaalso high that involve and keep them in placRostrumoutline from

up in the rostrum, and in direct line witt specimenML 1361.
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them, since the sound waves have a specific way of being transmitted through the soft tissues, and
the melon is acrucialpart of the transmission mechanism. tkfe location of the phonic lips was
above the premaxillary crests vertex, the melon would reduce the hydrodynamic shape characteristic
to almost all beaked whales, with the exceptiontbfperodoonandto the Delphinidae familye.g.
Globicephalg which hae very big bulbous foreheads and are still able to deep dive efficiently.
Furthermore, having a melon too higlould bringanother complication: the connective tissues that
secure the soft structures of the head and maintain the phonicitigglace woull have little bone
structures to anchor all the soft tissues of the head, since almost all bony eminences are located at
the base of the maxilla or on the premaxillary crest and premaxillary shelf. This is not a problem in
Hyperodoonor Globicephalasincethe first has very developed maxillary crests surrounding the
melon and therefore, allow for a big area of connective tissue placement on the crests and the latter
has a small excavated prenarial basin enough to hold and anchor the soft tissues as well as
moderately wide rostrum basevan Bree, 1971)The fact thatGlobicetusexhibits such a low and
curved asceding process of the premaxillanay indicate that the soft structures would be cramped
inside orjust anteriorlyto these structures, suggestitigat by having lower positioned phonic lifia

direct line with the highest part of the premaxillary cresas)dd melon, it would be easier to find a
way of anchoring the connective tissues around them. However, Biartueti (2013) argues that

the sound must have been produced at a level high enough above the level of the dorsal surface of
the spheroid aghey considerthe MPPan unsurpassable obstaclélthough further studies on the
acoustics and anatomy @&lobicetusare needed to better characterize the soft tissue arrangement in
this ziphiid(acoustic testshould beperformed for a more accurate influence of the sphere in regard

to the sound transition) it seemsmost likely that it may have resulted froan evolutionary
compromise between a barridif the phonic ligwere placed too ventrdy) and a hydrodynamic cost

(if placed too dorsdy).

4.3. Sizeestimates for Globicetus

The distance between the posterior limit of the symphysis torttendibularcondyle (SClength)
can be used to determine adulthood in whalés an example, aording to MacLeod &lerman
(2004), the majority of sexual dimorphic featuiesViesoplodon bidensdbecome noticeable at &S
length of around 441 and 444 mm, suggesting that malesureadround a £ length of 444 mm.
Unfortunately, there has not been found any fossilized lower javGlombicetus so the only way to
estimate itssize is by measurirthe postorbital width of the skull

Bianucckt al. (2008)did extensive comparisons size of extinct and eant South African beaked
whales thatallow usto estimate the size of an aduilobicetusTo estimate the body length (BL) was
used the following regression equation (Lambetrtal., 2015) BL = (9.464 * PW) + 113vhere: PW =
postorbital widthof the skull(in millimeters) The holotype (ML 1361) was used as the subjetias
a PWof 372 mm, therefore its body length [soposed to fall in the range dflesoplodon bowdoinii
and Mesoplodondensirostris between aboti 4.5 and 4.7 meters (Bianucet al., 2008;Lambertet
al., 2015;Lambert pers. comm.), since BL = (9.464 * PW) + 1137 = 445 Aomparison between
Globicetusand an adult human males illustrated in figure 4.3For further information on beaked
whale size, Bianucet al. (2008) is recommended.

Weight may also bestimated for some fossil ziphiidsFor estimating the body weight (BW), a
regression equation proposed by Pyenson & Lindberg (RibOBambertet al. (2015 p. 4, is used
BW = 0.4628 *WOQ*?%" where WOG=width across occipital condyles. Unfortunately, for the fossil
specimens analyzed, the occipital condyles did not fossiiaggver, since its body size seems to fall
in the rang of those of extanMesoplodonit is possible that thextinct whale could weigh as roh
as extantMesoplodon densirostrisip to 1033 kg (Ross, 198&ven thoughGlobicetushad such a
heavy rostrum bony structure, when considering the probable oveiadl and weight of the animal,
the mass of theVilPPwould most likely not be as influential as expected, so the comparison with a
specimen oM. densirostrican be made.
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Fig. 4.3 Size comparison betweeBlobicetus hiberuand an adult human male
lllustration by Simé&o Mateus.

4.4. Skull variation and sexual dimorphism in Globicetus

The MPPshows a rindike growth.As mentioned before, thitMPPincreases continuouslgfter
the rest of the other bone$ave stopped their growth, with the final steps of the growth of the
spheroid occutingin fully adult and mature animal§he padlike structure is made of the same non
remodeled bone as the MPP and the premaxillary shelf and the structurestansicallyconnectel.
In Bianuccetald 6 HnAmMoO0X AG FLIISEFNAR RS&EAIYFGSR Fa AaYSRAL
gArAtt 2yte 0SS NBFSNNBR ySEG & ao2yeée LI RE 2N &AYL

Fossilspedmens, such as ML 1859, IECRBR26, 100/PAL/UE and DGA®@xhibit a bony pad
which connects théMPPto the dorsal surface of the rostrum and in others the pad is missing (ML
1361) or shows, whaappears to bea progressive reabsorption of the structure by the overlaying
MPP (ML 2023). Assuming thE®IPP continues growing after theest of the bones have finished
developing, it is not unexpected that the spheroid continuous growing dorsally and anteriorly and
that it would in fact, eventually, end up covering the bony pad

The intraspecific variation of possessing a pacharseemsto be a sign of sexual dimorphism.
Zphiids have various degrees of skull sexual dimorphismcaest development irfT. atlanticushas
been explained as being sexual dimorphicBignucciet al. (2013). SpecimenML 2023 shows a
degree of transition between havwy and not having a padnlike ML 1361In ML 1361, the anterior
margin of the spheroid does not contact with the underlying premaxillae, leaving an open space of
about 10 mm (Bianuceit al.,2013), wheras in ML 2023, the margin between the bony structures is
much wider and it can be observed, what looks liwe,engulfed pad inside the margin left between
the bones.

ML 2023 can kedto some newhypothesis as for the way the MPP would develapt only caild
the different sizedMPPs be related to sex but also with the different stages of the natural
development of the animal. Even thougthere seems to be a morphological link betwebtiPP
growth and the engulfing of the pad, it is still hypothetical, siadarger sample of skulls and further
comparison has to be done in order to provide moadics evidence of this deduction; the problem
with this analysis is that the bigger specimen has a still visible pad, which could be a sign of being in
an earlier devieopment stage than ML 1361. However, this does not seem to be the ease,
demonstrated by the graph ifigure 4.5. The sexing of the specimensad sizes further discussed in
section 4.5. and for further information on the relation between the medial padremaxillae, MPP
and premaxillary shelf and the velocity of the depositad the bone see section 4.6.
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Ratio betweenbody size and MPP size

Genitalia rarely fossilizeso dtermining the sex in fossil can bproblematic To tackle such
challenge, the work by Motaret al. (2015) provides examples of allometric techniques used for
differentiation of sex in fossil specimené particular, Keichousaurus hufa Middle Triassic
sauropterygiaf, dividing the sample into two independent phenotypsgspected to suffer from
sexual shape dimorphism (fig. 4.4The same theoretical model is usedxtfor Globicetus

y A y A
g ¢
o

e o //Q
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Fig. 4.4 Examples, based o the work by Motagi al. (2015), of the expectedegression lines
representatiors of gender relationships; A: sample of specimen growth and development with |
dimorphic character between gendeB: sample of specimens with a dimorphic character present
visiblesex segregation; x: body size or ageexpression of secondary sex character.

Xy
<y

For Globicetus we postulated that the MPP is a dimorphic structure anel uge proxies and
estimations to correlate body and MPP siZzéne measurement of the pambital width of the skull
usually provides the besproxy for bodysize and maturityin ziphiids However, due to the
fragmentary state of some of the specimens where the postorbital is missing, the preorbital (better
preserved in all the fossils) is used here as an alternative, since both it ortital structures
are usuallyrelated. he size othe MPP was given by the width multiplied by maximum height of
MPP, given in measurements G5 and(table 2.1) respectively.

All sixGlobicetusspecimens studied were plotted (fig. 4.5) which allowed theognition of two
morphotypes: i) voluminous and thick MPPs seetwo specimensNIL 1361 ML 2023, additionally

this feature seems related to ambliteration of the medial pad of the premaxillae, either through
effective absence or complete engulfmdnt the MPR and ii) lower MPP and medial pad seen in the
other three specimensML 1850 DGAOTa, and 100/PAL/UE Because in dimorphic secondary
sexual traits, the most conspicuous tadtre seen in males and this being also valid for ziphiids, the
two morphotypes are interpreted as male and female, respectiédy.each correlation, is given the
basic linear equation (y = ax + b) where y is the trait size (MPP is this case) andbodythize (G3
measurement in this case). In fig. 4.5, sexual dimorphism is evidenced, with two clear lines: one
representing alleged maley € 248,15% 51153 and the othery = 146,43% 26798, the females.
Positive allometry means that the trait irugstion increases more than proportionally with body
size: larger animals have proportionally larger traits than smaller ones (ldorad., 2016). In
Globicetusnales, the MPP grows more and after the rest of the body growth halts, but females have
an isonetric growth, where the MPP grows in proportion with the bodije specimehEO DR6 026

is in direct line with the previous male specimens, but reveals different anatomical features than the
other males: lower MPP and an elongated medial pad of premexilteese are condered female
attributes but the analysis suggests it to be a m@ataybe subadult or immature); this is justified by
two characteristics exhibit by the specimen: the MPP growth shows a similar pattern of anterior
projection and exhibitedcomplete mesorostral ossificationfahe mesorostral canal (Buffrénil et al.,

in review), a dimorphic trait discussed next.
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Fig. 4.5 Relationships betweehody size(given by the distance between th@eorbitals,in mm) and the
MPP size (in mf) of the analyzed specimens @lobicetus hiberusDifferent color triangle points
represent different specimens, which are represented rtexthem; the blueand red lines represent male
and female individualgespectively

Note: thepreorbitalwidth of the skull in specimen ML 2023 was estimat@ue fossil is fragmented
and its posterior part, right after the orbital notch, is missiitgneasures around Zbmm of width
between preorbitals which show signs of erosioBy analyzing the crestraund the orbits in other
specimens and similar development of structures and rostrum leimgthlL 1361 in particularwe
estimated a minimum size of 3q&s in ML 1361and a maximum of around 310 mm for ML 2023.
The maximum approximatioi310 mm)will be used in the graph of figure 4.5 becausame
structures are bigger in ML 2028rémaxillary sklf lengthand overall MPP size) than in ML 1361.

Filling of the mesorostral canal by the vomer as a male condition

In ziphiids, and more visible idiphius cavirostrisand Mesoplodonspp, the filling of the
mesorostral groove and canal kg pachyostosed vomer and/or mesethmoisl considered an
intraspecific variation of sex and age (Besharse, 1Bighuccet al.,, 2008;Lambertet al., 2009) also
described as arhyperossification of the premaxilla, maxilla and vomer eventually fusing into a
massive rostral bone unit (Allest al., 2011),usually seen from both the top and bottom of the skull
(Tinker, 1988). According to Tinker (1988 vomer is greatly extended in a lengthwise direction,
forming the bony septum which divides the nasal cavity, and extends forward to end between the
two maxillary bones of the upper jawesulting in a gradual replacement of mesethoid cartilage by
secandary bone during maturation (McLeod, 2002). ziphiid adult males thenesorostral canal
tends to be filled by the vomer, while femalsdl retain the tubular canal conditionhis sexual
dimorphism character is much more developed in adult males ofgdreusMesoplodonspp. and
Ziphius cavirostrighan in females (Besharse, 1971; MacLe8602; MacLeod & Herman, 2004,
Bianucciet al,, 2013).Z. cavirostrigs probably the most extreme case of vomer ossification of the
mesorostral canal, where the male exhibits a big intrusion and robustness, which the female lacks.

This sexual dimorphism in ziphiids is anatomically independent from the MPP, thus provides an
important confirmation of the gender identification @lobicetusseen in the trend of fig. 4.53viale
Globicetusrostra show compact filling of the mesorostral canal to the tip of the upper jaw, while

44



J. Muchagat Variation and interpretatiorof Globicetus hiberusostral structures

female show an open canal with little evidence of such a compact ossification. Admitting a similar
pattern for Globicetusas observed iMesoplodon the ossification of the anal can therefore be
another character used for attributing sex to the specimdrsssil specimen ML 1361 and ML 2023
show ossification of the mesorostral canal and are figured in figure 4.6, which corroborates with the
sex distinction approach demonstrated in figure 4.5. bfestral ossification in IEO R&026 is not
figured snce the specimen was used for &mstological analysis reported in section 2.4, but the slices
made revealed a total ossification of the mesorostral caf@alffrénilet al., in review).

However, this ossification of the canal by the vomer can also happen te segree in female
ziphiids; 100/PAL/UE also shows signs of mesorostral ossification (see 48), Bl& the rostrum
does not seentomplete.

Bianucciet al. (2013) divided a sample diusciziphius atlanticuskulls as male and female, but
their analyses did not account for mesorostral groove or canal filling by the vdmére case of
Globicetusa bigger sample of specimewsuld probably allow fora more accurate interpretatioof
the mesorostral canallfing as being sexually dimorphic.

Fig. 4.6:Skulls ofGlobicetus hiberusn anterior view: ML 1850 showing no signs of mesoros!
canal/tunnel filling by the vomer; ML 1361 and ML 2023 showing complete filling of the mesor¢
canal by the vomer (gkdashed lines); the white dashed lines delimitate the foramina.

4.5. Ontogeny and histology

Perrin & Reilly (1984) anReidenberg & Laitman (2009py that odontocetes reach sexual
maturity at ages of 10 years or more and live for four or more decades. The biology of beaked
whales,including the age, remains largely unknown, even in modern living taxa. In a global study for
ziphiids, Mead (1984) gigethe mean sexual maturity varying between 8 and 11 years. Age at
attainment of sexual maturityvas known only foH. ampullatusand Berardiusbairdii and ranges
between 7 and 11 years. The maximum reported age afphiid is 71 years for a mae bairdi.
Buffrénil & Lambert (2011) studies on histology of ziphiids, namlgrotus recurvirostrisare
congruent to these dates of sexual maturity in beaked whales.

For Globicetus the exact age is unknown. However, Buffréitilal. (in review) made histology
studies on the specimen IEO DR26 026 and estimate an age of no less than 9 years old, but likely a
few years older than thatlt is therefore clear thathe holotype specimen anthe other large
individuals (ML2023, ML1850 are mature adults witldefinitively more than a decade of age. The
surface bone rugosity and the obliteration of bone sutures also agrees with the assumption of an
advanced ontogenetical age.

When omparing histology oGlobicetus Buffrénilet al. (in review) conclude that thespeed of
bone apposition over the MPP was steady during growth and similar to thattbeepremaxillay
shelf. Buffrénil et al. (in review)also ponts out that the MPP must have grown after the adult size
was reached, and thathe MPP must have had one than one functional purposeThe extreme
osteosclerotidike condition inGlobicetudMIPP, described by Buffréngt al. (in review), is associated
with prolonged growthspecializations oSome rostrum structures of extant and extinct ziphiids,
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characteristic of adult mles individualsBuffrénilet al., in review. As mentioned beforeGlobicetus
is not the only ziphiid displaying difent remodeling of the bones.his remodeling pattern was
observed in the rostral bones of other zighwhales the extantMesoplodondensirostrig(Li et al.,
2013, the extirct Mesoplodonlongirostris (Lambertet al, 2011) andChoneziphius planirostris
(Lambertet al., 2011), where it results in extremely compact, dense and (at ledsk idensirostriy
hypermineralized bone tissue.

4.6. Hypotheses for the origin and function of the MPP

0 ( éa)givenstructure may have severplirposesand even in living animals it is often difficult to determine
the uses of particular structures, their evolutionar
Padian & Horner (2011)

The local hyperplasia and/or densification of the bone&lokicetusrostrais still puzzling, since
there is no morphological equivalent of ziphiid rostral peculiaritien other extant tetrapods
(Buffrénilet al., in review) and the ecology of ziphiids is poorly documented.

In this work, sevemypothesesare poposedand discussedl. malformation/deformity or some
kind of disease; 2. ballast in dedjving; 3. intraspecific fighting; 4. reflection and directional aim of
the sound beam; 5. increasing the velocity of sound wavesp@nd barrierand 7.seconday sexual
organo antlersinsidet hypothesis)

4.6.1. Malformation/deformity or some kind of disease

It could be hypothesized that the bizarre formation of boneGiobicetusbe the result of
deviations from normal bone growth, such @malformatiors/deformities or caused bysome kind of
disease.

There are several arguments against this interpretation in the work by Biaruadi (2013
unlikely pathological bone growths, tHdPPis nearly sgnmetrical with smooth surfaceand has
vascular and innervations casaat the base of the spheroid that are not interrupted, which excludes
the fact that it could be of cancer origin (a tumor tissue growtk)met al. (1993)a G I G S&e G KI 0 «a
development of new blood vessels (angiogenesis) is required for many physiological processes
including embryogenesis, wound healing ampus luteunformation. Blood vessel neoformation is
also important in the pathogenesis of many disorders, pamidylrapid growth and metastasis of
az2ft AR ( dzvahdidgenasishe ghysiglaical process through which nblwod vessels form
from pre-existing vessels (Folkmakf90);if it is not visiblea tumors origin may be excluded .could
be suggested tde a traumatic condition, but these are usually characterized by a bony growth
called a callus (fractured bone replaced by zonal lamellar bone) during the healing prétess. by
Claes & Heigele (1998hd Hanna (2002), are good examples of callus igati extant species and
in the fossil record, and they both concur that callus surrounding the healthy bone is localized, and
usually has a different texture in comparison to normal segments of the bidme MPP and the rest
of the adjacent maxillary borsedo not show signs of the stress and strain characteristic on cells in a
fracture callus tissueDe Buffrénilet al. (n review) also addresses this hypothesis, dismissing
considerations made by Gerhol@lt Godfrey (2010), which beliexsome of the structures could be
symptoms of periostitis, a cortical hyperplasy due to periosteum inflammatigith supposed
lesions limited to the premaxillae that became progressively swollen as evidenced by thdikaion
f I @8SNAY3I ¢4 A 0 KAGEHhdKES GodfreyS Z020WbBgerviecin some specimens of fossil
beaked whalesit is dismisged because osteosclerosis or paosyeosclerosis is a highly species
specific morphological characteristic in ziphimsd because sexual dimorphism displayedshgh
structuresis unexplainable by a pathological contéuffrénilet al., in review).

Based on the grounds exposed aboemd the obvious sexual dimorphisof the MPP, this
hypothesize seems highly unlikelgd can be excluded.
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4.6.2. Ballastin deepdiving

It has been mposedthat the MPPcould have a hydrostatic role. According to this hypothesis,
some of the rostral structuresoald serve as ballast during deep divirBugfrénil & Casinos, 1995;
Buffrénilet al, 200Q MacLeod, 2002;.ambertet al., 2017).

Reducing buoyancy and passively maintaining a vertical, -tleath orientation of thebody
(Buffrénil et al., 2000), would be an advantage for the animal, reducing the energy cost of diving.
However,the main purpose would be lost when the animal retuinto the surfaceto breath
(MacLeod, 2002Lambertet al, 2010).a | O[ S2R 6HnnuH0X 202S0Ga GKFG al
whale in diving to depth and has to be worked against when it returns to the surface would be
O2dzy i SNLINR RdzOG A @S> NBIldZANARY3I |y AYyONBFASR 2 dzi Lz
oxygend 1 2 NS a KIF @S | t NBdsigahe endrfefic sdvind thenefitelibé Tescend.
Lambertet al. (2011), also refers that a group of studied animéis. densirostrisand Z. cavirostrik
would more frequently perform passive and metabolically cheagirgli during the descent, with
more active swimming during the ascent (Tyatlal.,2006;Lambertet al.,2011) anddo not need a
structure to aid in deep divindrurthermore, there is no data showing that both female and juvenile
whales dive more shallowly than adult males (MacLeod, 2002; Larebat> H 1 mMdnT20132 £ Q
Dunn, 2015, assuming that thdéPPwould be preferentially more developed in adult malesnce
mesorostral ossification issuallymore developedn extant maleghan in females (MacLeod, 2002).

Mesorostral ossification has beerferred as an important attribute for deegiving. However,
Mesoplodonspeciesdisplay differentlevels of mesorostl ossification (MacLeod, 2003nd all of
the species are thought to occupy similar ecological niches. Byperoodonwhich lack mesorostral
ossification,is capable of diving repeatedly to great depths (Gowans & Rendell,; 1988Leod,
2002; Hardy, 205), so the existence of thdPPcould help in diving more quickly, but sHdunot be
the primary functiorof the structure.

Lastly, it is important to acknowledge that theeight hypothesizedor an adultGlobicetuqsee
section 4.3. would not begreatly influenced ¥ a structure such as thdPP, since it probably would
not have a signifiget effect on the overall weighthowever, firther work isneeded to evaluatehe
effect of the MPP otthe weight of therostrum.

4.6.3. Intraspecific fighting

Male-male aggression is aommon aspect of many terrestrial matingpehaviors especially
amongstthe eventoed ungulates of theCervidaeand Bovidae families (ordeértiodactyla) as well
as in manyof the phylogenetically relatedCetacea(Gowans & Rendell1999; Hardy, 2005).
Aggressive interactions between madetiodactyls(order that comprises both the Cetacea family,
Cervidae, Bovidae and many otheigyolve some form of heatb-head interaction, and the
morphology of the head is often specificallyapicd for these contests, which playimportant role
in the social structure of a species (Gowans & Rendell, 1999).

Scarring in cetaceans has been recorded for a wide range of species with many of these scars
attributed to intermale aggression (Heynin$984; Visser, 1998). Bumping has also been observed
and may, accordingotresearch conducted by Vissdi908), be one of the causes why some Kkiller
whales Qrcinus orcashown some kind ofeformation of the fins. Vissgl998 p. 79 quotes Bigg
(1982),6 K2 YSydGAz2ya GKIFIG Ay FRdAZ G YIfSa GKS R2NAEI f
SPSyldz ffte8s gKAOK NBadzZ G Ay OdzaNXAy3d |G GKS GALE
0KS R2NREIFf FAYy (G2 fAS 7T buggedtsittatycalapsing r calldpsedfin2 ¥ K
may be attributed to age; nonethelesse points out that it is possible that the collapsing of some
fins may have been caused by the same agent as the body &mtexceans such aslobicephala
(Gowans & Rendell,999; Hardy, 2005) and some delphinids (Gowans & Rendell, 1999) have been
descibed to bump with their melon. In hales such as the sperm whale, the bumping is made with
the junk which is derived from the odontocete melon, andémforced with collagenas partitions
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and is directly in ie with the cervical vertebra@Carrieret al, 2002) Carrieret al. (2002),suggests
that the siz and structuralreinforcementof the sperm whalenose may represent the result of

selection forbeingused I & | ¢ &8 NI $HE & KA D& bexhé cadsé of thé shipwetkh S @ S
of the whaling shipEssexn 1821,documented by Chase (182(@)lease seeCarrieret al., 2002: p.
1755)

In beaked whalesskull structuresare believed tobe used as male weapor{sleyning, 1984
MacLeod, 2002Lambertet al., 2011; Gbdi@, 2014),admitting bone densification as a mechanical
reinforcement of the rostrumin mature malesavoiding fracture during intraspecific fights between
adult males (Heyning, 1984).Heyning (1984 and MacLeod (2002) confirm that mesorostral
ossification in adult males correlates with the presence of scars along the body, which could be the
traces of aggressive teeth interact®ms described in detail in Maid (2002); his work points out
that sars occur mostly in males by intraspecific fights in the speciedesioplodon(the largest
genus of Ziphiidae) and are characterized by a number of morphological features, including the
development of large sexual dimorphic tusks in the lower jaw andrebny ossification of the
rostrum (Heyning, 1984 in MacLeod, 20@2 178. But, densification of the rostna could increase
its brittleness Buffrénilet al.,2000), since dense and compact bonésypermineralizedare prone
to fast fracture propagatin and are poorly resistant to shock (Zioupisal., 1997 Curreyet al.,

2001, Buffrénil & Lambert, 2001

Bones usually adapted for shock loading like the ones found in deer antlers have the opposite
structurd characteristicof the ones found in mostiphiids (Currey,1990;Buffrénilet al.,2000 Price
et al., 2005. H. ampullatus the only species of beaked whales in which hbatling has actually
been observed (Gowans and Rendell, 1999; Landiaat.,2011), has crests made of spongy bone, in
strong contrast with the compact bone of many other ziphiid rosttdowever, lighlighting this
weakness of the rostrum itseffhe premaxilla and the telescoping part of the rostrusijhe damage
noted on a larg malespecimen ZD.1992.2.4.25) RS & A 3y I (i S RndWdsefibed dHarRydz £ ¢ H !
(2005 p. 79. This skull exhiked severedamage(fig. 4.7 that would indicate an impact tohe
rostrum from ahead and abovaVhatever the cause of this impachay have beer(possibly a
misaligned headbutt or collision with a boat)is evidence of the weakness of thest of therostrum
bones even though there is evidence of healiagd callus formationon the damage sectign
consequent torsion probably did hallow for afull recovery, causing a pseardhrosishypertrophic
non union or commonly called nonunion or false joatentually leadindgo the death of the animal.

In the specific case @lobicetusthe shape of theViPPcan also be taken into accountd fact that
spheres dissipate energy, could make them able to dbHte impact energy caused Inypadbutting
fights and therefore enable the whale to use thiguctureas a weapon to some extent. The sphere
itself wouldbe protected by a thin layer of blubber,

popularly and commercial used to denote thd
superficial tissues of whales and seaishich
comprises the animal's epidermis, dermis, anf
hypodermal tissuesPRarry, 1949).However, he
regular and somehow smooth sade of theMPP
in Globicetuscould have been a problem if fighting ;
would occur. IrHyperoodonthe crests have a very %
irregular contact surface, perfect for the
attachment of connective tissue laysr blubber,
muscles and skin. This characteristic is usehen
the animal er?gages_'rﬁ\ght_in_g activities with other Fig. 4.7Lateral (skull positioned at a 45° angle ¢
male competitors, since it is an excellent place fofg rear) and dorsal views ofevere rostral
the anchoring of the tissues, protecting them fromgamage and related bone growth in a larc
tearing. While Hyperoo®n have irregular crests mature male,Hyperoodon ampullatusSpecimen
surface,Globicetusdoes not; the smooth steice held at British Museum, Natural Histor
would probably not be able to withstand the (ZD.1992.2.4.2.). Image adapted from Har
traction between some headbutting action, (2005).
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increasing the danger of the tearing of some of the soft tissue that involveMBE, a friction
compared to a sandpaper effect between the skulls of the aninGadgainly some of the smoothness
observed in the fossil specimens is the result of erosion, but compact bone would not have the same
grip as the spongier bone which characterizes the crest inHyygeroodongenus.Lastly, theMPP
could be hypothesized ofdving a similar origin to the dome like structure in the dinosaur genus
Pachycephalosaurusvhich hadsquamosal horns and nodes that, according to Horner & Goodwin
(2009), originated ontogenetically as notilee structures, some of which expanded into herand
bony spikes and then became modified as blunt, nodal structures ind&iges ofontogeny. From a
structural point of view, marginocephalian dinosaurs employ metaplasia to grow their horns, cranial
ornaments, domes and shields as they rapidly reeiddeir skullsHowever,according to Padian &
| 2NY SN ovHnmMmM0OY GKAaG2t23A0Ft &addzRASAE KI @S akKzgy
g2dAd R y20 KI @S RSTFESOGSR GKS F2NOS& AYyOdzNNER Ay
in their exernal cortices.
The position, size and sphericity the MPP would apparently make itan ideal heaebutting tool
and, since odontocetes have been recorded bumping and fightihiz hypothesis cannot be
excluded.However, other headbutting odontocetes, such a&obicephalaand orcas, bump with
their melon but their rostrum projection is inferior to the one seen in ziphiids, where the beaks are
much more projected, making it and disadvantage if the bumping were to occur.

Neverthekss, additional tests on shock resistance are needed.

4.6.4. Reflection and directional aim of the sound beam

It can be hypothesized that the enormous MPP@lobicetushead could be a way of reflection
and directional aim of the sound beam. Because all ziphiiedsleepdivers and are obliged to use a
non-compressive tissue (Lambegt al.,, 2011), 1 was noted byBuffrénil& Lambert(2011), that hard
and stiff skull bones could be involved ireflection of the echolocation vibrating wavesince
toothed whales annot use aifilled ducts as acoustic reflectors.

High-density boneghat encaserostrum fat tissues have been described by BuffréhiLambert
(2011 and Cranfordet al. (20089> | & o6SAy3a FofS G2 FOG Fa agl @S3
waves emitted by the animals. In this case, the geometry of the rostrum bones and tissues is very
important. However,Cranfordet al. (20089 did some tests in an adult maléphius cavirosts and
realized that the geometry of the tissue structures and their interfaces were more important factors
in the beam formation than the actual hardness of the bone; they conducted wastre the stiffen
of the bones was changed up or down by 10% amdehwvas no change in the resultant beam shape
and direction. But not only hardness is of importance, shape plays a big role as\eetiammen
(2008) work on reflections of sound from concave surfammsirmedthat the focusing effect of a
spherical refictor is much stronger than the focusing effect of (for example) a cylindrical shape,
since the amplification at the focal point can be quite dramatic, especially for sphedoalgd
structures.Finally, it is important to refethat a sphere shape nainly reflects and amplifies sound,
but sound waves can bend around it, a phenomenon knowdiffiaction Wiener, 1947).Based on
these studies, it may be inferred that even if the sound waves coming from the phonic lips would
encounter theMPPin its pathway, they may be able to still be projected into the environment with
less acoustic noise than expectadowever, as hypothesized in section 4(&ee figure 4.2)the
phonic lips would probably be in a position high enough for the transmissi@ound not to be
affected by the MPPThis hypothesis is not confirmed nor excludpdnding further studies on the
acousticof Globicetus

4.6.5. Increasing the velocity of sound waves

The MPPcould be hypothesized as being a mechanismirioreasingthe velocity of the sound
waves as theypas®d throughit and then into the column of water.
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As referred before, rostral bonemay be involved in signal conduction (Pilleti al., 1986 in
Buffrénil et al, 2000 p.64 and can easily be related to impement of the ultrasonic signal
condition on account of reduced signal attenuation (Ashratal., 1984 inBuffrénilet al.,2000), but
Buffrénil et al. (2000 objects that the difference in ultrasonic conductivity or impedance mismatch
between the rostrumand the sea water would cancel out the benefit of the high density rostrum
bones conductivityZiouposet al. (1997 stated that there is a considerable impedance mismatch
between a high density material such as rostral ®aed sea water, and because of th#te
rostrum may not act as an efficient radiator of high velocity sound waves.

Soldevillaet al. (2005), conducted tests on the physical properties of head tissue cévirostris
and realized that the fatty tissueseane significantly less dense than seawater, while muscle was not
significantly different, and that only the connective tissue was denser than seawatpedance
matching occurs when the acoustic impedances (the product of density and sound speed) of two
adjacent materials are similar, resulting in greater transmission of acoustic energy at the boundary
between the two materialsThe theory for sound production in odontocetes states ttia sound
waves speed increadmetween the melon and the blubbgproducing an impedance match with the
water, maximizing the acoustic energy transferred out of the forehead €8idlidet al., 2005). This
corroborates with statements bBuffrénilet al. (2000, that if the sound would go from soft tissue to
bone and then ¢ water, the increase of sound gained would be lost with the impedance
mismatching between dense bone/water, so probably, sound, instead of penetrating theNtieRy
would bend around or above it, which corroborates with workd/eycammen(2008).

Thishypothesis still needs furthework, and will not be excluded, but seems highly unlikely.

4.6.6. Sound barrier
Thehypothesidor the MPPas a sound barrier between the emitted sound waves from the phonic

lips and the sounds being received, at the same timetHe soundreceptionacoustic fats in the
lower jaw is discussed next.

Cranfordeta® oHnnyl 0 RSAONAOGSA (GKS LJi SNE J2okhfRentd A y dza S :

with a complex of shedike and fingeflike projections of air spaces (peribullary sinuses), forming
acoustics shields or reflective boundaries along the medial and posterodorsal aspects of the bony ear
O2YLX SES&é¢d ¢KSaS GeeN teferRd as @xgiNsiteGsdudzNdireors tat grévide
acoustic isolation and protection from seifade sounds originating in the nasal complexes (Cranford

et al, 2008a),s0 these structures, if present iGlobicetuswould be enough to block any sound
produced by the phonic lips, and therefore the MPP would have no, or minimal influence in blocking
sound wavesDespite this, directional sound reflectivity of the spherical body could be valid in
selecting different pitch frequencies produced by the arlinaad helping with the acoustic isolation

of the rostrum and therefore leaving the pan bone and the ear complex able to process sound better.
However, this hypothesiseems highly unlikely.

4.6.7. Secondary sexual organ

oBeautiful and irresistible features haseolved numerous times in plants and animals due to sexual selection,

and such preferences and beauty standards provide evidence for the claim that human beauty and obsession with
bodily beauty are mirrored in analogous traits and tendencies througheut th | a n t and ani mal
Grammeret al. (2003)

Ly &nfledsinside hypothesi&  DBi 2@24) suggested that the bony structures in ziphiids
could be a case of sexual dimorphism perceived through echolocating by members of the same
species, playing a role of secondary sexual organ, comparable to antlers in artiodactyls.

Echolocation atiws cetaceans to form and recognizerée-dimensional acoustic imageso they
might be able to recognize and perceive massive bone structures, asivieBody of another whale
0 D &irf, 2D014). Since the peculiar structures of the rostrum are highlygdastic for ziphiids taxa
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(Lambertet al., 2011; Bianucat al., 2013), echoic perceptioB F A ya AYLEZ2 NI ¥i@S G R
2014) foranindividual and species recognition (Johnstral., 2004). These authorgoncluded that

beaked whales use their echolocation capability not only on prey but on conspecifics, pointing their

sonar beam towards other whalels addition, Kamming& Van Der Re€l976) showedhat hollow

spheres used in the trials by dolphin, compted the echo perception while compact anehere

more successful. Buffréret al. (in review) also agree that the functioof ziphiid rostral peculiarities

is likely to be linked to ecological specializations, such as feeding activity at great deipth&ighly

specialized sonarblR 2 Yy 2 i Rdin¥20MihgpotBeig ofziphiids acoustic recognition via the
echolocation systemDue to high density contrastiuA y 3 KA 3K T NS [jdizS30D4 & 2 dzy
hypothesize that the detection of the compet spheroid through soft tissuean make the spheroid

not a sound transmitter, but a display object, perceived as complex echoic image of the differential
impedance contrast and echo reflectivity between bone and the adjacent soft tissues.

As a linguistic sideote orS OF Yy  LINE LJ2 a S indid€ | (K 2(L82S) KBlayhaf SONEdzA R |
GK2NYaARSE 0SOFdzasS dzytA1S {1SNIXGAYAT SR FyidfSNEZ
are also used in antagonistic fights between maad in many species horns never stop growing
throughout an animal's life (Goss, 20189rns serve as a better analogue on its structure and origin.

This hypothesis involves many aspects and discussions; therefore, to facilitate reading, it is
developed in thedllowing section on its own.

4.7. MPP as a ®condary sexual organ

The antlers hypothesis first suggested Globicetus aa
08 D2f QRAY ownmn0 Aa GKS 2yS GKFG 3 0 KSHE Y2 NB
and is discussed in more detail below. sscondary '
sexual organ can be defined as an accessory display
structure of mating. It usually has a high sexual =
dimorphism and generally correlates withet fitness of
the individual. Horns, antlers and other displays
structures are intertwined with dominance: males thaj
bear it enjoy reproductive advantage, since size
supposed to carry a priori dominance status and geg
quality. The animal world is full @xamples of males ¥
displaying dimorphic structures to attract females and i G S
repel opponentsDisplay structures can be subtle, suc F|g 48: Peacock courtship: female on th
as face features in human beingsr(example,strong left and male on the right of the picture
squarejaws in man) or more exuberantke the atlers  Photograph by Joana Muchagata.
in deers, colored skin in lizards, and the spectacular tau
of peacockgfig. 4.8), whichare justsomeof manyextraordinaryexamples available of visual display.

Already Darwin (1871) hypothesizes that male ornaments are favored by mates@ably evolve
asaresutoF SYI S LINBTSNBYOS> | aSO0OR2KBIRSaDEN 88 A Tz £ ¢
not all dimorphisms are visible to the eye: songs and sound by birds, fishes, frogs, land mammals and
cetaceans also form an acoustic displagttshows the virility and power of its bearer. The case of

sexual display in peafowl is well documenteelgsfor instance Louchart, 200Betrieet al., 1991 and

Zahavi, 1991) and an iconic example.

Features of secondary sexual organs

A secondary sexual organ is a sexually dimorphic biological ornament related with sexual display by
males to influence choice by females inthat is also called é-isherian runaway According to the
Fisherian runaway hypothesis, male ornamentation results from the preferéycéemales,for
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exaggerated trades. This leads to an extreme degree of exaggeration in the male ornament,
proportional to female preferencand resultingin a cos that surpasses the benefits of possessing
suc trade (Pomiankowski & Iwasd998). For more informationn this topig pleaserefer to Fisher
(1915) The evolution of sexual preference

Secondary sexual organs have the following features:

Exaggeratednale ornamentation

Perceptible (visual in most cases)

Dimorphic

Handicap for survival

Unique and different from species to species

Enhances through ontogeny (mostly conspicuous in mature males)
Not essential for reproduction (i.e., excludes genitalia)

Arerelated with better fitness

Preference or attraction of females for ornamented male mates

CoNOOR~WDNE

1. Exaggerated male ornamentatiothe MPP occupies close to 1/3 of the skull, being clearly
exaggerated. This extreme condition is not seen in any other ziphiid,ugfthoomparable with the
crests inHyperoodorand Tusciziphiydut the structure being quite different.

2. Perceptible (visual in most case#)is is a key point of a secondary sexual organ because it
has to be perceived by femaleSlobicetusdoes not fill this requisite in the visual sense (through eye
sight), but the echoic perception of the MPP is the equivalent and replaces visual capability. This
replacement is unique in the animal kingdom as far as we know.

3. Dimorphic Globicetuss interpreted here aslimorphic ©ncerning sexes. Sdigure 4.5.

4. Handicap for survivalquite often the secondary sexual organ is a strong handicap for
survival. The tail of peacock is a good example, where such an exuberant trade may be a burden in a
rain forest with predators, such as tigers. Zahavi (1975) proposed, irahiicap theorythat these
exaggerated feather displageted as honest signaté the males' fithess. The handicap theory
seems quite evident foGlobicetuswhere the MPP occupies a major part of the skull and in a critical
central position that almost certainly effecescholocation, which is essential to the survival of
beakedwhales; as a result, the sheer existence of a large MPP in aGlabcetuds a display of its
virility and, therefore corresponds to @otentially good mating partner.

5. Unique and different frm species to speciethe shape and size of secondary sexual organs
are very ariable from species to species and rostral variation among beaked whalggontribute
to the species recognition and prevent unwanted hybridization. This is very obviouglénsan
Cervids (each species has a unigue and peculiar antler shape), paradise birds Heeade
conspicuous behaviors and feathers, also different anjue from species to species), and many
other taxa. Also in beaked whales, the region of the rostwhere the MPP lays is different and
unigue in each species, and that condition also supports the sexual dimorphism and secondary sexual
ogty alyidf SNE AyaAiARSeé KeLROUKSAAA FyR OFly o06S NBfI
females possess th@kerical MPP.

Curiously, some artiodactyls have modified canine or incisor teeitified into enlarged tusks
(Janis, 1990), a condition similar to some ziphiid species.

6. Enhances through ontogeny (mostly conspicuous in mature maiesjnost dimorphic
species, thesecondarysexual organs only become evident after puberty and enhances in mature
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males through age. This trend is afmoposed forGlobicetus The graph of figure 4.5 shows that the
MPPseems to becomenore conspicuous in mas through ontogenetical development.

7. Not essential for reproduction (i.e., excludes genitaliag structure is not essential/required
for the insemination of the female. Therefore, it should only be accessory when it comes to the
actual copulation itslf. Unlikecutting a peacockail feathers or a lion’s mane, removing the MPP of
Globicetusvould affect the animal to some degree, but would not really affect its caparcityating.

8. Related with better fithessmore exuberant/bigger structures/featuseare usually correlated
to better fitness of the bearer, such as the nose in the male sperm whale, and muscle development
in humans. However, these are behavioral aspects that cannot be accessed in fossils at the current
stage of knowledge.

9. Preference omttraction of females for ornamented male matebe desirability of a male is
always correlated to its overall appeal and capability of showing of its attributes. In the animal
kingdom, females gravitate towards males with the most exuberant featureselfer, these are
behavioral aspects that cannot be accessed in fossils at the current stage of knowledge.

We tackleall nine common denminator characteristics of the secondary sexual orgeaaryd
confirm sevenof them inGlobicetusdespite the fact that one (visual accessibility) being repldne
echoic accessibilitis the only reported case to datas far as we knowtwofeatures6 a WSt F G SR G A
0SGGSNI FAGYSaaéd FyR at NBFSNByOS 2NJ | Gandb@iG A2y 2
tackled in fossils.
Secondary sexual organmay have a supplenmary nonreproductive function. fis requires
modeling simulation and further studies that lay beyond the scope of this weukure work will be
to simulate the acoustic propagah insideGlobicetushead and rostrum sing digital 3D models (fig.
4.9). 3D reconstructions gain increasing importance for paleontological research at the anatomical
level (Kolbet al., 2015) andnodels of sound N2 LJ- A GA2Y & A G Kkulgmap @dvileSR g K|
insight ontheir response to sound exposure, echolocation production and sound recepidmen
simulating the acoustic wave inter@ion in the skull of the whalemeasurements of the various
extant bone morphology, an approximation of the sdfssue, physical attributes of thearious
tissues, the position of the phonic lips, an approximation of the oral cavityraacthal path of the
airway, and clickrequency range and patterns of ziphiid vocalizatiame needed.The MPPwas
most likely,covered by layers of fat tissues, such as the acoustic fats and blubber, as well as layers of
muscle and several connectitigsues; sotie most mportant impedance mismatch would probably
be between the soft tissues that cover the MPR&bddbicetusand the bones of the rostrum.

Fig 4.9 Globicetus hiberuspecimen ML 1361: digital 3D models of the rostrum; software us
1. ¢ SketchUp; 2¢ Autodesk 3ds Max 9; 8.Agisoft PhotoScan.
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Other airiosities about acoustics and sexusglection

Acoustics is comon in many vertebrates, being birds the most famous, but fishes are the largest
vertebrate group with vocalizations, which uge contraction of intrinsic and extrinsic sonic muscles
that excite the swim bladder, dhe rubbingof certain body part$ O | fstiidsl&iondt 0 (12 LINE RdzOS
vibration and create complex sound patterns (Faal., 2001).

Vocalizations can assume different forms in the animal wdddontocetes, such as the sperm
whale Physeter macrocephaluposseshidden echo displagtructures for attraction of mates. The
male sperm whales has relatively larger facial regions than femalest asigoroposed thatmales
signal their size and thereforevirility andF A Gy S&aa dzaAy3 airadyl f AdAaxsa O
Sperm whales are welinown for their monotonous clicking behavior and the pulses or amplitude
peaks that comprise a burst are most often separated by a relatively constant time interval. The
acoustic mechanism in the sperm whaleaisesultof air entering the blowhole, passing throughout
the phoniclips, reflecting the sounds off the frontal air sac and propagating them intgleemaceti
organ, which are therredirected into the junk via the lowlensity pathway, where they are
transmitted as soUR g @Sa3x 2 NJ 4 A (feyBaNy dpacen PulsdsyfdjeSiediintofth@ &
environment through a series of leflike structures in the anterior region of the structure (Cranford,
1999) representing the effects of reverberation within the spermaaatijan This results in a signal
GaAradyl G§dz2NB & 0 b 20iabrg 1999), flalintitly BeiZE of thebsignaler (male), or more
specifically, the size of the signaling apparatus (its nose), since bigger interpulse intervals between
clicks flaunt abigger size of the nasal apparatus, attracting possible female partners or drive off
potential mates and threaten males (Cranfpi®99).Figure 410 represents the sperm whale cranial
soft tissue anatomy.

Fig. 4.10: lllustration of sperm whalEhyseter macrocephalugop, comparison with average
male human; bottom, detail of cranial soft tissue anatomy and the sound apparatus.
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