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1. ABSTRACT

The porbeagle shark, Lamna nasus, belongs to the order Lamniformes, a group
consisting of highly specialised sharks inhabiting all major ocean basins. It is a
pelagic predator, displaying fast swimming behaviour and endothermy. Porbeagle
populations have declined severely in the North Atlantic and Mediterranean Ocean
due to overexploitation and there are no signs of recovery to date. Still, little is known
about their biology and anatomy, and pressure is rising as species numbers fall.
Here, high-resolution micro-computed tomography scanning and three-dimensional
reconstruction was used to reveal the inner ear morphology and shape as well as
tooth structure and development in the porbeagle cranium to contribute to the
morphological anatomy of this highly peculiar shark. These results constitute the first
reconstruction of the skeletal labyrinth within the lamnid family and the first
application of CT scanning to study tooth development in Lamna nasus. The skeletal
labyrinth of the porbeagle is of compact, massive shape with almost circular, thick
semicircular canals. The teeth files contain eight teeth, of which two are functional,
and the development of the osteodont histotype can be clearly resolved. Implications
between tooth structure and food source can be drawn and members of the lamnids
seem to display the osteodont type. Correlations of the inner ear morphology and
shape with the locomotion behaviour in Lamna nasus are difficult to make as
information on such correlations are still unavailable for most elasmobranchs. Fast
swimming fish are expected to possess narrow canals with a small internal radius,
indicating high manoeuvrability. The porbeagle does not appear to show these
features. Even though the data described here provides a first insight into lamnid
inner ear and teeth features by using micro-CT scanning, comparative data on these
cranial features is still lacking to a high degree in both extinct and extant

elasmobranchs.






2. ZUSAMMENFASSUNG

Der Heringshai, Lamna nasus, gehort zur Ordnung der Lamniformes, einer Gruppe
von hochspezialisierten Haien, die alle groReren Ozeanbecken bewohnen. Er ist ein
pelagischer Rauber, der ein schnell schwimmendes Verhalten und Endothermie
aufweist. Die Heringshai-Populationen sind im Nordatlantik und Mittelmeer
gravierend zuriickgegangen, als Resultat von Uberfischung, und bis jetzt gibt es
keine Zeichen einer Erholung dieser Reduktion. Sehr wenig ist tber ihre Biologie und
Schadelanatomie bekannt und der Druck erhdht sich, je mehr die Artenzahlen
zurickgehen. Wir verwenden hochauflésende Computertomographie und
dreidimensionale Rekonstruktion, um die Innenohrmorphologie und —form sowie die
Zahnstruktur und die Zahnentwicklung im Heringshaischadel aufzuzeigen und um zu
der morphologischen Anatomie dieses hochspezialisierten Hais beizutragen.
Erstmals kdnnen wir somit mittels Computertomographie eine Rekonstruktion des
Skelettlabyrinthes sowie eine erste Studie zur Zahnentwicklung von Lamna nasus
und innerhalb der Familie der Lamnidae prasentieren. Das Skelettlabyrinth des
Heringshais ist kompakt und massiv gebaut und weist fast kreisformige, dicke
Bogengange auf. Die Zahnreihe besteht aus acht Zahnen, von denen zwei funktionell
sind, und auch die Entwicklung eines osteodonten Zahntyps kann genau belegt
werden. Verbindungen zwischen Zahnstruktur und Nahrungsquelle kénnen
hergestellt werden und Mitglieder der Lamnidae scheinen den osteodonten Zahntyp
zu besitzen. Korrelationen zwischen der Innenohrmorphologie sowie —Form und des
Fortbewegungsverhaltens sind fir Lamna nasus schwierig abzuleiten, da es
generelle Informationen zu solchen Korrelationen fir Elasmobranchii kaum gibt. Es
wird vermutet, dass schnell schwimmende Fische schmale Bogengange mit einem
kleinen internen Radius besitzen, was auf hohe Mandvrierbarkeit weist. Der
Heringshai weist diese Eigenschaften jedoch nicht auf. Obwohl die Daten, die hier
beschrieben wurden, mittels Computertomographie einen ersten Einblick in die
Innenohr- und Zahnmerkmale von Lamnidae geben, fehlen vergleichbare
Informationen dieser Schadelmerkmale von sowohl ausgestorbenen als auch

rezenten Elasmobranchii.






3. INTRODUCTION

3.1. Phylogenetic relationships of extant elasmobranchs.

The systematics and evolution of living elasmobranchs are a controversial subject,
both due to incomplete research and large gaps in the fossil record of extinct and
living groups. The Elasmobranchii include all recent sharks and rays and form a
monophyletic group within the Chondrichthyes, opposite to the sister taxon
Holocephali (Compagno et al., 2005). Elasmobranch fossils are largely limited to
isolated teeth only. Skeletal remains other than teeth are scarce and known from just

a limited number of sites (Underwood, 2006).

Modern elasmobranchs are thought to have emerged and diversified intensely
between the Late Jurassic and Early Cretaceous (Kriwet and Klug, 2008; Heinicke et
al.,, 2009). Radiation then led to an increasing diversity of most extant clades
between the Early and Late Cretaceous (Underwood, 2006). Phylogenetic
relationships within both recent and extinct Elasmobranchii have been debated
intensely for decades. Especially the question whether sharks and rays, batoids, form
two independent monophyletic groups or need to be grouped together is of particular
concern. From morphological data, several authors proposed a close relationship
between batoids and both Pristiophoriformes, sawsharks, and Squatiniformes, angel
sharks (Shirai, 1992; Shirai, 1996; de Carvalho, 1996). These together with the
orders Squaliformes, Hexanchiformes, and Echinorhiniformes form the
Hypnosqualean clade or later termed Squalea (Fig. 1). This so-called
‘Hypnosqualean hypothesis’ grouped all other shark orders together as Galea. Thus,
living elasmobranchs can be divided into two groups, the Squalea and the Galea.
However, data from both nuclear and mitochondrial sources neglect this hypothesis,
suggesting a basal divergence of sharks and rays, Batoidea (e.g. Douady et al.,
2003; Winchell et al., 2004; Heinicke et al., 2009). This is also congruent with fossil
records of the first batoid appearance in the latest Triassic or basal Jurassic
(Underwood, 2006), indicating a rather old divergence between sharks and batoids
(Heinicke et al., 2009).
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Fig. 1. The two main elasmobranch phylogenies discussed here from (A) morphological and (B)
molecular characters (taken from Underwood, 2006).

3.2. The Order Lamniformes.

Within the sharks, there are the two major divisions, galeomorphs and squalimorphs
(Compagno, 1973; Compagno, 1977; Heinicke et al., 2009). In the galeomorphs, the

mackerel sharks of the order Lamniformes include some of the largest and most
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specialised species inhabiting all major oceans from high to low latitudes worldwide
(Compagno, 2001). The lamniform sharks form a well-defined monophyletic group
and most phylogenetic relationships within the order are resolved (Compagno, 1977,
Naylor et al., 1996; Heinicke et al., 2009). First fossil records of lamniform sharks
date back to the lower Cretaceous (Cappetta, 2012) and the divergence of
Lamniformes with the sister order Carcharhiniformes is thought to have occurred at
around 185 Ma (Heinicke et al., 2009). Most lamniform sharks are pelagic predators
but some also frequent shallow coastal waters and coral reefs (Compagno, 2001;
Cappetta, 2012). The mackerel sharks consist of seven families, 10 genera and 15
species, including two of the three known planktivorous sharks to date (Compagno,
2001). Lamniform sharks are characterised by features such as two dorsal fins, a
single anal fin, five broad gill slits, a well developed and tripodal rostrum, eyes
positioned lateral to dorsolateral and without a nictitating membrane and a wide,

large mouth extending behind the eyes (Nelson, 2006; Cappetta, 2012).

3.3. The Lamnidae.

Within the order Lamniformes, the family Lamnidae is probably the most prominent
one, with some of the largest active predatory sharks, in three recent genera:
Carcharodon, Isurus and Lamna. Five species exist to date, including the great white
shark, Carcharodon carcharias, the longfin and shortfin makos, Isurus paucus and
Isurus oxyrinchus, and the porbeagle, Lamna nasus, and the salmon shark, Lamna
ditropis (Compagno, 2001). The first appearance of this family is dated back to the
lower Paleocene, from the Danian age on (Cappetta, 2012). During this time, trans-
equatorial warm surface water started to dominate the ocean’s circulation pattern
(Bernal et al.,, 2001) which may have provided optimal conditions for lamnid

ancestors to evolve and diversify.

Lamnidae possess a set of unique traits such as rather small second dorsal and anal
fins, large teeth of tearing or cutting type with few files, pointed snouts with weakly
protrusible jaws, a distinctively lunate caudal fin, upper and lower lip-grooves and a
fifth gill slit which extends below and in front of the pectoral origin (Nelson, 2006;
Cappetta, 2012). Lamnid sharks are easily recognizable as they are heavily built

sharks, with a highly specialised spindle shaped body and large dark eyes
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(Compagno, 2001). Maximum length is estimated to reach up to 6.4 m in the great
white Shark (Compagno, 2001). The sharks within this family are counted to the fast
swimming fish, with Isurus oxyrinchus thought of as the fastest swimming shark and

one of the most active swimmers (Compagno, 2001).

They inhabit tropical to cool temperate marine waters all around the world, both
continental and oceanic, though they are more counted to the pelagic species
(Compagno, 2001; Nelson, 2006). Lamnidae are ovoviviparous and females nurture
their young through oophagy: After first absorbing the external yolk sac, the embryos
start actively feeding on the yolk-filled nutrient rich ova capsules (Jensen et al.,
2002).

Lamnid sharks can be distinguished from all other Chondrichthyans and lamniform
families by the possession of a uniqgue morphological trait, the retia mirabilia (Fudge
and Stevens, 1996). These vascular counter current heat exchangers located in
various body tissues allow lamnids to preserve metabolically produced heat to keep
their body temperature significantly higher than that of the surrounding water, thus
making them endothermic. (Carey et al., 1981; Carey et al., 1982; Anderson and
Goldman, 2001; Goldman et al., 2004). Lamnidae keep their body temperatures up to
15.6°C above sea surface temperatures (Anderson and Goldman, 2001), with a
maximum temperature elevation of 21.2°C reported within the stomach of Lamna
ditropis (Goldman et al., 2004). The ability to retain metabolic heat also allows
lamnids to sustain their activity in colder waters, unlike other sharks (Bernal et al.,
2001; Goldman et al., 2004; Pade et al., 2009).

3.4. The porbeagle shark Lamna nasus Bonaterre 1788.

Lamna nasus, or porbeagle shark, is a large cold temperate pelagic shark of the
family Lamnidae, distributed in the North Atlantic (including the Mediterranean Sea)
and circumglobally in temperate waters of the South Atlantic, southern Indian, Pacific
and Antarctic Ocean (Fig. 2) (Compagno, 2001). Fossil records of Lamna nasus date
back to the lower Pliocene, from the Zanclean to recent time (Cappetta, 2012) and
possibly even further back with the evidence of a fossil rostrum from the upper
Miocene (Mollen, 2010).

12
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Fig. 2. Distribution map of Lamna nasus. Distribution ranges from major parts of the North Atlantic to
the South Atlantic, southern Indian and Pacific Ocean and further to the Antarctic Ocean (taken from
Compagno, 2001). Centres of distribution are marked in darker colour.

Lamna nasus is a long living species (Campana et al., 2002), with longevity
estimates of more than 40 years (Natanson et al.,, 2002). Maturity is reached at
different age stages depending on the population, with eight years for males and 13
years for females in the North Atlantic (Jensen et al., 2002) and 8-11 years and 15-18
years around New Zealand (Francis et al., 2007). Lamna nasus is ovoviviparous and,
as with all other large sharks, shows low fecundity (Francis and Stevens, 2000;
Jensen et al., 2002). Litter sizes range from three to six, with an average of four, on
an annual basis (Jensen et al., 2002). The diet of the porbeagle primarily consists of
pelagic teleosts, including herring, mackerel and lancetfish, as well as groundfish and
cephalopods in minor quantities (Joyce et al., 2002). Feeding behaviour has been
found to change with geographic area and season in the porbeagle, shifting to the

available prey spectrum on site (Joyce et al., 2002).

Satellite-linked tagging in the eastern Atlantic showed that porbeagle sharks move
short to moderate distances, through most of the water column on a regular basis but
also spend long periods of time near the surface (Pade et al., 2009; Saunders et al.,
2011). They inhabit shallower depths during spring and summer with an area fidelity
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to coastal and shelf habitats and particular areas as well as deeper waters during the
winter season (Pade et al., 2009). Vertical distribution of porbeagles is rather broad,
with measurements from 0 to 700 m depths via tagging (Saunders et al., 2011). Pade
and colleagues (2009) also proposed that the physiological endothermy Lamna
nasus displays could be advantageous at higher latitudes for exploitation of prey
resources that become unavailable to competing predators such as ectothermic
sharks. Porbeagles are active in a broad temperature spectrum from around 2°C
minimum to 23°C maximum respectively (Francis and Stevens, 2000; Campana and
Joyce, 2004). In the northwest Atlantic, most sharks were caught in temperatures
around 5 to 10 °C (Campana and Joyce, 2004).

3.5. Lamna nasus populations in the North Atlantic and Mediterranean Sea.

Lamna nasus belongs to the large predatory shark species that are declining rapidly
all around the world. Porbeagle populations have been decreasing in both the
western and eastern North Atlantic and the Mediterranean Sea (Stevens et al., 2006).
The porbeagle shark is especially vulnerable to overexploitation and by-catch due to
its slow growth rate, low fecundity and late sexual maturity (Natanson et al., 2002;
Jensen et al.,, 2002). Lamna nasus has been excessively fished and utilized for
human consumption since the early 20™ century, with first the eastern and
subsequently the western North Atlantic fisheries collapsing after heavily
overexploiting the fish stocks (Compagno, 2001; Campana et al., 2008; Campana et
al., 2013). Mainly Denmark and Norway started fishing for porbeagles in the North-
East Atlantic in the 1930s and moved to fishing grounds in the North-West Atlantic
when the stocks were almost depleted by the 1960s, later followed by the Canadian
fishery (Campana et al., 2008). Consequently, stocks became uneconomical and

overfished in the western North Atlantic by 1989 (Campana et al., 2008).

Porbeagle populations in the Southern Ocean are not a target of commercial fishery
directly to date. Data on population dynamics is inferred mostly from by-catch in tuna
longline and midwater trawl fisheries. There is little information on the status of the
porbeagle in the Southern Ocean and there are no reports investigating whether
there is a decline of this species compared to the North Atlantic (e.g. Francis et al.,

2007).
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The Mediterranean Sea has seen the highest loss of predatory sharks in recent
years, and Lamna nasus specimens have almost disappeared from any records
(Ferretti et al., 2008; Scacco et al., 2012). Declines in both abundances and biomass
of 99.99% over a span of 56 years were calculated from both sightings and catches
(Ferretti et al., 2008). Sightings of Lamna nasus have been scarce in general, with
only few recordings over decades: Sperone and colleagues (2012) reported only two
sightings of porbeagles from extensive surveys between the years 2000 to 2009 and
only on the Tyrrhenian side of southern Italy. In 2010 and 2011, two specimens, one
subadult and one adult, were caught in the central Adriatic Sea as by-catch by
artisanal fishery (Scacco et al., 2012).

Even though Lamna nasus populations have been decreasing dramatically over the
past century, management plans are rather scarce and unregulated, with different
guota and TACs given by the EU and Canada (Stevens et al., 2006). Very little is
known about the biology of porbeagles, making it more difficult to regulate and define
management plans for this species (Compagno, 2001; Pade et al., 2009).

3.6. Goals.

Empirical data on skeletal morphology of early shark-like fish is scarce and
descriptions of cranial features of both extinct and modern elasmobranchs are even
rarer (Maisey, 2004a). Craniate endocranial morphology has considerable potential
for both phylogenetic and behavioural purposes, especially when fossils only contain
the cranium or teeth. With non invasive CT scanning, internal features can now be
examined and illustrated rather easily. The following investigations aim at describing
the skeletal labyrinth morphology and tooth development and stages in Lamna nasus
using high-resolution computed tomography. Correlations will be drawn between
morphologies and behavioural responses regarding both the inner ear and teeth to
gain further insight in the biology of the porbeagle shark.

15



4. PART A — INNER EAR MORPHOLOGY

Mechanoreception in fish involves the detection of water movements using two major
systems: the lateral line and the inner ear (Helfman et al., 2009). While the lateral line
system detects disturbances in the water, the inner ear accounts for fish equilibrium,
balance and hearing (Bone and Moore, 2008; Helfman et al., 2009). Unlike tetrapods,
whose ear system is formed of up to three different regions (outer, middle and inner
ear), fish only possess the inner part which contains the sensory receptors

responsible for hearing (Maisey, 2001).

The gnathostome inner ear is composed of the membranous labyrinth forming a
closed system with its three semicircular canals (anterior, posterior and lateral) and
the utriculus, sacculus and lagena chambers and enclosed by the skeletal labyrinth
consisting of cartilagous or bony structures (Platt and Popper, 1981; Maisey, 2001,
David et al., 2010). However, morphology of the inner ear differs considerably
between vertebrate taxa and comparisons between different groups for phylogenetic
purposes are common (Maisey, 2001). For equilibrium and balance in gnathostomes,
utriculus and sacculus both account for the detection of linear velocity, while the
semicircular canals process angular acceleration of the head (Jeffrey and Cox, 2010;
David et al., 2010; Pfaff et al., 2015). The shape of the inner ear, especially
concerning the semicircular canals, has been correlated to the mode of locomotion
and agility in mammals mainly, focussing on extant and extinct primates, cetaceans
and rodents (Spoor et al., 2002; Spoor et al., 2007; Pfaff et al., 2015).

Elasmobranchs display several morphological characteristics of the inner ear that
distinguish them from modern holocephalans and teleosts (mainly from Maisey,
2001). The posterior semicircular canal is separated from the anterior and lateral
ones and is connected only via a short duct with the vestibular region and the base of
the endolymphatic duct. Additionally, the posterior semicircular canal describes,
contrary to its name, an almost complete circle. A connection from a depression in
the back of the skull to the endolymphatic ducts in the semicircular canals, the
fenestra ovalis or perilymphatics fenestra, is presumed to enhance hearing by
directing sound to the sensory area of the inner ear (Hueter et al., 2004). The
semidirectional phonoreception in elasmobranchs involves primarily the posterior

semicircular canal, the crista neglecta and the perilymphatic fenestra. Elasmobranchs
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also have an endolymphatic duct that connects the sacculus with an opening on the
dorsal side of the brain (Hueter et al., 2004). Via this duct, exogenous matter such as
sand grains regularly enters the inner ear and sacculus of elasmobranchs.
Endolymphatic ducts are closed in teleosts, hence these grains can only be found in

elasmobranchs (Maisey, 2001).

Here, we describe for the first time to our knowledge the inner ear morphology of a
fast swimming lamnid shark, Lamna nasus Bonaterre 1788, using high-resolution
computed tomography (UCT). In order to construct a correct model of the inner ear
anatomy in fast swimming lamnids, we also included an inner ear scan of Isurus sp.,
a mako shark and presumably the fastest swimming shark to date. We additionally
draw conclusions on the semicircular canal shape of elasmobranchs and the type of

locomotion based on previous assumptions in the literature.
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4.1. MATERIALS AND METHODS

An adult Lamna nasus braincase, including both Chondrocranium and
Splanchiocranium, preserved in a formaldehyde-alcohol mixture of unknown
concentration was used for the following investigations. The cranium was mostly
intact, although the rostrum had been sawed off for unknown reason. Muscle and
dermal tissue were still present to some extent, as well as the visceral arches
including the gills and some of the vertebrae (Fig. 3). The braincase was obtained
from the Wet Department of the Biology Department at the University of Vienna.
Origin is the Mediterranean Sea, the exact region of capture is unknown. For
comparison of the inner ear within the Lamnidae, an additional scan with a dried
juvenile Isurus sp. cranium was made. The Isurus sp. cranium was obtained from the
Department of Paleontology at the University of Vienna. The porbeagle specimen
was first deposited in an ascending alcohol series for one month to wash out the
formaldehyde and prepare the tissue for further handling. Next, parts were

transferred into 96% ethanol for storage.

First, both the visceral arches and the jaws were separated from the neurocranium.
The preparation of the jaws to investigate tooth development and structures will be
further described in Part B of the study. The neurocranium was manually dissected
using scalpels, tweezers, scissors and brushes to remove as much soft tissue as
possible. A SkyScanl1173 microCT scanner (Bulker microCT, Belgium) from the
Department of Paleontology at the University of Vienna was used to gain insights into
the inner ear of the Lamna nasus as well as the juvenile Isurus sp specimen. High-
resolution computed tomography, or CT scanning, projects sequential radiographic
images from a range of angular positions around an object to produce a cross-
sectional view of specific areas of this object (Burghardt et al.,, 2011). With pCT
technique, three-dimensional images with a spatial resolution between 1 and 100 pm

of an object can be obtained in a rapid, non-destructive way (Burghardt et al., 2011).

Settings used for scanning the inner ear were as following: 130kV source voltage, 61
MA source current, 28.5 um voxel size (equivalent to the resolution used), brass
0.25mm filter, 2000ms exposure time, 0.200 deg. rotation step, frame averaging 3
and random movement 20. The CT data set was then further processed to create a
3D reconstruction of the inner ear using Amira (version 5.4.1, FEI Visualization

Sciences Group, Oregon, United States). For comparison with the Isurus sp.
18



cranium, 2D models from the CT scans were used. A position within the horizontal
plane was chosen for both specimens to compare the inner ear dimensions and

shape.

Fig. 3. Lateral view of the Lamna nasus specimen. (A, B, C) braincase with jaws, visceral arches and
vertebrae attached from both lateral sides and dorsally, (D) braincase with jaws attached. Arrows point
to the anterior side. Scale bar= 10 cm.

For documentation purposes, the braincase was first photographed prior to
dissection. Subsequent stages of the process, including the original braincase with
jaws and visceral arches attached and braincase with jaws attached only, were
documented as well. Images presented here were adjusted using Adobe Photoshop
CS5 (version 12.0, Adobe Systems, San José, United States) for colour balance,

contrast and labelling.
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4.2. RESULTS

The braincase of Lamna nasus was used to generate high-resolution computed
tomography scans of the left inner ear skeletal labyrinth to reveal its inner
morphology and shape. The CT scans revealed several features regarding the shape
and form of the inner ear; however, certain characters could not be resolved from this
reconstruction as resolution was either not high enough or they have been damaged
through preservation.

psc

asc

pa

Fig. 4. Virtual three-dimensional reconstruction of the left skeletal labyrinth of the inner ear of Lamna
nasus. (A) Dorsal view, (B) lateral view, (C) posterior view. Amira reconstruction. Scale bar= 1 cm.
asc, anterior semicircular canal; ed, endolymphatic duct; Isc, lateral semicircular canal; pa, posterior
ampulla; psc, posterior semicircular canal; sac, saccular chamber.

Figure 4 shows the virtual three-dimensional reconstruction of the left inner ear in

lateral, dorsal and posterior views. The skeletal labyrinth is enclosed by the optic
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capsule. The dorsal surface is connected to the labyrinth region. All three
semicircular canals, anterior, lateral and posterior, are oriented close to the vestibular
chambers. They are clearly visible and strongly resemble each other in both size and
shape. The canals are thick and rather massive, all with a large diameter. The
vestibular region is solid and does not possess much structural differentiation. The
chambers of the vestibular region are not easily recognizable from the reconstruction,
but the saccular chamber is possibly the structure most ventrally of the vestibular
chamber (Fig. 4B). Anterior and lateral semicircular canals connect anterior-ventrally
but the more prominent connection is not visible as it merges with the general
vestibular region and the thicker end of the endolymphatic duct. The endolymphatic
duct runs almost vertically, connecting the dorsal surface of the cranium with the

vestibular region.

The posterior semicircular canal in Lamna nasus forms a rather complete circle and
is almost separated from the other regions of the labyrinth which appears to be a
feature common among elasmobranchii (Fig. 4C). It is not uniformly thick but
becomes slightly thinner when joining with the vestibular region and the
endolymphatic duct. This posterior canal duct is rather large and connects large parts
of the canal with the vestibular region. The area where the posterior ampulla is
situated can be differentiated in the posterior view. The ampullar expansions of the
other canals are not visible in this reconstruction. The precise structures such as the
crista neglecta or small connections within the chambers are not depicted in the

illustrated section.

The general shape of the inner ear of Lamna nasus, however, can be characterised
as massive and compact, with the semicircular canals constituting most of its
anatomy. The semicircular canals are small but big in diameter and the vestibular
region is large but not much differentiated.

Additionally to the 3D reconstruction, a 2D reconstruction of the Lamna nasus inner
ear was obtained in the horizontal plane. To compare the inner ear with another living
elasmobranch species, the labyrinth region of an Isurus sp. braincase was scanned
as well. Lamna and Isurus are closely related genera within the lamnids and both are
known as rapid swimmers. Due to a similar lifestyle and close relationship of both

species, it was proposed that the inner ear morphology should be similar as well.
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Fig. 5. 2D CT scan of the left skeletal labyrinth of (A) Lamna nasus and (B) Isurus sp., imaged in the
horizontal plane for comparison of the inner ear of both species. Scale bar = 0.5 cm. asc, anterior
semicircular canal; Isc, lateral semicircular canal; ml, membranous labyrinth; psc, posterior
semicircular canal.

Figure 5 compares slices through the middle section of the inner ear of both Lamna
nasus and Isurus sp., passing from the dorsal surface of the braincase to the ventral
end. General shape of this section is highly similar in both species, indicating a
general resemblance of the skeletal labyrinth. Both the anterior and posterior
semicircular canal are visible as they have been cut through, showing the round
diameter of the canals. The lateral semicircular canal has been cut through entirely,
showing the almost uniformly circular shape. Especially in Lamna nasus, the canal
shape is nearly round. However, features of the vestibular regions and the utricula
and saccula chambers were cut through as well, though they cannot be resolved in
the scan. The structure in the middle of the lateral semicircular canal in Lamna and
close to and within the posterior semicircular canal in Isurus belongs to remains of

the membranous labyrinth that have not been dissolved yet.
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4.3. DISCUSSION

To our knowledge, no other recent studies have been done on the anatomy of the
inner ear of Lamna nasus. Maisey (2013) recently published a detailed description of
the Lamna nasus chondrocranial morphology but did not look into internal features.
There are few published descriptions of the skeletal labyrinth of recent sharks or rays
to date (e.g. Maisey, 2001; Maisey, 2004b) and comparative studies of both the
membranous and skeletal labyrinth morphology within elasmobranchs lack entirely.
Thus, ours is the first description and 3D reconstruction of the inner ear of Lamna

nasus and the first to investigate the shape of the inner ear within lamnids.

This present work illustrates how internal morphologies of the cranium can be
revealed and described in modern sharks using micro-computed tomography. High-
resolution CT scans provide a rather new tool to investigate the inner ear morphology
of elasmobranchs and other fish. While CT scanning has been a well used procedure
to infer the inner ear morphology and shape of the semicircular canals of mammals
for some time (Spoor et al., 2002; Spoor et al., 2007; Billet et al., 2012; Pfaff et al.,
2015), including insights in the locomotion mode of extinct species using the skeletal
labyrinth morphology preserved in fossils, it has only been used scarcely in
elasmobranchs (Maisey, 2001; Maisey, 2004b). CT scanning allows imaging of
morphological details of the inner ear without destroying the material. Fossils can
therefore be examined in a non-invasive fashion. Additionally, there is no major
preparation needed and the material can be used again for further investigation. CT
scans can be further reconstructed three-dimensionally and these images can then

be used for additional morphological analyses or measurements.

As the inner ear and its features, notably the membranous labyrinth, are responsible
for an animal’s orientation by detecting linear velocity and angular acceleration
among others, there has been increasing emphasis on the study of the inner ear
anatomy to infer correlations of the inner ear with the mode of locomotion and agility:
Thus, with the advantage of CT scanning, many aspects of the labyrinth morphology
and shape have been studied intensely. Correlations between semicircular canal
morphology, size, and orientation and the locomotion mode and behaviour have
been inferred from studies on mammals and birds mainly (Spoor et al., 2002; Spoor,
2003; Spoor et al., 2007; Cuthbertson et al., 2015; Pfaff et al., 2015).
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A small curvature of the semicircular canal is thought to be congruent with sluggish
head movements while a large, thin canal represents highly manoeuvrable species
(Spoor et al., 2007; Billet et al., 2012). A correlation between size of the head and
size of the inner ear system has implications on the angular head movements but not
necessarily on the sensitivity (Spoor, 2003; Cuthbertson et al., 2015). Sensitivity of
the inner ear correlates with locomotion mode as well, and smaller canals may be
adapted to receiving less sensitive information. Flying and gliding mammals show
less sensitive inner ears to better process the large amounts of information into the
ear during moving, as do cetaceans (Spoor et al., 2002; Paff et al., 2015). However,
these investigations focussed on terrestrial species only. Aquatic animal studies are
rare and have yet to examine one important difference: Living in the water poses
different challenges to an animal’s body and movements as gravitation energy does
not play an important role (Spoor et al., 2002). Locomotion with all its implications

has to be adapted to this medium.

Spoor et al. (2002) reported differences in the semicircular canal systems of extant
cetaceans compared to other mammals and the terrestrial ancestors of modern
cetaceans. Canal arc sizes are about three times smaller than in other mammals to
reduce the sensitivity of the whole system. Spoor and colleagues argued that this is
to match the high levels of uncompensated angular motion cetaceans display with

their characteristic fast body rotation behaviour.

Mosasaurs are extinct vertebrates from the Late Cretaceous which have secondarily
adapted back to the aquatic medium (Cuthbertson et al., 2015). A new study now
published the first description of the skeletal labyrinth in Plioplatecarpus peckensis,
with implications on the locomotor behaviour from labyrinth size and both size and
shape of the three semicircular canals (Cuthbertson et al., 2015). The size of the
labyrinth relative to the head size does not seem to have implications on sensitivity in
this species. However, the three semicircular canals are tall and highly arched
indicating that P. peckensis may have been most sensitive to the pitch axis of

rotation.

Besides cetaceans and mosasaurs, inner ear and semicircular canal shape have yet
to be investigated in extant and extinct aquatic vertebrates. Furthermore, both
cetaceans and mosasaurs have both secondarily adapted to the aquatic environment

again, while elasmobranchs primarily inhabit the aquatic realm. The degree to which
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correlations from secondarily aquatic vertebrates can be used to imply on primarily
aquatic species remains unresolved for now. It has been proposed that large
semicircular canals indicate slow turning speeds as fish like rays, skates or
seahorses display (Young, 1981). Rapid swimmers, mostly predators, by contrast
possess narrow canals and the external semicircular canal has a rather small internal
radius, indicating high manoeuvrability (Young, 1981). However, comparisons
regarding these presumptions have never been made until now, therefore this

remains highly speculative.

The Lamna nasus skeletal labyrinth is characterised by its massive, compact shape.
The semicircular canals are broad and thick, with the lateral semicircular canal
having a big internal radius, but rather small in size. Thus, according to Young (1981)
this would indicate to some extent a species with slow turning speeds. Given the
knowledge that porbeagles are fast swimming sharks and closely related to Isurus,
containing the fastest swimming shark to date, this result contradicts parts of Young's
assumption. As there are no comparisons using actual data to our knowledge,
elasmobranch inner ear morphology might have also been subjected to other
selection pressures and the aquatic medium might have led to changes in the way

equilibrium and balance account for the locomotion within the inner ear.

Maisey (2004a) described the morphology of the braincase and internal structures of
the broadnose sevengill shark, Notorynchus cepedianus, and reconstructed the
skeletal labyrinth region virtually. Semicircular canals of Notorynchus are
considerably larger and thinner than in our Lamna nasus specimen. The same can
be noted for the vestibular region. Notorynchus is considered a benthic, neritic and
plesiomorphic elasmobranch and inhabits mostly the bottom waters of continental
shelves (Compagno, 1984). This indicates that this species should display features
rather differently from the fast swimming porbeagle, although they do actively
increase speed for hunting. Morphologies of both species do differ significantly and
this could have first implications on correlations between the inner ear morphology
and locomotion behaviour. Another well studied example of shark anatomy is
Squalus acanthias where silicone endocasts of the inner ear have been made by
Schaeffer (1981). Squalus is another benthopelagic shark, usually found near the
bottom (Compagno, 1984), and skeletal labyrinth morphology reveals very thin and

large semicircular canals that differ from Lamna nasus significantly as well. Studies
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on the skeletal labyrinth of fast swimming sharks or lamnids are not available to date.
We additionally investigated an Isurus sp. inner ear to be able to compare two closely
related species that display similar locomotion behaviours. Unfortunately, there was
only time for 2D scans for comparison, but nevertheless the shapes of both inner
ears, especially the thickness of anterior and posterior canals as well as the shape of
the lateral canal, closely resembled each other, giving us further support for the
skeletal labyrinth shape of fast swimming sharks. Additionally, smaller semicircular
canals in sharks may have a similar impact on sensitivity as has been shown in
cetaceans where this likely accounts for the high levels of uncompensated angular
motion (Spoor et al., 2002). Thus, from our investigations there may be correlations
between the shape of the canals and the locomotion of elasmobranchs such as:
Large semicircular canals with a thin canal diameter account for bottom-dwelling and
slow swimming. Small semicircular canals with a thick canal diameter and a very
broad lateral semicircular canal could indicate fast swimming predators. However,
further research has to be done using a wider spectre of different taxa known for
different locomotion modes to draw a significant correlation between shape and

locomotion behaviour in elasmobranchs and fish in general.

Nonetheless, when drawing correlations between skeletal labyrinth features and
locomotion mode and behaviour, there is always the debate about how closely
skeletal and membranous labyrinth morphologies conform. Maisey (2001) concluded
that, based on the comparison of CT scanned skeletal labyrinths to known features of
the membranous labyrinth in two recent sharks, Squalus acanthias and Notorynchus
cepedianus, the skeletal labyrinth morphology of these sharks shows a high similarity
to the membranous labyrinth morphology. On the other hand, mechanical sensitivity
of the inner ear depends on features other than simply the shape and dimensions of
the inner ear. Morphological properties such as the lumen size of ducts or the
dimensions of the ampullae are very difficult to infer from skeletal labyrinths and need
close examinations of the membranous structure (Spoor et al., 2003). Further
comparisons of both skeletal and membranous labyrinth features to determine the
degree of similarity in extant animals could help to resolve this question and further
encourage investigations of skeletal labyrinths in fossils to infer information on the

lifestyle and locomotion of extinct species.
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The results of this study highlight the importance of further investigations of the
skeletal labyrinth region in extant elasmobranchs using high-resolution computed
tomography. Correlations between inner ear shape and semicircular canal form with
locomotion mode have to be established to give insights into equilibrium and balance
functioning in different elasmobranch taxa. Contrasting data from extant species may
also give implications on the locomotion mode and behaviour of extinct
elasmobranchs to cast further light on the evolution of and specialisation of
Chondrichthyans. Furthermore, this will ultimately allow us to better resolve the

evolution of the inner ear system and phonoreception in gnathostomes in general.
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5. PART B: TOOTH DEVELOPMENT AND STRUCTURE

The evolution of the vertebrate jaw and teeth is considered to be a crucial
evolutionary step in vertebrate history, allowing the occupation of a new range of
ecological niches by actively feeding at the top of the food chain (Manzanares and
Nieto, 2003; Gai and Zhu, 2012). Teeth became the tool to pierce and cut through
prey, and structures evolved to strengthen the teeth and ensure penetration of animal
tissue by predators (Frazzetta, 1988; Manzanares and Nieto, 2003). Besides
mammals, fish and particularly Chondrichthyans display a wide variety of teeth
shapes and functions, believed to reflect dietary preferences (Frazzetta, 1988;
Whitenack et al., 2011).

Within Chondrichthyes, especially elasmobranch teeth are made up of a complex
structure of three layers: the outer enameloid layer, the inner dentine layer and the
basal osseous tissue layer (Goto, 1991; Kesmez et al., 2004). Teeth of
elasmobranchs can be divided into two distinct structural types: orthodont and
osteodont histotypes (Compagno, 1988; Moyer et al., 2015). While orthodont teeth
maintain a pulp cavity throughout the development and show the characteristic cavity
still in the functional teeth, osteodont teeth are gradually filled with an osteodentine
tissue during development (Compagno, 1988; Moyer et al.,, 2015). Within
elasmobranchs, sharks show a distinctive tooth organization into rows and files,
where each tooth file consists of both functional and replacement teeth (Botella et al.,
2009). Shark teeth display a great diversity of shapes and structural characteristics
that correlate with the mechanics of cutting during feeding (Fazzetta, 1988;
Whitenack et al., 2010; Ferrara et al., 2011). However, there are two general shape
types that can be differentiated: broad, serrated teeth such as those of the great
white shark to bite flesh parts out of large prey and long, pointy or awl-shaped teeth
to grab fast moving fish (Fazzetta, 1988; Whitenack et al., 2010; Ferrara et al., 2011).
Most lamniform sharks possess a distinctive dentition pattern, the so-called ‘lamnoid
tooth pattern’. This pattern consists of a heterodont dentition with well differentiated
teeth in the jaws according to their formation in the anterior and posterior dental
bullae. Anterior teeth are usually enlarged and separated from the lateral teeth by a
gap or a small intermediate tooth in the upper jaw. All members of the Lamnidae
show this lamnoid tooth pattern to a certain extent, although it is not as obvious in
Carcharodon carcharias (Compagno, 2001; Shimada, 2002).
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Most Chondrichthyans share the common characteristic of continuously replacing
their teeth throughout their lifetime (Williams, 2001, Botella et al., 2009). The
replacement allows sharks to retain their feeding and hunting behaviour and
dominate the aquatic food chains as top predators. As tooth bases of lamnid sharks
do not overlap, dentition can be replaced in each row individually (Compagno, 1988;
Shimada, 2002). Lamnidae all have a large crescentic mouth filled with relatively few
but impressively large teeth (Compagno, 2001). Teeth of the mackerel shark, Lamna
nasus, are characterized by having a straight, triangular cusp (up to 2 cm high) and a
broad base, a pair of low cusplets separated from the base of the cusp and an
overhanging base of the labial face of the crown compared to the labial face of the
root with a prominent bulge (Cappetta, 2012).

In this part, the tooth pattern and development of the mackerel shark, Lamna nasus,
is investigated using high-resolution computed tomography (UCT). 2D stacks of the
upper and lower jaw allow us to determine the amount of functional and replacement
teeth within a tooth file and the structural development of the teeth within the dental

bullae.
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5.1. MATERIAL AND METHODS

We prepared both the upper and lower jaws and teeth of a Lamna nasus specimen
for study of the tooth development and structure. Details regarding preparation,

storage and origin of the whole braincase were already described in Part A.

The jaws were soaked in diluted hydrogen peroxide to facilitate the removing of soft
tissue. As this did not seem to facilitate removal, jaws were additionally soaked in
warm water and then manually dissected using scalpels to remove as much soft
tissue as possible before scanning. After the scanning procedure, jaws were again

soaked in hydrogen peroxide and then dried for storage (Fig. 6).

Fig. 6. Upper and lower jaws of the Lamna nasus specimen after drying. (A) Ventral view, (B) dorsal
view, (C, D) lateral views. Arrows point to the anterior side. Scale bar=5 cm.
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The jaws were investigated by micro-CT using the Vienna microCT-Lab-Viscom
X8060 with a XT9190-THP X-ray tube at the Department for Anthropology at the
University of Vienna, Austria. Scanning at the Vienna microCT-Lab enabled us to
obtain images of the entire jaw and dentition. Unfortunately, due to moving during the
scanning procedure, only parts of the scans were taken for further investigation.
Nevertheless, we were able to use images from both upper and lower jaws. CT-
Scanning of the Lamna nasus jaws was conducted using the following visual
arrangements: 80um voxel size (resolution equivalent), 120 kV source voltage, 300

MA source current, copper 0.5mm filter and 1400ms exposure time.

Teeth were designated following the code specification of Moyer and colleagues
(2015), with some changes: As the position of the tooth file within the jaw is of minor
interest in this investigation, teeth will be designated to either upper jaw using PC
(palatoquadrate cartilage) or the lower jaw using MC (Meckel’s cartilage). Position
within the file is indicated by either F for functional tooth or R for replacement tooth
together with the subsequent number. 2D Images from pCT scanning presented here
were adjusted using Adobe Photoshop CS5 (version 12.0, Adobe Systems, San

José, United States) concerning colour balance, contrast and labelling.
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5.2. RESULTS

Investigations of the jaws and teeth in Lamna nasus were made using high-resolution
CT Scanning. 2D reconstructions from the CT data show the tooth arrangement in
the lower jaw, with all teeth placed alongside the Meckel’s cartilage (Fig. 7). Dense
structures appear in brighter shades compared to less dense tissues in darker
shades. Lamna nasus teeth show a smooth surface and a pointy, awl-like shape.
Each tooth file contains a total of eight teeth in both lower and upper jaws, with two
functional teeth and six replacement teeth of various stages, with the youngest tooth

only just developed.

Lingual Labial Lingual Labial

Ventral Ventral

MCR1

MCR3 MCR2

Fig. 7. 2D digital CT scans from the lower jaw of Lamna nasus. Tooth file showing the number of
teeth, teeth stages and development. Scale bar = 0.5 cm. en, enameloid; mr, mineralized root; od,
osteodentine; pc, pulp cavity.

In the youngest two teeth, the enameloid layer of the crown is already present, even
though it is very thin in MCR6 (Fig. 7B). The formation of the enameloid layer
appears to develop from the tip of the crown downwards, towards the root, as can be
seen in MCR5. The pulp cavity is prominent in both teeth, but is not easily visible in
the youngest tooth and a root is not visible in both MCR6 and MCR5. Osteodentine
tissue cannot be seen in these early stages. MCR4 shows first signs of tissue within
the pulp cavity, indicating a developing osteodentine layer. The root appears to be
still absent in this tooth or just starting to develop. However, root formation clearly
does not start in the earliest stages of tooth development. Figure 7A illustrates the
tooth stages and development of the 5 older teeth. MCF1 and MCF2 show the fully

developed stages of Lamna nasus teeth, where a prominent enameloid crown can be
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seen and the pulp cavity is completely filled with osteodentine and mineralized as
well as the root. However, stages MCR3, MCR2 and MCRL1 are difficult to examine in

this lower jaw.

2D CT data of the upper jaw show a better resolved development of the intermediate
tooth stages (Fig. 8). The early stages of upper tooth development seem to be
identical to the lower jaw development, however, the pulp cavity in PCR4 is still rather
hollow, with only very little signs, if any, of osteodentine (Fig. 8B). The intermediate
stages of tooth development are clearly visible and distinguishable in the upper jaw
though: PCR3 displays a partially filled pulp cavity with definite unmineralized
osteodentine. The root is difficult to detect in PCR3 but prominent in MCRS3 of the
lower jaw. The PCR2 shows a well-filled pulp tooth with a root that appears to be
partially unmineralized still (Fig. 8A). PCR1 and both functional teeth PCF1 and
PCF2 appear to be fully developed: the pulp cavity is entirely filled with osteodentine

which appears to be mineralized together with the root structure.

Fig. 8. 2D digital CT scans from the upper jaw of Lamna nasus. Tooth file showing the number of
teeth, teeth stages and development. Scale bar = 0.5 cm. en, enameloid; mr, mineralized root; od,
osteodentine; pc, pulp cavity.

These results show how tooth development is conducted in Lamna nasus: First, the
enameloid crown forms in the newly developing tooth around the hollow pulp cavity.
In the youngest tooth, this enameloid layer is rather thin and incomplete compared to
later stages. With subsequent growth, the root becomes visible while the pulp cavity

starts to fill with osteodentine, hence, exhibiting the osteodont histotype. During
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further development, the pulp cavity disappears as the teeth are completely filled with
tissue and mineralization of the teeth for strength is more and more visible. Structural
mineralization of osteodentine is initiated in the crown first before developing in the
root structures. The osteodont histotype of Lamna nasus becomes more and more
apparent with subsequent development of the replacement teeth as the filling of the

pulp cavity continues.
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5.3. DISCUSSION

To our knowledge, this is the first study to use high-resolution micro-computed
tomography on the jaws of Lamna nasus. The advantages of CT scanning for
investigating tissues and inner morphologies have already been highlighted in the
discussion of Part A. Another advantage of the study of tooth stages and
development, however, is that a series of sections through the jaw and teeth allows
moving through a whole tooth file virtually and thus receiving a better understanding
of the structures within. Also, one can examine the development stages of all teeth

within a file at the same time and stringed together.

Results of tooth development and stages in the upper and lower jaw of Lamna nasus
indicate an overall uniform development of teeth in the jaws. There was a slight
difference in the 2D reconstructions between both jaws regarding the MCR4 versus
the PCR4 tooth as osteodentine was readily visible in MCR4 while pretty much
absent in PCRA4. Also, the presence of a root is difficult to detect in PCR3 while easily
observable in the counterpart MCR3. One has to take into account though, that 2D
reconstruction images may not show all details of the teeth. Additionally, moving of
the jaw during scanning complicated the reconstruction of the jaw. It is therefore quite
possible that osteodentine tissue was not detected during scanning but still present in
the PCR4 tooth of Lamna nasus. Cartilage tissue in general is difficult to visualize
with micro-CT without preparation via staining compared to bony tissues. Small
changes in tooth structure and stage may therefore need additional three-
dimensional reconstruction to be able to distinguish them from.

Moyer and colleagues (2015) applied micro-CT imaging to compare lower jaw teeth
structure and development of the orthodont blue shark, Prionace glauca, and the
osteodont great white shark, Carcharodon carcharias. We find our investigations very
similar to theirs in regards to the osteodont histotype as we only studied this one. As
both Lamna nasus and Carcharodon carcharias belong to the same family, the
Lamnidae, we expected a certain similarity when it comes to tooth development. Of
course, they differ regarding the general tooth shape: While Carcharodon carcharias
possesses broad, serrated teeth to bite out chunks of flesh of its prey, Lamna nasus
uses its narrow, pointy teeth to efficiently grab fast swimming fish. However, tooth
development, file size and overall structure during subsequent tooth stages is rather

identical. Minor differences that we found include PCR3, MCR4 and PCR4 root
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stages: In these teeth, a root is not distinguishable in our images of Lamna nasus,
while Moyer and colleagues (2015) report an incomplete root in the 4™ replacement
teeth and a complete, unmineralized one in the 3" placement teeth. However, MCR3
displays a definite root structure, congruent with their findings. Carcharodon
carcharias displays two functional teeth that are both fully filled and have a fully
mineralized root while roots in the replacement teeth are never completely
mineralized. Lamna nasus on the other hand displays this structural morphology in
both functional teeth and PCR1/MCR1. Both species appear to develop a total of
eight teeth in each tooth file. Moyer et al. only investigated the lower jaw of
Carcharodon carcharias, so we cannot compare whether there might be changes in

the development between palatoquadrate cartilage and the Meckel’s cartilage.

Moyer and colleagues (2015) additionally proposed that the difference between
Prionace glauca and Carcharodon carcharias regarding the amount of teeth per file
might be linked to faster rates of tooth loss and replacement in Carcharodon. As
different food sources might put different mechanical stresses on jaws and teeth,
feeding on large prey such as marine mammals could result in higher tooth loss rates
in Carcharodon. However, Lamna nasus displays the same amount of teeth per file
and can be compared to Prionace glauca when it comes to food sources as both are
primarily piscivorous and feed on fast swimming fish (Compagno, 1984; Joyce et al.,
2002). Thus, the amount of teeth per file does not necessarily have to correlate with
tooth loss and replacement and the food source per se but might contain a

phylogenetic and thus systematic signal.
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6. CONCLUSION

Lamna nasus travels through the water column on continental shelves and in the
open ocean as a pelagic predator, its main food source largely including fast
swimming fish. Specialisations of the inner ear system according to this lifestyle could
be detected in computed tomography scans of the brain capsule. The shape of the
skeletal labyrinth revealed a suite of unusual features compared to the labyrinths of
described benthopelagic elasmobranchs such as Notorynchus cepedianus and
Squalus acanthias. The semicircular canals are small in size and have a thick
diameter and the overall structure of the inner ear is rather massive and compact.
These features could be indications for a fast swimming locomotion mode in recent
sharks. The aquatic medium may also have implications on the form of the skeletal
labyrinth in order to account for balance and equilibrium in fish. However, further CT-
scans of the otic region in extant and extinct elasmobranchs should be done to
increase the number of morphological characters and features known within the
skeletal labyrinth region. This way, they can be included in phylogenetic
investigations and reveal further knowledge on the evolution of phonoreception in
sharks and rays. Nevertheless, inner ear reconstructions of more specimens of
Lamniformes are needed to draw further conclusions on the morphology of the inner
ear in this order and the functional relationship of the form of the labyrinth and the

locomotion behaviour.

The tooth development and structure in Lamna nasus has been identified to closely
resemble that of Carcharodon carcharias, a closely related species within the lamnid
family. Strong similarities have been found in both the development of the enameloid
layer, the filling of the pulp cavity with osteodentine and the mineralization of the
teeth. Whether there is a connection between tooth file size and tooth loss as well as
replacement remains uncertain and needs further research. High-resolution CT
provides a new approach to investigate tooth patterns, structures and development in

the jaws of elasmobranch species.
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