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Chapter 1

Chapter 1: Overview and aims

1.1 Functional morphology

Functional morphology is a branch of biology that seeks to investigate correlation between
anatomy, function and adaptation of the organisms (Marshall, 2009). This area of investigation
has beerparticularly useful to investigate variation within vertebrates whose hard endo
skeleton and complex muscular system are key components of their functional adaptations
(Thomason1997).

The study of vertebrate skufiorphology is central to an understarglof the correspondence
between functional morphology and ecold@hurchill et al., 2018Claude, Pritchard, Tong
Paradis, & Auffray, 2004; Cooke & Terhune, 20Mgloro, 2011;Meloro, Hudson, & Rook,
2015; Meloro, 2007; Meloro, Raia, Piras, Barbera, @& Higgins 2008; van Heteren,
MacLarnon, Soligo, & Rae, 2014Indeed, an understanding of how skull shape reltde
ecology can help us predict haxgrtebratesnteract with their environmeriMarshall, 2009).

The field of study that deals with morphological adaptations and their relationship with
ecological variables is callestomorphologyMourlam and Orliac, 2017; GilleErédérich and
Parmentier, 2019; Pask al, 2019; Coombst al, 2020.

Since the skull is an important component of the vertebrate bottgsiteceived special
attentionfrom functional morphology due to its involvement into multiple vital functioha
vertebrate life. Taseinclude protection of the central organs of the nervous system (the brain,
the eyes), providing attachment for masticatory muscles and holding teeth which are primarly
involved in the first step of the digestive process: foagestion.Hence, variation in skull
morphology has been generally interpreted in relation to masticatory/biting adaptations that
represent key mammalian adaptive tr@isrnbull, 1970). Multiple investigationisavealready
explored the interaction betweerammalian skull morphology and masticatory adaptation as
well as diet. However, within different mammalian grgupe skull also shows major diversity

that is not always explained merely in terms of chewing adaptafitbescetacean (currently
grouped wih the hoofed animals in the order Cetartiodactyla) is one such a group.
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1.2 Cetacean taxonomy and evolution

Cetaceans currently include about 85 species group@dmiajor clades(Odontocetes and
Mysticetes)and 13 families (Figure 1.1). The monophyly of the group is recognised by
morphological and molecular features and within this clade we recognised two suborders: the
Odontoceti (= toothed whales) and the Mysticeti (= baleen whales) whose split is recorded at
34Mya.

Such long evolutionary history today allows to distinguish clearly Odontocets from Mysticetes
based on morphologicaéxternal and craniacharacters Externally, Odontocetes are
characterised bg single blowhole and teeth, while ihe Mysticeti te¢h have been replaced
with baleen hair, and two blowholes are pres&ranial featuresthat characterise the
Odontoceti tade argFigure 1.2): the presence of a concave facial area to accommodate the
melon,presence of premaxilta foranina and premaxillary sac fossposterior expansion of
maxilla over the supraorbital regieonveringthe frontal bonesand facal asymmetryAll these
features are related to their echolocation abilif@Burchill, Geisler, Beatty, & Goswami,
2018; MartinezCaceres, Lambert, & de Muizon, 2017; Marx & Fordyce, 2015; Marx.,

2016; Uhen, 2004Coombs et al., 2020; Cranford, Amundin, & NorrisQ&9Geisler, Colbert,

& Carew, 2014)In contrast, the skulls of the Mysticeti show toothless maxilla which form
most of the arched rostrum. This lack of teeth is associated with the fact that the mysticeti are
adapted to various types of filter feedimgth species being classified as skimmers, angulfers

and suction filteffeeders. Baleen hair can be used to strain shrimps, zooplankton and krill.

Cetaceans display different sizes ranging from 1.25 m of length and 25 kg for the La Plata
dolphin Pontopoia blainvillei) with Mysticeti generally biggemnp to of 33.5 m and 190
tonnesin body sizefor the blue whale Balaenoptera musculusToothed whales are also
interesting becausthey can echolocateroducing and hearing ultrasounaismore than 20
000Hz, while baleen whales do not retaims sophisticated way of communicatidout they

have a lowfrequency (< 20 Hz) hearing and vocalization (Ketten, 2000)
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Monodontidae £ -

‘~ Phocoenidae

Delphinidae -
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Figure 1.1 Relationship of extantataceasbased on Gatesy at (2012). Artwork bythe American Cetacean Societfpelphinapterus leucay
NOAA, Orcinus orcaby Flavia StraniandPlatanista gangetichy Uko Gorter
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1.3 Toothed whales what does driveskull morphological variation?

The term telescoping is oftenusec descri be the gener dHisteinror m of
was coined in 1923 by Milleand referso the posterior elongation of the rostral elements in relation

to the backward shift of the bony nares. As a result, the relative position of thkeacesn the

cetacean skull is better described as an overlap of adjacent bones. At some levels, vertical sections
of the skull will reveal up to four different overlapping bones (like an ancient telescope folding)
(Rommel et al. 208). The maxilla coer most of the frontald<gure 1.2), odontocetes show
polydontia and homodontia, and facial directional asymmetry towlaedisft in general (Marx

et al., 208).

The skull of odontocetes can be divided into many functional comepts: brain, feeding
apparatus, visual apparatus, auditory apparatus, respiratory apparatus, hearing apparatus and
sound production apparatughese functional componentan all be considered as potential
drivers ofthe skull shape variatiome observeri living and fossil speciess aresult of their
opportunistic passages from the land to the water (wiiidhmot happen in gradual and
straightforward wa) where feeding and diet has had a central role to play in their evolutionary
story(Thewissen, @14).

11
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Toothed Whale Skull Anatomy

Premaxillary Supraoccipital Palatine process
of
/’the premaxilla
Macxillary Lateral part of
the occipital bone
Vomer Antorbital
notch
Occipital
condyle Palatal
surface
h -Paracondylar process
of the basioccipital
Frontal \ Vertex

Preorbital process
of the frontal

\
\

Parietal

Temporal crest
Temporal fossa

Nuchal crest

Coronoid process Exoccipital

Pterygoid
Squamosal

Symphyseal surface
Mandibular condyle

Figure 1.2 Toothed whale skull anatonof lexicon usedhroughouthe thesis
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Diet and skull morphologyToothed whales have developed the most sophisticated and varied
feeding strategies among mammals, likely becaifstheir great ecological diversity and
occupation of a large number of habitats, ranging from the tropics to Polar Ragibfrom

large rivers to deep benthopelagic regio@spturetechniques (ram, suction, and lateral
snapping)an berelated to thre feedingstrategieghat have been charactexdfor the major
groups of odontocetes: ram feeding, raptorial feeding, and suction fgéthoging, Marx,

Park, Fitzgerald, & Evans, 2013everal skull features are correlated with feeding siesteg
and trese, in turn, can correlate with main prey typéerth, 2006a)In fact, alontocetes can

alo be classified by main prey type, i.e., ichthyoph@igh feeders), sarcophagmammal
eaters) and teuthophagquid eaters) (Berta & Sumich, 1999). Ichthyophagous taxa generally
are longirostrinéMcCurry & Pyenson, 2019)auvng a longrostrum with a slender manblie

and numerous teeth (up to 240) to catch (Bérta, Sumich, & Kovacs, 1999; Poli & Fabbri,
2012) Mandibularmodificatiors such ashortening of the sno(brevirostrine) a decrease in

the tooth count, short and wide tongue (in the sperm whale, situated at the rear of the oral
cavity)(Werth, 2004, 2006bpare all morphological featurekull-relatedfoundtogether or as
subsetsin teuthophagous tax(Marshall, 2009) Sarcophagous taxa have a largstrum
powerful jaws and a small number of larger and stronger teeth (25 per quadrant) allowing the
capture of large prey such as pinnipeds, seabirds, fish and even whale3rangls orca
(Berta & Sumich, 1999)Nevetheless, som@dontocetespecies, such abelphinapterus
leucas Globicephalamelas LagenorhynchusbliquidensandTursiopstruncatus show a mix

of suction and natorial feedingstrateges(Barroso, Cranford, & Berta, 2012; Kane & Marshall,
2009; Lewis & Schroeder, 2003; Rossbach & Herzing, 188Fhpugh they exhibit different

skull morphologies, making ffiicult their inclusion in just one feeding category.

Other parts of the skull that are particularly relevant to feeding are the rogteucoronoid process
(where the temporal muscle attagh@ezzi et al., 2017)andthe temporal fossd{gure 1.2). The
temporal fossa (fordefines the origin of the temporal mandibular muscle) that is involved in opening
and closing the mouth (hence, prey capturing), the zygomatic process of the squamosal forallows
the articulation of the mand@dand, the hyoid apparatus and the mandible (Perrin, 12&hey

do not require strength for chewirtge coronoid process is reduced

Theskull hasreceived particular attention in the literature ifsimportance in the food strategies
(aforementioed) as well as for the transmission of souinois the mandibléo the ear (Rommel
et al. 209).
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Biosonar mode (Echolocation) and skull size and sh&mpontocetes use echolocation to
detect prey underwater. Echolocation is a highly specialized typecaifistc vocal
communication in which individuals send information to themselves. As sounds propagate
better in water, cetaceans have exploited this property to partly compensate for decreased light
transmission and the consequent poor visibility (Bertau&igh, 1999). Vocal communication
involves the production of sounds that can be divided into two types: 1) {sidged sound or
clicks, used for both echolocation and communication, and 2) ndmaod sound, such as
whistling, which is thought to have lgra communicative function. It should be noted that the
latter is not emitted by all toothed whales (for example it is abseRhataena phocaena
(Dudzinski, Thomas, & Gregg, 20Q9Neophocaena phocaenoigde3hocoenoide dalli,
Cephalorhynchus commersp@i. hectoriandKogiaspp. (Au & Lammers, 2014) These non
whistling species tend to be smaller than whistlipgcges(Au & Lammers, 2014)and have

similar body type (Surlykke, Nachtigall, Fay, & Popper, 2014)

Four biosonar typefSurlykke et al., 2014 )with different waveforms and power spectee

used by odontocetes to echwate their preyl) multi-pulsed (MPYMghl, Wahlberg, Madsen,

Heerfordt, & Lund, 2003klicks las t 100 e©€s and they have centr
(Mghl et al., 2003)2) frequency modulated (FMPJohnsonMadsen, Zimmer, De Soto, &

Tyack, 20@, 2006) clicks with frequencies of circa 24 kHz and duration of-8586 0 ¢ s
(Surlykke et al., 2014 B) narrow band high frequency (NBH&yhn et al., 2013, 2009; Kyhn

et al., 2010)have narrower bandwidth (420 kHz) with peak frequencies at 12310 kHz

(Galatius et al., 2018and4) broadband (BBAu, 2012)with a broad cover frequency ranges

from 10 to 1560170 kHz(Galatius et al., 2018)

The skull alone does not necessarily indicate the outline biidein fact,Odontocetes skudl

have aconcave facial area to accommodate the mg@datty tissuehat functionsas a lens for

the propagation of echolocation sounds) which influences greatly the external shape of the
head, only defined in part e underlying boneThe geometric relationship between the
bones and soft tissues of the head varies from one species to the other; a striking example is
the sperm whale, differing much from other odontocetes in the relationship between cranial
profile and fead profile (Rommaett al. 20@). The size and shape of the head can also influence
the mechanism of propagation and reception of sounds (hearing app&taatgjes such as

size and shape of the head/skull can also influence the mechanism of propaghtereption

of sounds (hearing apparatud)hese capabilities are the result of the evolution of (i) unique

high frequency sound generation and propagation organs, such as the melon and the complex

14
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nasal passages, as well as (ii) one or several new fmatthe reception of returning sounds,
through the posterior portion of the mandible (mandibular foramen) and possibly through the
gular region, and from the activity of the auditory areas of central nervous system (Berta &
Sumich, 1999). Fst attemptf evolutionary transformation for improving hearing abilities

can be found ilmbulocetusndDorudon, that present a small mandibular foramen (this trait
allows to chanatie the high frequency sound transmission). Moreover, functional studies on
cochlearconstruction can predict the frequency range of hearing (Ketten and Wartzok, 1990)
and differences in echolocation frequencies correspond in changes of periotic shape and
different habitats (Gustein et al., 2014).

Studiesof sound reception in echolocagimoothed whalebave mapped acoustically sensitive
areas on the dol phinés head and shown that t
than the mandibléBerta & Sumich, 1999). These results support the hypothesis proposed by
Norris in 1964of a unique sound reception path through the mandithiss hypothesis was

based on the finding of fatty acids in the mandibular foramen and the mandibulai basal.
low-density lipids act as channels for transporting the high frequency sounds detity

middle ear, which is enclosed in the tympanic bulla (Berta & Sumich, 1999). Koopman et al.
(2006) examined the composition of lipids in the mandiblesix individuals, representing

four families of toothed whales (Delphinidae, Phocoenidae, dadji Kogidae)and te
resultsshowedshow that the lipids in the lower jaw have a complex 3D topography, with

different odontocete species accumulating different lipid.

Skull asymmetry Echolocationevolved 34 million years agoand it is associated with
directional asymmetry in the craniuoh toothed whalesThe ancestor othe Neoceti did not

show asymmetry and it is likely that echolocation was not present (Coombs et al., 2020).
Asymmetrical rostrum was presenttire Archeocetes (Coombs et al., 2020)d it is likely to

be related to directional hearing. Rostral asymmetry became nasofacial in odontocetes as
results of the evolution of low frequencies in hearing and echolocation (Jensen et al 2017). In
fact, echolocation is a highly specialized typacdustic communication in which individuals

send information to themselves, and it is a key feature of toothed whales group. Factors linked
with asymmetry seem also to be related to prey size (MacLeod, 2007; MacLeod, 2017), and
melon size (Hirose et al.025).

Evolutionary events can be reconstructed using fossils, but analysis of the early stages of

embryogenesis of modern species can also provide important insights. Stuliestehuata
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have attempted to throw light on the evolution of homodontia fpolyodontia (or vice versa)

in toothed whales. In the Eocene, the first whale did not show homodontia or polydontia,
suggesting that these two features were closely related (Thewissen, 2014). Indeed, the
interaction of two proteins seems to regulates¢hi=atures which are expressed long before

the teeth eruption (Thewissen, 2014).

Through the morphology we can attempt to determine principles that allow to determine the
function of forms. For that, skulls specimens represent the best way to malemces on
fossil specimens, and to have access to a series of information on whales, which otherwise

would not be accessible.
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1.4 Thesis structure and aims

The aim of this thesis is to investigate the cranial ecomorphology across Odontocetes clade by
testng hypotheses of association betwegarspecificcranial morphological variation (mainly

size and shape traits) and ecological adaptatves, little previous research has focused on
modularity in different species of toothed wha({€iidarelli et al,2014; el Castillo et al.,

2016; Churchill et al., 2019and those that have, have tended to focus on common species
such asTursiops truncatusStenella coeruleoalhaand Delphinus delphis Moreover, a
comprehensive study of the cranial ecomorphologyherwhole toothed whale clade is still

lacking.

The thesis is structured into four Chapters organised sequentially to cover the methodological
approach (Chapter 2), the interspecific variation of odonteaatanial morphology and its
association with emogical adaptation (Chapt&®), the potential for cranial morphology to
identify hybrids in two species of MonodontidgBelphinapterus leucagsind Monodon
monocerokin order to identify the potential of cranial morphology to identify hybrids and their
ewlutionary adaptation (Chapter 4), and finally the study of intraspecific skull variaten in
stranded population of British false killer whalRRsgudorca crassiden€hapter 5). Such a
hierarchical taxonomic approach was designed specifically in orgeovtale a framework for
interpreting skull size and shape variation in Odontscat all evolutionary scale from macro
(=interspecific variation) to micro (one population). Ontogeny was not considered into this
thesis because the aim of the proposed auetlogical framework is to identify its potential
applicability to the study and interpretationpaflececologyfrom fossils hence adult variation

is more relevant due to clear change into feeding functions.

Chapter 2 describes methods, statistical anajsand protocol used to quantify cranial size
and shape variation in threénensionausing three differendigitising methods: Microscribe,
Photogrammetry and Breuckmann laserscan. Also, this chapter supports Chapter 2 as

sources/specimens from two diféat techniqueanddatasets used.

In Chapter 3 | tested the hypothesis thedologicalvariables correlate with cranial shape and
size of Odontocetes at macroevolutionary i(terspecifc) scake with the support of
comparative methods. Similar analysesr@vpresented in Churchill et al. (2018) and McCurry
et al. (2017) although on a different selection of taxa and using different cranmh®Dark

configuration.
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Chapter 4, provides an analysis (by using GMM approach) of the genetically confirmed hybrid
betweenDelphinapterus leucasnd Monodon monocergswas analysed by using GMM
approachconfirming the phenotypic dominance of one of his parental species. Sexual
dimorphism in size, shape and integration of the skull was also examined within and between

the two species.

In Chapter 5, a stranded British population é¢fseudorca crassidenwas examined by
comparing shape and size skull between sexes. MGgproach was also used to study the

morphological integration between crania and mandibles in sepaxa® s

Final remarks chaptersummarizes all the previodsdings and provides suggestions for

future studies.

Chagper three, four, and five are papers in preparation to be submitted toepsswed
journak. Chapter two will be apart of the supplementaterial ofthe paperdeveloped from

Chapterthree
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2 Chapter 2. A preliminary assessment 6 the accuracy of 3D
models to describe skull morphological variation in toothed

whales

Abstract

Scanning technologies foine generation of 3D models comprise a broad range of methods.
Odontocetgtoothed whalekkulls are large enough to allow comparison of different laser
scanning techniques in order to assess their accuracy for subsequent daajysasdmark
based morphometrics). built 3D models ofodontocete skulls foeight different species
ranging from smallRhocoena phocoepdo mediumlarge size Globicephalaspp. To test

the reliability of different scanning methods 3D modeksre gaeratedfor 14 specimens
belonging toeight toothed whale speciassing Photogrammetryand a Breuckmann laser
scanner. The models were subjected to subsequent landmarking in order to apply geometric
morphometricsand compare size and shape variation betwapecimens and techniqubs.
addition, landmarks were also recorded using Microscribe directly on the skull specimens to
allow futher comparison with a traditional landmarking too#chcraniumwas landmarked
multiple times to allow exploring opemtdigitising error from different techniqueShape

data obtained from different 3D models and microscribe were haginirglaed (r = 0.97)and

the digtising error was quite negligible explaining less than 1% of variatfiaqually, shape
variation betwen individuals was highly congruent across different scanning technizptés.

size and shape variation generated bydifferenttechniques had a much smaller impact than
variation between individuals and asymmetyp differencewas equally detectablaetween
shapevariancegenerated by landmark coordinates from different pair of devitese results
suggest thdandmark coordinates obtained on the Odontocete skulls froph8@grammetry
modelsand microscribe compare quite well withose generateflom the Breuckmantaser
scannera tool used in metrology whose accuracy can achieve good standard for medium size

objects 665mmin lengh).
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2.1 Introduction

3D digitization of specimens is nowadagsoadly used for scientific researdirahlke &
Hampe, 2015; Katz & Friess, 2014; Mallison
& Go n Jdasd, 8046; Santella & Milner, 2017y allows the archiving, analysis and
visualisation of specimenand is consequently proving to be a helpful tool for specimen
preservation, education and resegistiams, Strganac, Polcyn, & Jacobs, 2010; Giacoetini

al., 2019www.nhm.ac.uk/discover/bluehale skeleton3d.htm). Once digitized3D models

can be used to create online repositories (DigMorph.org, phenomenel0k.oreprpaten,
morphosource.org; Copes, Lucas, Thostenson, Hoekstra, & Boyer, 2016) thatdaged
researchers free access to specimens of interest, reducing researdRltasts & Alfaro,

2015) The growth of these digitized online sources also encourages the combination of data
from different datasetsUnforturately, this introduces error which requires evaluation
(Fruciano et al., 2017; Robinson & Terhune, 201A8sessments of how to merge datasets
obtained under different methods have been investigBtgdon et al., 2017; Dujardin, Kaba,

& Henry, 2010; Evin eal., 2016; Fruciano et al., 2017; Katz & Friess, 2014; Marcy, Fruciano,
Phillips, Mardon, & Weisbecker, 2018; Robinson & Terhune, 2017; Sholts, Flores, Walker, &
Warmlander, 2011; Slizewski, Friess, & Semal, 2010; Williams & Richtsmeier, 20@83D

models of skulls have already been used in a variety of cetacean g@idieshill, Miguel,

Beatty, Goswami, & Geisler, 2019; Coombs, Clavel, Park, Churchill, & Goswami, 2020;
Fahlke & Hampe2015) howevemo study to date has assessed the gaoerated by different

3D models for th@dontocetes (toothed whalek).this studytwo techniques were employed

to generate 3D models thfecetacean skulPhotogrammetry (PhandBreuckmann lagecan

(Br). Data generated from these 3D models were subsequently compared with those generated

from Microscribe (M).

Photogrammetry is the techniqueg®nerating 3D models @n object from aollection of

digital pictures. Ph usesthe principleof stereoscopic viewingo allow determination of 3D
information point§f coor di nates) from I mage sequences
different orientationgLinder, 2016) By using SIFT (Scale Invariant Feature Transforms) and
RANSAC algorithmsthe photogrammetrysoftware (Agisoft Photoscams one of the
commonest but many more exidtéeshroom, MicMac, 3DF Zephyr, Pix4Becognises points
belonging to the same object in different images and it merges them together in a dense cloud
( A bl)dMakison & Wings, 2014) It dso reproduces colours (texture) of the object
(Falkingham, 2012)Many authorgEvin et al., 2016; Giacomini et al., 2019; Katz & Friess,
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2014; Mallison & Wings, 2014; Robinson & Terhune, 2017; Tsubal.e2020; Werth, 1992;

Wrobel, Biggs, & Hair, 201%ecommend photogrammetity generate 3D models of medium

size vertebrate skullss it is very affordable, timeffective (60 photographs can be taken in
approximately 10 minutes), and requires onlgaera and minimal equipment (tripod, remote

shutter, SD cards, black velvet, turntable). Fourie et al. (2011) found that photogrammetry may
perform better than 3D laserscan and it provides an acceptable and precise alternative when
working alsowith smallskull specimengGiacomini et al., 2019; Katz & Fses , 201 4 ; Mu 9
Mufioz et al., 2016)

Although this method was applied on a range of different mammals, it has never been tested
on the cetacean skull. Interestingly, Ph is quite commonly used in thediektimatebody
length and size of cetaceaf@hristiansen et al., 2019; Webster, Dawson, & Slooten, 2010)

and to evaluatthe surface area of benthic organiqiresvy et al., 2015)

Breuckmannlaser scanners provide a higirecision semautomated method of 3D data
capture. They describe the object numerichilynaking an array of coordinate values for all

the points that lie on the surface of thgeab (Bernardini & Rushmeier, 2002 his is a
procedure that could also be done manually by measuring how far different points are from a
reference point (the origin of a 3D coordinate), and then converting these measurements into
X, Y, zcoordinates for each point on the surf§€echeri, 2009) Coordinates are sent to the
computer to create a cloud of points containing geometrical information about the object. The
result is a model of the actual object, and not a replica of it. Contrasting Ph, Br is more time
consumingWrobel et al., 2019)depending on the size of the object and resolutioaittake

more than 1 hour to build a 3D moyaind is not currently affordable for most researchers

( 05 0 is e averageost of a laser scannekatz and Friess2014). The advantage of
generating 3D models of skulls with Ph or Br is that they can be subsequently used to record
anatomical points of reference (= landmarks) that mathematically describe their size and shape.
These coordinates are currently analysed with geometric morphometrics toolkit. This method
is based on the principles of Cartesian geometry and is statistically adequate to describe
biological variation(Adams et al.2004, 2013; Cardini and Lo2013).

Unlike Ph and Br, a Microscribe obtains speclicated landmarkdirectly from the object.
Landmarks are points of correspondence (withyaandz, coordinates) on specific anatomical
features. Distance between each pair of landmarks is equal torati@@surement. Then, with

a high number of landmarks we obtain a high number of measurements on the same specimen
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Differently from Photogrammetry and laserscan a 3D madéhot be generatedut using
Microscribe it is possible to obtain only the cooates of the object ahterest This device

uses a stylus to provide spatial coordinates data of the object to a computer. It is an accurate
tool for determination of 3D coordinatd8ertsatos, Gkaniatsou, Papageorgopoulou, &
Chovalopolbu, 2019; Enciso, Shaw, Neumann, & Mah, 2003; Glenzer et al., 2015; Marquez,
GonzalezJosé, & Bigatti, 2011; Owaydhah, Alobaidy, Alraddadi, & Soames, 2017; Stephen,
Wegscheider, Nelson, & Dickey, 201&)d time effective compared to Ph and Br. It dods no
allow the operator to subsequently modify the landmark configuration as it does not provide
points covering the entire surface. For this reason, the operator needs to be very careful as
object movement will completely obstruct the creation of an accBEateodel. Hencgt is

very important to quantify the error introduced by the operator. Each technique has its pros and

cons and their appropriatenes# function ofthesize and shape of the object.

Here,l investigate the magnitude of random meamant error (ME) introduced by combining
differentlandmarkdata of toothed whale skulls obtained from thdegtizing methodgPh,

Br, M). Most of the 3D studies comparing different methodologies have been conducted on
small skullsranging from10 mm to55 mm (Cornette, Baylac, Souter, & Herrel, 2013; Evin,

Hor 81 ek, & Hul va, 2011; Gi acomini et al ., 2
Mufioz et al., 2016py using geometric morphometrics (GMMjere | aimto address the

following quesions: i) is the ME between devices small relative to the betvgperimens

variance? ii) How reliable is a 3D dataset which combines data from several @evices

These questions wereaddressd by comparing 3D morphometric data collected on 10
specimengcranium rangdéengthfrom 279mmto 616 mn) belonging to eightoothed whale
speciescommon dolphin@elphinus delphisRi s s 0 6 s Grampulisgriseysiongfinned
pilot whale Globecephalas melasshortfinned pilot whale Globicephala macrorhynchiis
false killer whale Pseudorca crassidepavhite-beaked dolphinL@agenorhynchualbirostris)
belonging to Delphinidadyarbour porpoiseRhocoena phocoepdelonging taPhocoenidae
andbeluga Delphinapterus leucaselonging taMonodontidaeBy using the threedevices to
determine the intemethoderror (Fruciano, 2016; Fruciaj@017; Robinson & Terhune, 2017)
ME was assessequantifying the within species and withimdividual variance and the
repeatability index (Fruciano, 2016) to examine the pi@tisf the operator (DV) in digitizing

3D landmarkscoordinate®btainedwith different devices.
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2.2 Material and methods

Three subsets of toothed whale specimens were crasitader specimen§.e. Globicephala
melag were not digitised using Microsbe due tdimits related tahe length of its mechanical

arm, and depending on the availability of the specimens digised in the dataset.

Datasetl (n= 40 Ph and Br, coordinates replicate 2 tim&S)jampus griseus 888291,
Grampus griseus A3543 Grampus griseus A3544, Globicephala melas 198376,
Globicephala mela§927%71, Globicephala macrorhynchu936181, Delphinapterus leucas
1971156, Delphinapterus leucasl928197, Phocoena phocoend982155 Phocoena
phocoenda 982139,

Dataset2 (n=8, M and Ph)Delphinus delphid973106, Pseudorca crassideri961-6-14-
13, Lagenorhynchus albirostri$92115, Grampus griseu$92725.

Dataset3 (n= 9, Ph, Br and M):Grampus griseusl888291, Grampus griseusA3543
Grampus griseus3544.

The specimensvere house in the Mammiféres et Oiseaugollection atMuséum National
doHi stoire Nat uMdtpléiedjviduglafrom spec{edvbdiffsirgnt sezeere

selected in order to allow investigatiortlaé¢ intra andinterspecificscale

2.2.1 Breuckmann laserscan-based 3D models

3D modelswere generatedsingthe Breuckmanr8D surface scanneBtereoSCARP (AICON
3D systems, Braunschweig, Germany) model with a camera resafitiérmegapixelsThis
instrument has been used for a broad range of psajectnustéids skulls and fore limbs
(Dumont et al.,, 2016; Polly, Lawing, Fabre, & Goswami, 20Beuckmam laserscan
requires stable lighting and a dark and cool ro@ata acquisition was performed ngi
OptoCat software(AICON 3D systems, Braunschweig, Germany) systémked to an
automatic rotating tabldndividual skullswere scanned in two full rotations (vertically and
dorsally to scan the occipital area), each of 12 steps. The 2x12 set of ste@igned semi
automatically andas for Ph models (belowgxported as .PLY fie The scannerwas

calibratedbefore each scanning session
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2.2.2 Photogrammetric -based 3D models

3D Photogrammetry models were reconstructed from a set of photographs takeeein
different orientations (ventral, dorsal, and lateral vielfainedby placing the specimen with

its vertical axis parallel to the cameragtwotographhe occipital condylefFigure 2.1A). | used

a Canon EOS 100D camera with a 12 megaxel resolution equipped with a standard lens
(range of focal lengths: 185mm, all photographs were taken at 55mm). Specimens were
placed vertically on a rotating table, and photographs were taken at intervals of
approximativey 10 degrees. Foam rubber was placed and centrally punctured to mount the
specimen vertically on the rotating table. This way, the occipital condyle was held within the
rubber assuring the immobility of thpexcimen In order to obtain models of considdgabigh

quality, a set of circa 150 photos were taken of each specimen. Pictures were imported into
Agisoft Phoscan Professional v. 1.3Afisoft LLC, 2016, 2018pand processed to maskto

the image background or eat-focus area by drawing an outline around the crania. Then,
photos from each chunk/orientation were aligned, and the three dense point clouds that were
generated (vertical, dorsal and ventral orientation) were merged todéilike Breuckmann,

3D models builtusing the photogrammetry software Agisoéied to be scaled posteriori
generally usinginear measurementhrectly takenon the skulwith ameter. Specimens were

then scaled in Meshlab 2016.12 softw@egnoniet al, 2008)by using a scale factor obtained

from three skull measuremernéken directlywith ameter

2.3 Microscribe -based 3D models

The Microscribe 3-dimensimal digitizer (Microscribe G2X, Immersion Corp.jhas a
mechanical arm which suppsi stylus and has an accuracy of 0.23 mm (Immersion Corp,
2013).It allows nmeasurement® be capturedith Microscribe Utility SoftwarédMUS version

6, Revware Inc.).digitized 3D coordinates of anatomical homologous landmark€®ehkulls

Due to the large size of the specimens two landmarking sessions for each specimen were
recorded on the crania in order to cover both dorsal and veattathese were then merged

using DVLR (DorsalVentralLeft-Right fitting, http://www.nycep.org/nmgsoftware
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2.4 Geometric Morphometric approach

A Threedimensional landmark based geometric morphometric approahelditch,
Swiderski, & Sheets, 20)2vas subsequently employed to test rieability, reproducibility

and accuracy othe3D dataaThe sel ected | andmarks pl acemen
criteria (Bookstein, 1991; Zelditokt al.,2012) Theyhad to be homologous, repeatalaed
needed to represent the general shape oSkb# under investigation. To this aim type 1
landmarks were located in the junction of anatomical features whil€tigpelmark referred

to the maximum and minimum curvature of a struc{@elditch et al.,2012) In order to
analyse sape variation, 26 landmarKgigure 2.1) were digitized from the same observer
(DV) on each cramim i) directly on the specimens using Microscribe and ii) using Landmark
editor (IDAV: Evolutionary Morphing, 2005)rém 3D models made with Ph and Br.
Terminology used for skull landmark description faled Mead and Fordyce (2009), and

landmarks description can be foundTiable 2.1.

The 3D landmark coordinategere Procrustealigned using Generalised Procrustes Analysis
(Figure 2.2;GPA; Rohlf & Slice,1990). The Procrustes fit minimizes the sum of squared
distances between landmarks from all samples to the (average) mean configufagon. T
procedure allows to remod differences in sizdpcation and orientation among the original
landmark coordinates by translation, rotation and scaling to unit centrold@8eFor each
specimenslog transformedCS was then employed as a proxy rfekull size while the
coordinates obtained after GPA (Procrustes coordinates) were used as proxy for skull shape.

After the Procrustes fit, the Procrustes shape coordinates were used for multivariate analyses.

1CS = The square root of the sum of the squared distances of the landmarks from the centrdich,(Selilerski
and Sheets, 2012) of the original landmarks.
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Figure 2.1 Position of 26 landmarks on Photogrammelrdsed 3D modelsf specimengkull of Globicephala melaMNHN 198976) in A)
dorsal B) ventral C) latera) and D) occipital view. See text for description.
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Table 2.1 Description of landmarks taken on odontocete skudlused in GM analysis

Landmarks Description
1 Anterior tip of the right premaxilla
2-3 Anteriormost point of the premaxillary foramen
4-5 Anteromediapoint ofthe externabony nares
6 Anteriormost point of the medial suture between the nasal bones
7-8 Sutural triplejunction between nasal, frontal and maxilla
9 External occipital protuberance

10-11 Sutural triplejunction between supraoccipital, frontal and parietal
12-13 Posterior most point on the temporal crest
14 Opisthion middle point of the dorsal border of tlegamen magnuran the

intercondyloid notch

15 16 Dorsal tip of the occipital condyle

17-18 Lateral tip of the occipital condyle

19-20 Ventral ip of the occipital condyle

21- 22 Medial tip of the paroccipital process ventral most point of the
paraoccipital process

2324 Suture of pterygoid and basioccipital at the junction between phary
crest and basioccipital crest

25-26 Anteroventrapoint of the preorbital proces$ the frontal
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Figure 2.2 Variation in the position of the landmarks on tlhaniumafter GPA

Datasetl -Procrustes ANOVA on shape variation including asymmetry

To expore the variance explained by individuals, methods, and replicas ANOVA and
Procrustes ANOVA were performed on size and shape variables, respectively using MorphoJ
1.06d(Klingenberg, 2011)Procrustes ANOVA has been adapgtethvestigate shape variation
(Klingenberg, Barluenga, &leyer, 2002; Klingenberg & Mcintyre, 1998and it is the
equivalent of the twavay ANOVA (Palmer & Strobeck, 198&pplied on the multivariate
dataset of shape coordinates. Klingenberg (2002) introduced Procrid@éAAto test the

level of asymmetry in biological obects. For object with symmetric structures, it is assumed
that shape coordinates on one side should vary after GPA in the same direction and magnitude
as the mirrored side. This is generally true althoagmall component of shape variation does

not follow this expectation, hence it is quantifed as asymmetric variation. The vertebrate skull
is generally symmetric although an asymmetric component occurs. This should be generally
smalland if landmarking$ performed multiple times on the same specimens, it is likely that
asymmetric variation should be comparable to variation between refficas term in the
ANOVA) (Fruciano et al., 203 ™arcy et al., 2018)This isbecause the variation in the
asymmetic component is more greatly impacted by replicdiggising error as it has smaller
effect compared to variation among individu@suciano, 2016; Klingenberg & Gidaszewski,
2010; Leamy & Klingenberg, 2005Then, theimpact of asymmetry and replicates on skull
shape data of odontocetes was teghdarcy et al., 2018using Datasel only . Subsequent
analyses on error were & only on the skull shape symmetric comporieltdwing the
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formula: 3k+21-4 (Klingenberg et al., 2002Where3k is thefree parametrs’ for the number
of 3D landmarks used ahds thefree parameter for thenpaired landmarks. This method uses
information from all landmarks to determine the symmetry plahis.computation wascarried

out automatically in MorphoJ.

Datasetl-Measuremant error: repeatability

Landmark recording was taken twice in four different sessiorff0ondividuals (for Br and
Ph-Datasetl) for quantifying the repeatabilitfFruciano, 2016), and digitizing ability of the

operator (DV).To explore the variance elgined by methods (Ph and Br), a Procrustes
ANOVA was performed on siteaabdityi pul, i shierdg itnh &
al. (2018).This test is based on assesding same nam® eachindividual belonging to the

same specimen specifying whireplicate they ar@.e., specimehrepl +specimehrep2) so

that the replicates are added as an error varidblen, he percentage of measurement error

was calculated by looking at Mean Square (MS) values following the formula f&logiano,

2016; Sherratt, 2015)

vV - 354 & ‘Q,-,QS) e

- 3 ame 3!

R is the value of repeatability or intraclass correlation coefficient and varies betwBeaid

S?A is the amongndividualssquaredvariance component. To find, the MS of the reptas

termwas subtracteffom the individual term and divided by twthat is the number of the
replicas. A ratio is then computed by dividing the MS of the replicas termthéyotal MS.

This computation waalsoc ar ri ed out aut onlaittiyda |(Mayay eityi otnh e
al., 2018)in R.

2The free parameter is a mathematical variable that changes depending on the number of landamarks used in the
analyses.
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Analyses on Datasét2-3

Due to the lack of replicates data for Microscribe, it was not possible to determine th
repeatability for Dataset 2 and Dataset 3. ANOVA and Procrustes ANOVA were generally
applied to test for differences in CS and shape datasets between methods.

Successively, to examine the pattern of shape variation, a matrix of vac@raméance of
individuals shape was created and a PCA on symmetric components of shape was (Bn in R
Team, 2015) This allows visualization of how the same specimens (from thliferent
methods) were distributed in the morphospace, portraydom (greater spread of device
method compare to another) and systematic errors (repeated pattern of one device shifting to
another(Marcy et al., 2018)andcan reveal misplaced or inaccurate landmarks (Fruciano,
2016; Bastir et al. 2006).

Symmetric component shape matrices obtained from each pair of datasBts RRh, M
PhBr ) wer e compar e (Manies 1997gn Mdphod \d.D60(klingénbesgl
2011) This tests the correlation between two matrices, with significance determined by

randomization.

Euclidean distances between configuragionPC shge space (Symmetric component) for 3
Datasets were exported from Morph@ingenberg, 2011)and imported into PAST 2.17
(Hammer, Harper, & Ryan, 200tb allow similarity of the three methods to be portrayed using
the Unweighted Pair Group MethodtiwArithmetic mean (UPGMAJCardini, 2014)

Additionally, morphological disparity (also known as Procrustes variance) was computed for
each shape dataset and a permutational procedure, implemented in the gackageph to

test for differences in disparity between Individual/techniques. The pariwise disparity test was
applied on the shape coordinates generated from the following piatadets: 1) BPh and

2) PhM, and 3) MPh-Br (Marcy et al., 2018). In this way, the Procrustes variance reflects
only variation due to digitization error between methods. This function calculates the
Procrustes Variance for both individual and methothassum of diagonal elements of the
covariance matrix divided by the number of observat{@uamset al.,2016; Zelditch et al.,
2012) The test performs multiple iterations (default is 999) in order to compare variance
distribution for each group of interest. The distribution of iterated variances was showed using
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boxplot and tk significance of differences between groups testedKvitekalWallis against

the null hypothesis of difference between means of Procrustes variance for each dataset.

2.5 Results

PCA on symmetricomponenfor all the datases$

PCA computed on theymmetric omponent okhaperevealed that most of the specimens of

the whole sample cluster together regardless of the meffigdré 2.3). This result is
supporedby Procrustes ANOVAsee next section] he fourteen specinme are welgrouped

on the plot of PC1 and PC2, which explain respectively 37.8% and 20.2% of vddatize

entire dataset. PC3 accounts for 11% and remaining PCs account for 4% or less of the total
variation.On PC1 positive scores the harbour porpaigecimens cluster together and are
characterised by a relatively short and narrow rostrum and enlarged braincase. Landmarks on
thetemporal fossa are displaced towards each other, compressing the area and resulting in a
higher andonger temporategion PC1 negatives scoreslate witha wideningof the rostrum,

amore ventrabrientation of thdoramen magnumand a wider and shorter temporal area. The
post rostral skull is compressed with expansion and a more concave profile of the facial region
which is exhibited by members of the genGsobicephala In specimens GgA3544 and
Gm198376 the PCA score for just one Breuckmann replica showed higher scores, and in
Pp1982155 it showed lower score on PC1.

PC2 describes changes relative to the width and #nghhof the skull. On positive scores
landmarks on the right and left sides of the occipital condyle and on the opisthion diverge from
each otherds resulting in a wider foramen ma
the braincase is laterglcompressedOn PC2 negative scores thasal region is narrower and

smaller and moved leftwards Delphinapterus leucaspecimens resulting in a momearked

asymmetry of the skull. On negative PC2 sc@kbicephalaspecimens anehocoenaxhibit

a rehtively shrinkng of the occipital region but wider area fdhe temporal fossa and

transverselyider zygomatic region.
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Figure 2.3 PCA: PC1 versus PC2 plot of Symmetric component shape variation. Steqestare shown by 3D warping Ggl12%/(NHM)
specimen representing shape changes in a) dorsal b) ventral c) lateral and d) occipital view at their respective plosiaesorEach axis

reports the total variance explained by that principal component.
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Datasetl
Procrustes ANOVA using asymmetric component

Procruste®ANOVA (Table 2.2) showed thashapevariation among individuals contributes the
most to total varianc& @ble 2.2 A), and theshaperariance due to directional asymmetry (Side
or DA) accounts for more than residuals or digitization error (Rém.samenalysisapplied
separately on the methods dataset corfitite presence of a very smabdr null random
landmaking error between two methodBable 2.2 B-C). For both datassethe error term is
very small or null, also the individual variation shows similar contributionsR§t+0.83; Br
Rsq=0.82).

Table 2.2 Procrustes ANOVA on shape variation on Dataset 1 including asymmetric comg
The Rsq of variation explasrihe contribution of each factor to overall variation.

A)All Specimens_PBr and Rep

df SS MS Rsq F P
Individual 333 0.42644 0.00128 0.81396 16.79 <0.0001
Side 34 0.05075 0.00149 0.09687 19.57 <0.0001
Ind*Side 306 0.02333 7.63E05 0.04454 4.64 <0.0001
Method 710 0.01166 1.64E05 0.02226 1.99 <0.0001
ResRep 1420 0.01170 8.25E06 0.02234
Total 0.52391 1

B) Only Ph specimens and Rep

df SS MS Rsq F P
Individual 333 0.21974 0.00066 0.83491 15.96 <0.0001
Ind*Side 34 0.02629 0.00077 0.09989 18.71 <0.0001
Method 306 0.01264 4.13E05 0.04805 6.51 <0.0001
ResRep 710 0.00451 6.35E06 0.01713
Total 0.26319

C) Only Br specimens and Rep

df SS MS Rsq F P
Individual 333 0.21344 0.00064 0.82415 14.42 <0.0001
Ind*Side 34 0.02474 0.00072 0.09553 16.38 <0.0001
Method 306 0.01359 4.44E05 0.05250 4.38 <0.0001
ResRep 710 0.00720 1.01E05 0.02780
Total 0.25898
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Measurement error: repeatability (R)

To test how different methods can impact repeatability, the repeatability index (R) was
computed for the Br and Ph datasets, separalelyi¢ 2.3). Procrustes ANOVA showed that
most of the shape variance was explained by individugts QF98). Repeatability index (R)

of shape was slightly higher for the dataset with Ph specimefR €80.944; PFR = 0.965)

Table 2.3 Procrustes ANOVA on shape variation on Datasetl including asymr
component. The R index indicates the repeatability between replicas gatthdevice.

A) Ph

Df SS MS Rsq F Z Pr>F) R
ind 9 0.24431 0.02714 0.98083 56.87142 10.73317 0.001 0.965
Res 10 0.00477 0.00047 0.01916
Total 19 0.24908
B) Br

Df SS MS Rsq F Z Pr(>F) R
ind 9 0.23817 0.02646 0.96926 35.03663 10.12093 0.001 0.944
Res 10 0.00755 0.00075 0.03073
Total 19 0.24572

A Mantel test betweesymmetric componesif shape obtained from thevo methodgPh
and Br)replicateswas significant and resulted into a high r valRe.97, P < 0.001), which
confirmed that matriceare positively associated and the difference between replicates can be

considered negligible.
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Procrustes ANOVA using symmetric component

Procrustes ANOVA on symmetric component of shapable 2.4A) confirmedindividual
shape variatioto be the most significant factor when comparing data from different methods
(Rsg= 0.96). Difference between scan devicentributes 3.4% of the variance, suggesting

minor systematic error.

A similar result by running ANOVA omog transformedCS (Table 2.4A). No presence of
systematic errors was found, nor differences between methods (P=0.459).

Dataset?

Procrustes ANOVA on just symmetric component of sh3jadblé 2.4B) supported most of
the shape variance due to individual shape variation (Rsq= 0.87). Difference between scan

devices accounted for 3.6% of the variance, and this factorwas not significant (P=0.4320).
Same applied to CT éble 2.4B). Differences between methods were not found (P=0.837).
Dataset3

Procrustes ANOVA on just symmetric component of shdpélé 2.4 C) showed agairthat
most of the varianceasdue to individual shape variation (Rsq= 0.75). Difference between
scan devicgaccounts for 3.4% of the variance and is significant (P=0.041). This suggests some

systematic error although it is very small (Rsg=0.1%).

Similar resuls were obtainetly runninga Procrustes ANOVA on CS éble 2.4C). Most of
the variancevasexplained by Individuals (Rsg=0.97) and no difference between methods was
found (P=0.368).
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Table 2.4 Procrustes ANOVA on symmetric shape component and CS within methc
each dataset.

A) Datasetl

Shape Df SS MS Rsq F V4 Pr(>F)
Ind 9 0.43395 0.04821 0.96171 90.4175 14.3102 0.001
Method 1 0.00181 0.00181 0.00402 3.3989 3.0075 0.001
Res 29 0.01546 0.00053 0.03427

CS Df SS MS Rsq F z Pr(>F)
Ind 9 1051688 116854 0.99832 1952.534 12.8546 0.001
Method 1 33 33 0.00003 0.5491 0.2938 0.459
Res 29 1736 60 0.00165

B) Datasef2

Shape Df SS MS Rsq F Z Pr(>F)
Ind 3 0.09941 0.03313 0.87B4 9.4154 3.8475 0.0055
Method 1 0.00418 0.00418 0.03666  1.1892 0.432
Res 3 0.01055 0.00352 0.09249

CSs Df SS MS Rsq F z Pr(>F)
Ind 3 157758 52586 0.99894 941.8204 3.0135 0.018
Method 1 0 0 0 0.0048 0.837
Res 3 168 56 0.00106

C) D#aset-3

Shape Df SS MS Rsq F Z Pr(>F)
Ind 2 0.01465 0.00732 0.75173 17.3863 4.2351 0.001
Method 2 0.00315 0.00157 0.1618 3.7421 0.041
Res 4 0.00168 0.00042 0.08647

CS Df SS MS Rsq F Z Pr(>F)

Ind 2 85723 4286.1 0.97418 128.0623 2.9644 0.003
Method 2 93.4 46.7 0.01061 1.3946  0.368
Res 4 133.9 33.5 0.01521
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UPGMA based on Euclidean distances of the symmetric component r(fatyixe 2.4)
showed that the individualsuilt with differentmethods cluster together, confirming previous
results obtained witRCA andProcrustes ANOVA.

Procrustes variance Dataseft3on all datasets

No difference could be found betwedepvices pairs in Datasefland 3 forthe mean of
Procrustes variancéétasetE B Proc Var mean = 1.2x#0 Ph ProcVar mean £2x10%
Kruskal Wallis testP= 0.85 Dataset2 Kruskal Wallis testP=1; Dataset3Kruskal Wallis

testP=0.73 Figure 2.5) which is consistent with previousayses.
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2.6 Discussionand Conclusion

Photogrammetry is an increasingly popular techniéprethe elaboration of 3D models
although previous studig&ruciano et al., 2017; Robinson & Terhune, 20d&9ommend
caution when merging 3D models generated with photogrammetry withgboseated using

other devices. For the first timé tested the accuracy of Photogrammetry (Ph) relative to
Breuckmann laserscan (Br) and Microscribe (M) on a diverse sample of toothed whale
(odontocete) skullsThe data clearly showed that the amount wbregenerated by each
technique on geometric morphometrics data is minimum and quite comparable to previous
approacheg¢Evin et al., 2016; Katz & Friess, 2014)

ANOVA and Procrustes ANOVA models suggéisat on a macroevolutionary scale when
merging data from different methods, the biological variation in size and shape obscures the
measurement error between methods. Photogrammetric based 3D models showed a slightly
higher repeatability in landmarkingtiv a R score of 0.965 compared with the repeatability of
0.944 obtained from models built with Breuckmann laser scan. This result can be due to the
presence of texture colour in photogrammetric based models in contrast to the laser scanned
3D models. Inded, texture can help in detecting sutures and improving landmark placement
on the skull surface. Similar coefficients have been found for bats (0.97, 0.99, Giacomini et al.,
2019), kangaroo skulls (0.96yucianoet al, 2017) and human sKis (0.99, 0.99Ba d a wi
Fayad & Cabanis, 2007)n accordance witlGiacomini et al. (2019)there wasno great
difference between Ph and Br (Datasetl). PC1 scores differences in GgA3544 and -Gm1983
76 were probably due to a random error, and they were also detected when calculating the R
score between methods in Datasetl. Despite these small randormmdédterm the UPGMA

tree, methods and individuals clustered together assuring the reproducibility of the shape for

the three devices.

In conclusion, Ph is well suited for the reconstruction of toothed whale gkaldke &
Hampe, 2015)and data obtaed from Ph can eventually be combined with data from other
techniques due to its similar performance in repeatability and accuracy. The landmark
configuration used in this study covered only main cranial anatomical features, however if teeth
are also ofnterest Ph can eventually be implemented. As technology advances, resolution is
improving for handheld scanners and different techniques (i.e. photo stacking) also appear that
can increase the resolution of images for very small ob{Bceko et al., 2014; Santella &
Milner, 2017)
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3 Chapter 3. Ecomorphology of odontocetes as revealed by 3D
geometry of the cranium

Abstract

Extant odontocetes (toothed whales) exhibit differences in festhatggies, bodgnd brain

size, diving adaptationgiosonar mode, and waters they inhaBitrong selective pressures
associated with these factors have likely contributed to the morphological diversification of the
odontocete skullHere, | use a geortrec morphometric data of the crania@d (out ofabout

72) extantodontocete speciesd a wellsupported phylogenetic tree to test wether craual

and shape vatoncan be associated with ecodnagi cal
morphology exibiteda significant phylogenetic signal, whialas much stronger in size rather

than shapeAfter accounting for phylogeny, significant associatiovere detectedetween
cranialsize and biosonar modeody length brain andbody massmaximum and minimm

prey size, and maximum peak frequency. Brain mass was also correlated with cranial shape.
When asymmetric and symmetric components of shape were analysed separately, a significant
correlation occurred between superficial sea water temperature andao# symmetry and
asymmetry, and between diving ecology and asymmaAftgr removing the two landmarks

on the front tip of the rostrum (those responsible of the Pinocchio effect), the significant effect
of superficial sea temperature, on both symmetret asymmetric shape components was still
detectable, as well as association between diving ecology, brain mass and symmetric shape
component. Degree of cranial asymmetry (FA scores) was found to be correlated with body
mass and EQ. Craniahapevariationof odontocets was strongigfluenced by evolutionary
allometry andnost of theassociation with ecological parameters caubtibe identifiedafter
phylogenetic correction. Th&iggestthat ecomorphologicdéedingadaptations occur within

major odontoete families, andunctional anatomicapatternsacross Odontocefclades are

canalisedby sizeconstraints.
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3.1 Introduction

Cetaceans are a of monophyletic group aquatic mammals characterised by a deep functional
and taxonomical dichotomy: the divisionOdontocetes (= toothed whales) and Mysticetes (=
baleen whale).Odontocetes diverged frotheir sistergroup, abouB4 Mya(Marx, Lambert,

& Uhen, 2016)and thissubordeicontains 1@xtantfamilies,including at least2 species and

33 genera, with the Delphinidae agighiidaeshowingthe largst number of specid€siooker,
2009) Compared to Mysticetesis group displays wide variation in body size asidill
morphology related to feeding ecolo@ozziet al., 2016; Werth, 1992; Werth, 200®ranial
synapomorphies of Odontoceti incluthe presence of a con@facial area to accommodate
the melonpresence of premaxillary forana and premaxillary sac fosgagsterior expansion

of maxilla over the supraorbital regi@overingthe frontal bonesand facal asymmetry all
features that are related to their Wygépecialized sonar systei@hurchill, Geisler, Beatty, &
Goswami, 2018; MrtinezCaceres, Lambert, & de Muizon, 2017; Marx & Fordyce, 2015;
Marx et al., 2016; Uhen, 200€oombs et al., 2020; Cranford, Amundin, & Norris, 1996;
Geisler, Colbert, & Carew, 2014)

Due to such highly specialised system, the odontocetes skull received particular attention in
studies of functional morphologZoombs et al., 2020; Gillet, Frédérich, & Parmentier, 2019;
Mourlam & Orliac, 2017; Park, Mennecart, Costeur, Grohé, & Cooper, 2019)

One general evolutionary trend in odontocetes sinc®tlgmceneis thetelescopingof the

skull (Churchill et al, 2018) Winge introduced iB term in 1918 and Miller (1923)
subsequently formalised it to describe the unique posterior elongation of the rostral elements
relative to the backward shift of the bony nares. Swdiflamatic anatomical innovation resulted

in an overlap of adjacent fatibones, whose shape resemalaa atique foldingtelescope
(Miller, 1923; Rommel, Pabst, & McLellan, 2009; Winge, 191821) This allows the toothed
whale skull to be fully adapted for an aquatic lifestyte particular increasing the body
hydrodynamicity(Fordyce & deMuizon, 2001; Marx et al., 2016)

The skull of odontocetes also shaped by several sensory, cognitive and feeding fusniction
The parts of the skull that areore relevant to feeding are the rostruthe temporal fossa
(origin of the tempor& muscle the main adductor of the jaws in odontocgtéee zygomatic
process of the squamos@oint of articulation with the mandiblg the teeth, the hyoid

apparatus and the mandibl@2errin, 1975) The latter have receivadore attention in the
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literature for their importance in feeding strategies as well as for the transmission of sounds to
the ear(Rommel et al., 2009Verth, 2006a) In addition, presence of a structure called the
melon @ fatty tissue functioning as a lens for the propagation of echolocation sounds)
(McKennaet al, 2012) greatly influences the external shape of the head in odontocetes.
Indirectly, cranial morphologycan provide ecological and trophic information on toothed

w h a lakilgie® to exploit surrounding resources (Marshall,<800

Previousstudieson theodontocetes showed that interspecific differences in mandiaothr
cranialsize areassociated with reproductive parametpesk frequenciesnd prey size rather

than dietary categoes (Barroso et al., 2012; MacLeod et alQ0Z; McCurry, Fitzgerald,
Evans, Adams, & McHenry, 201,9nd a link between size and deep diving abilities has been
mentioned in several workdacLeod et al., 2006; McCurry & Pyenson, 2019) contrast,
acrosdiving cetaceansSlakeral. (2010)suggested a relationship between body mass evolution
and diet. Nevertheless, a comprehensive cranial ecomorphological analysis of this group within

a phylogenetic framework is still lacking.

Geometric morphometrics (GM) (Rohlf and Marcus, 1998) be a useful tool to study crania
shape and size variation across toothed wh#lese | investigated60 species of toothed
whalescoveringall the33living genergc.ca90% of the currentspeciesliversity). In order to
understand the evolution ofdontocete craniashape and size, multiple abiotic and biotic
factors have been considered: ddacLeod et al., 2007; McCurry, Evans, et al., 2017; Slater
et al., 2010) biosonar modand maxmum and minmum peakfrequenciegkHz)(Barroso,
Cranford, & Berta, 2012; Galatius et al., 20d8nsen eal., 2018) diving ecology(Noren &
Williams, 2000; Werth, 2006a; Wsig, 2009) prey size (minimum, maximum and average)
(MacLeod et al., 2006kuperficialwaterseatemperaturgSST), EncephalizatiorQuozient
(EQ) and Brain Mas@Montgomery et al., 2013)

Theaimof this chapteis to address the following questioa¥What is the link betweecranial
morphologcal variation and ecological adaptation in extant toothed whales? 2) Does
morphological variation exhibit a strong phylogenetic signalP@yvhat extent does sueh
signal obscure our ability to detect ecomorphological adaptations?

It is expected thatranial shape and size correlate wabological factorsAs ecological factors
such as predation have been suggested to be one of the major selectivegtressdrove
toothed whale body mass and biosonar medelution (Galatius et al., 2018)a strong
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relationshipcan be predictedetween cranium size and biosonar mode, which should hold even

after share@volutionary histoy is taken into account.

Indeed, mammalian skull morplogies appear to show a strong phylogenetic signal (Marcus
et al. 2000) that might eventually obscure its association with function. Comparative methods
(PGLS) were introduced tovercome this igge and to test if a relationship between variables
when accounting for their lineagenot independent.

3.2 Material and methods

Specimens eximined collected cranial data from 1iddividual toothed whalespecimens
representing 60 spes(range between-% individuals per speciesppecimens belonm the
following museum collections: Natural History Museum of London (NHM), &umsNational
doHi st oi re NaNaturaléistbryeMugetviiNdf tNe) University of PisdSNUP),

La Specah (NHMUF), World Museum (MCM, Liverpool, UK)and theNatural History
Museum of Denmark (NHMD)In addition, 3D models were downloaded from the website
Phenome 10k (Goswami, 2015) to cover species not available at the visited institutions (see

Appendix 3.1-List of specimens and missing landmaurks

Sampling: Photogrammetry protoed?hotogrammetry 3D models were reconstructed from a
set of photographs taken in three different orientations (ventral, dorsal, and veQ#rai

EOS 1DO0D 12.2megapixel resolutions digital singlens reflex with 18&5mm lensvas used
attached to a Manfrotto tripodSpecimens were fixed vertically on a rotating tadel
photographs were taken at intervals of approximatively 10 degrees. A~<H1(p150 photos

per specimen were taken. For larger specimensHiyeeroodorspp.,Ziphius cavirostrisand
Indopacetus pacificgsthe operator (DV) moved the tripod with a mounted camera around the
object pl aced on a pa-drousdmehibe 0f Wlalison &and t h
Wings, 2014)Millimetres scale measurements (rostrum lengtial bizygomatic width were
taken for further scaling reference of the virtual models. Images weatedpnto Agisoft
PhdaoScan ProfessionglAgisoft LLC, 2016, 2018pand photos from each chunk/orientation
were aligned in order to generate three dense point clouds (ventral, dorseéracdl
orientation) that were subsequently merged togdtheisoft LLC, 2018; Evin et al., 2016;
Falkingham, 2012; Katz & Friess, 2014; Linder, 2016; Mallison & Wings, 2014; Heinrich
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Mal | i son, 2018; Mu .BD moddluwfitiotexture wereaekported a3 (PLY6 )
files and scad by dividing the scaling factor identified in Meshl&hignoniet al, 2008)by

the scale measurements (in mm).

Landmarks size and shape data total of 28 landmarksHigure 3.1; Table 3.1) were taken

on cranial virtual models using IDAV Landmark softwédiley et al., 2005)The landmarks

were selected to describe broad anatomical cranial regedavanto the research questions
including therostrum, the temporal rean, and the facial concavitjs the shape is defined as

all the geometrical characteristics of an object except its size, position and orientation, a
Generalized Procrustefinalysis superimposition (GPA; Rholf & Slice, 1993) was applied to
extract shapénformation from samples with multiple landmaykGPA is aniterative procedure
where variation in size is first removed by scaling each configuration sa tezest & centroid size
(CS)of 1.0; rotation and translation are taken into account by centanichgotating the landmark
configuration so to obtain an optimal solution that minimizes the quadratic distances between
homologous points (Procrustes methddyie to the wetknown pattern of asymmetry in the
odontocete craniuniCoombs et al., 2020icLeod et al. 2007), the Thin Plate Spline (TPS,
Gunzet al.,200) was usedo reconstructhe positiors of missing landmarks using individuals
belonging to the same species and/or geasneferencepecimens, to tak@to accountthe

degree of asymmetry in the given specMissing landmarks were identified 84 specimens
(Appendix 3.1-List of specimens and missing landmar&sd in the majority of casdbey

were concentrated in the pterygoids. In order to detect their impact on subsequent analyses,
sensitivity analysewere performean two separate datasebneincluding28 landmarks and

another with a smaller number of landmarks 26)=

Although photogrammetry models were merged with those generated from Breuckmann laser
scanner (phenoMé@K datalase, n =25, sedor detailg, in Chapter 1, | demonstrated that the

two digitisingtechngues produce repeatable size and shape data that are appropriate to analyse
in macroevolutionary studies. This together with the very small proportion of laser scanned
specimens included in this study, eresthat scanning device has no impact on data analyses

and interpretation.
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Figure 3.1 Landmark configuration on Photogrammetpased 3Dmodel cranium ol
Grampus griseu§W1933.14 NHMLondon) in A) Dorsd, B) Ventral C) Lateral, and D)
occipital view. Sed@ able 3.1 for description.
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Table 3.1- Description of landmarks taken on odontocetes skull used in our GM analysis

Area No. Landmark description

1-2 Anterior tip of the right and left premaxilla
Point between the mdkary flange and the antorbital notch on the right and left lateral po

Facial Region

area into whiclthe maxilla and premaxilla 34 of the maxilla
expand during telescoping;i& bounded 5 Septum nasi osseum
posteriorly by thewuchal crest and laterally by th Apex of the nuchal crestr lamixloid crest (posterionost structurg in the midline of the
orbitotemporal crest 6 skull/dorsomedial margin of the supraoccipéathe intersection of this margin and the extet
occipital crest
: Junction of nuchal crest, temporal, parietal, occipital and frontal suture on the dorsal bg
Planum parietale 7-8 the temporal fosa
i e fossaovr\?g;rg 2 EEErEl (L eE 9-10 Posteriormost point on the temporal crest/on the curve of the parietal
Thisareais bounded by parietal, squamosal, 11-12 Junction of squamosal, exoccipital on the ventral border of temporal fossa/the suture |
i exocqlpltal and s.quamosal _
and alisphenoid bones 1314 Anteriormost point on the squamosalneopars squamosaportion of the temporal bon
(squama temporaljs
- 15 Opisthion middle point of the dorsal border of tliramen magnuran the intercondyloid notc
Occipital area :
16-17 Lateralmost margins of the foramen magnhum

consists of the interparietal, supraoccipitaid

exoccipital ossifications 18 Basion point located in the middle of the ventral margin offthr@men magnunin the incisura

intercondyloidae

Paroccipital process

lies lateral to the posterior end of the basioccip 19-20 Medial tip of the paroccipital process/ventralmost point of the paroccip
process
crest and the hypoglossal canal

Palatine 2324 Pterygoid hamulus; posterior margin of the hard palate and the border of thalibtary nareg

posterior portion of the hard palate, at the open

of the internal bony nares. It is bounded by th 2526 Anteriomost point of the palatine
maxilla, frontal, vomer, and pterygoid
Pars orbitalis 21-22 Posteroventral point of the supraorbital process of the front#le postorbital process
Orbital surface of the frontal
region bounded anteriorlyy thezygomatic 27-28 Anteroventral point of thereorbitalprocess of the frontal

processposteriorly by the temporal fossa
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Measurement error: repeatability on 3D photogrammebiased modeid andmark recording
was taken twice in four different sessions ddl individualsin order to quantifythe
measurement errgFruciano, 2016)repeatability, and digitizing ability of the operator (DV).
A Procrustes ANOVA was performed on MorphoJXioeshape component and therpentage
of measurement error was calculated by looking aaivbquare(MS) values following the
formula below(Fruciano, 2016; Sherratt, 2015)

v L34 E Q:Q&cme
2 - 3 ke 3!

R is the value of repeatability ortraclass correlation coefficient and varies betweeh) (@nd
S?a is the amongndividuals variance componefto find $a, the MS of the replicas termas
subtractedirom the individual term and divided by twthe number of replicas]hen, aratio
is computed by dividing the MS of the replicas terms by the totalBMfloratory procedures
can reveal outliers, and misplaced or inaccurate landmarks (Fru2dr&),Bastir et al. 2006)
andplotOutliers function ifigeomorpld was used to this ainfPrincipal Component Analysis
(PCA) scatterploin R (Team R, 2015), UPGMACardini, 2014)n PAST 2.17(Hammer et
al., 2001)and Mantel test in Morpho(Klingenberg, 2011)were performedto dlow the
identification of individuals affected e measurement err¢gAppendix 3.2 and Appendix
3.3).

Geonetric morphometric§GM) analyses The registereghapecoordinates antbgCS were
averaged for each species for subsequent macroevolutionary arfZblsitsh et al., 2012a,

2018) GM permits partitioning of the asymmetric and symmetric components of shape
variation(Klingenberg et al., 2002As many species of toothed whales show a high degree of
asymmetry in their crani@el Castillo, Viglino, Flores, & Cappozzo, 2017; Fahlke et al., 2011;
Galatius & Goodall, 2016; Huggenberger et al., 2017; McLeod, 2@0R)the asymmetric
componentis relevantto answer the introduced research questidhsse variables were
partitionedusing the function bilateral.symmetry in R, while the Fluctuating AsymntEtky
scores were exported from Morph@lingenberg, 2011)and used for further analyses.
Analyses were also perfromed on the whole cranial shape data without partitioning it in

symmetricandasymmetric componesit
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In addition,Procrusteb ased GM anal yses have a |l imitatio
(Viscosi & Cardini, 2011; Zelditch et al., 2012 the variation of the whole shape is limited

to a few landmarks within the configuration, the variation can spread acrosslatidhearks
misleading the real variation at each landmark, and generating an inconsistent estimation of
mean shapéViscosi & Cardini, 2011) As the Pinocchiceffect is well known within toothed

whale group (del Castillo, Flores, & Cappozzo, 2014)o landmarks (LM 12) on the rostrum

were removedand analysesepeatedon a configuration of 26 landmarks A PCA was

performed on the whole mean shape and asymmetric component of the Procrustes coordinates
to identify pattern of variation in between speciesaabacroevolutionary scal@escribing

patterns on the toothed whale trabove the species ley¢Reznick & Ridklefs, 2009)

Nine categorical and continuous variabhsre identified agcologicaldescriptorsof each
species fothe following parameterseeAppendix 3.4): 1) Superficial Sea water Temperature
(SST) can been defined as et toothed whales inhabits related with sea superficial
temperature considering maximum abundance, sightings, and stranding(Agppasdix
3.4.1). | divided toothed whales in: Warm, Temperate, Cold, da@dperate, Riverine, and
Temperate Mixed riverine, #m Mixed Riverine. 2) Body mass (weightand length was
calculated as mature adult average measures the mature average adult Apgightlik
3.4.2). 3) Diet was defined followng Slater et al. (2010) dncomparing his list with the
preferable prey eat by each specle®m this comparison | obtaineldrée cathegories: Fish,
squid, and fish/mammals eatedy.Diving ecology considers the species ability to dive in
depth. For that, diving range depths hdween collected fronDewey et al. (2010and
compared with ta diving ecology in Wursig (2009and species have been divided in: Deep,
Semipelagic and Shallogppendix 3.4.5). 5) Biosonarmodewas defined following Surlykke

et al. (2014) and Jensen et al. (2018)1i0d8l band (BB), NBHF,rad FM.As the sperm whale
(Physeter macrocephalugs not present in the dataset, Multi Pulsed (M&hegoryis not
shown 6) Frequeniesat maximumand minimunenergy (dB) of thecholocatiorsoundkHz)
wereconsideredollowing Jensen et al (2018)) EncephalizatioQuotient (EQ)quantifies the
variation in brain mass which is not explained by the allometric component between brain and
body massand also 8) Brain massvariable vere considered following Montogmery et al.

(2013) 9) Preymean, minimum iad maximumsize were taken fronMacLeoad et al(2017).

The Procrustes ANOVA (f un(ddamsetal., B0dGyasasedtd mo ) i
testthe association between cranial sizéholeshape symmetric and asymmetric shape, and

FA scores (indicating the degree of asymmetagpinst the ecological descriptorAs
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echolocation peak frequencjgsey size EQ and brain massere not available for all the

speciesanalyses weraunin four datasets with 60, 581 and 26 species.

Comparative method<henotypic data generally contain a phylogenetic signal due to the
tendency of species to showriaion depedert on their ancestrakor ths reasonspecieslata

are notstatisticallyindependent and they cannot be takem amgle observationTo test if

level of speciessimilarity differ with respect to some phenotypic traitfirst quantified
phylogenetic signal ircranial data (both size and shape) usingS€condly,Phylogenetic
Generalisd Least Square(Rohlf, 2001) approach was implemented using the function

fip r o ¢ D.(Adgms s&oCollyer, 2015) This allowed incorporation of the phylogenetic
covariance matrix as an error term in the Procrustes ANOVA modedgphylogengmployed

was a molecular one fronrMcGowenetal (2009) . Th®. pghsoi ass ame
phenotypic multivariate and univariate traits evolve under Brownian Motion (BM) mode of
evolution. This assumption was explored for shape data using disparity throught time plot. This
plot is generated by calculating the average digp&r shape variance) of each subclade
defined by t hetoteareseu :n otdlees Tad ti &li mkiediga rsit tayn.c ef
of each node in the tree, repeated over all of the tree nodes starting from the root (Harmon et
al., 2003). The obseed disparity curve is then compared with curves of data simulated under
BM. The area differences between the observed curve and the simulated ones is computed
using MorphologicalDisparity Index (MDI) that if is equal or close to zersupports no
departire fromBrownianMotion mode of evolution in the trait under investigat{@elditch,

Swiderski andSheets, 2012a2018) This same assumption was tested for univariate
continuous and categor i cfaContinueus/fitDasbrétéee si mu st meg
package phytools (Revell, 2012).

Thecomplete (mt + nuclear) maximulikelihood phylogenyfrom McGowen et al (2009vas
employed(Figure 3.2) as itcovered most of the species in our dataset, excefraella
heinsonj Sousa plumbeandS. teuszii. The function drop.tip allowetb select speciegresent

on the skulldateset. The three missing species were added to the topolagyallyusing
Mesquite(Maddison & Maddison, 200 Breaking théranch in half and attaching them to the
other species in the genus. The time of divergence of the new added taxa from their putatively
sister taxa was estimatadsunng that wouldbe comparable to their conspecific.

Phylogenetic signal Phylogenetic ignal for single trait valuegsize) and for shapelata
(Kmult Adams, 2014) wre calculated using the K statistic in different packages in R
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(Blomberg et al., 2003). Higher K values represent stronger phylogenetic isign#dait or
charater A value d K= 1 indicates thérait evolved under Brownian Motion (BMBlomberg,
Garland & lves, 2003)while K< (or > 1) means that relatives resemble each other less (or
more) than expected by BM (Blomberg et al.2003). To supplement the phylogenetic signal
evaluation, the Akaike Information Criterion (AIC) was used to carepwo evolutionary
models (BM andrnsteirUhlenbeckOU) using the R package Geidgetarmon, Weir, Brock,

Glor, & Challenger, 2007armon et al., 20149n univariate traitslf the OU is the best fjt

this would mean that the entire lineage of odortexes under selection for a specific t(émat

is directional evolution)Otherwise, if BM is the best fihe evolution of the trait investigated

shouldfollow a random walk
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Figure 3.2 Odontocete 3D wdel crania mapped onto phylogenetic éeepresentativgenera analyse
here (based on McGowen et al., 20@)lour rangdrom blue to red shosthe magnitude of difference
in sizein each specieSmaller speesare in blue while bigger are in reBeeAppendix 3.1for the list

of 3D modelsmuseum specimenand abbreviations.
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Landmark estimation and phylogenetic sigrieasirement error and missing landmadas
influence the phylogenetic signal coefficient. Fruciano et al. (2017) showed nidatdeks
difficult to recognize and place on the skull can affect theu and by removindghe one
showing highest percentage of measurement erdiiferent Kmult coefficients can be
obtained. Hencetwo separatedatasetswvere used tacompare Knult between them: one
contained 28 landmarksnd the other 26 after removitapndmarks 23 and 24 (these were the

commorestmissing landmarks in the dataset)
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3.3 Results

Measurement errerMatrix correlation between replicas supported a strong posance
significative correlation for both cranial size and shape in the whole dataset of 28 landmarks
(r=0.99 p < 0.0001).Repeatability indexalculated on the mean square of the rephcas

0.92 (Table 3.2), whileitwas0.986w t h t he f unc(Marcgetal.fi208p i ndex o

Phylogenetic signalA significant phylogenetic signal could be identified for both cranial size
(K = 0.653 p < 0.001) and shape (Kult = 0.565,p < 0.001). Reducing the landmark
configuration from 28 to 26n order to retain only the more robust configurattwad no effect

on K andKmult parametethat remained identical and statistically significant

Table 3.2 Procrustes ANOVA on sizddgCS] and shape component. The Rsq of variation
explains the contribution of each factor to overall variatRns the intraclass correlation

index.

Toothed Whales Rep ANGA

CS- SS MS df Rsq F p

Species 2.9E+07 490949.2427 59 0.98184 47.7 <0.0001
Individual 535181 10291.93861 52 0.01814 2850.3 <0.0001

Rep 397.191 3.610822 110 1.34E05

Total 3E+07

Shape~ SS MS df Rsq F p R

Species 5.20561 0.0022 2360 0.9449 21.33 <0.0001 0.0013
Individual 0.21513 0.0001 2080 0.03904 15.79 <0.0001 0.0014

Side (DA) 0.02153 0.00058 37 0.0039 88.85 <0.0001 0.92

Ind*Side (FA, 0.0269 6.6E06 4107 0.00488 1.39 <0.0001

Rep 0.03994 4.7E06 8470 0.00725
Total 5.50913
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Overall skull shape: PCAPC1 and PCZFigure 3.3) together accounted for 67.5% of the
total variancePC1 describes relativehanges in the rostruproportionsfrom narrow and
elongated (as ifriver dolphins' PC1 negative scores) to short and wide (PC1 positive scores,
the Kogiidag. The braincasewidth and lengthsimilarly load positively on PC1For PC1
negative scoreshé foramen magnumgharacterised by 4 landmarks (LM 15,16,17,18),
assumes a more circular shape and ventral posiien, landmarks othe pterygoid hamul
which delimit the posterior margin of the hard palate and the border of the internaldyeny
shift forward PC2 axis describes changes in tdwerall area of théemporalfossaand the
concavity of the profile of the facial region. PC2 negative values indicegdugtion in the
size of theemporal fossayhere the temporia muscleswhich close t mandiblehave their
origin. It also shows the dorsal shift of the unpadrlandmarls on the nubal crest. PC2
positive values characterise a shortening of the pterygoidafandard shift of the nasal area
asdescribed by landmark, sogether with tk forwardshift of the landmarks describing the

ventralmost point of thparoccipitalprocess.
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® Ziphiidae
@ Delphinidae
® Monodontidae
Iniidae
Kogiidae
¢ Lipotidae
® Phocoenidae
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Figure 3.3 Principal component analysis ®§mmetricodontocetes crania consensus shape for all specié8)(helonging to 9 families.

Species abbreviation lppendix 3.1
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PCA and ecological variableswhen the categorical variablesvere mappedonto the
morphospace, the PC2 separates species based on diet, biosonaanmdadeng ecology
(Figure 3.4), showing gpotentialpatternof associabn with cranial shaperhe bottoramiddle
part of the graph isccupiedby species who are squ&hters and deep divers, whda the

bottom leftspecifically showsquideatersanddeep diversvith FM biosonar belonging to the

Ziphiidae.
A B
5 Diet .: ll;‘l?gl';/,\mmmuls i Diving Ecology @ Deep
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Figure 3.4 PCA and ecological variables: A) di@®) ecology, and C) biosonar mode.

68



Chapter 3

Ordinary Least Square@LS) and Phylogenetic Generalized Leasu&@gq (PGL$ i The
Procrustes ANOVA showed a significant impact of mostly all the ecological variables on both
cranid shape and sizasing thedataset with 28 LMn=60) (Table 3.3). Prey size did not
impact craniashape and size while superficedawater temperatur€SST)had no effect on

size. Among all the variables, biosonar and water tempenatreethe ons explaining most

of the variationBiosonar 21%, SST 25% vai) cranialshape, while body lengi{{®6%var.)

and body mas&/7% var.)impaced cranialsize the mostAfter phylogenetic correction, only
body length,brain andbody mass prey size average and minimuwere significantly
associated with skull shagall explained around 5%, while brain masplained 13% of
variation)while sizewas also impacted biye biosonar modé10% var.) minimum (9% var.)

and maximun{8% var.)peak frequenciesand brain mass (30% var.)

For analyses made witlieducedlandmark configuratiorof 26 LM (n=60) (Table 3.4),
Procrustes ANOVA showed significant associations between most ecological variables and
both cranial sizgBody mass and Length explained around 80%, while the remaining around
45%)and shapéall of them around 18%Superficial water temperature wiag only variable

not associated with cranial sigg0% var.;p = 0.387) After phylogenetic correction, diving
ecology, and superficial water temperatwere associated with skull shageith diving
ecologyexplainingthe 8%,and SST 15% of variationyhile only body length and massre
correlatedwith both cranial shapépercentage of variation around 5%)d size(body L
explained the 59% and Body Mass the 40% of variation)

In Supplementary Materials 3.1, Supplementary Materials 3.2, significances of the above
listed variables can be due moreotte componenfasymmetric or symmetric componenf)
cranial shape or both of them

69



Chapter 3

Table 3.3 MANOVA and PGLS analyses performed on toothed whale crania with 28 LM on wholeisliapedatasets (6@6, 31,26 species)
to test covariation between crania size shape and ecological and megititeggp-values are in bold when significant (p < 0.05).

Procrustes ANOVA PGLS
Whole Shape 28 LM Shape Size[CS] Shape Size[CS]
60 species df Rsq F P Rsq ‘ F ‘ P Rsq F P Rsq | F ‘ P
Biosonar 2 021016 7.5832 0.001 0.5M96  39.35 0.001 0.03745 1.109 0321 0.1039 3.1804 0.049
Diet 2 0.08937  2.797 0.017 0.43384 21.839 0.001 0.02114 0.6154 0.825 0.04519 1.3488 0.264
Diving Ecology 2 0.15031 5.0418 0.001 0.45936 24.215 0.001 0.05561 1.6781 0.089 0.01621 0.4697 0.597
SST 6 0.25498 3.0232 0.001 0.05645 0.528 0.773 0.12115 0.82652 0.209 0.10735 1.0623 0.381
L 1 0.07963 5.0182 0.003 0.86023 356.97 0.001 0.06507 2.8185 0.005 0.55723 72.995 0.001
BodyMass 1 0.07127 4.4511 0.009 0.77561 200.47 0.001 0.05487 3.3671 0.017 0.40818 40.004 0.001
BM ~ Diet 2 0.43793 22.205 0.001 0.12794 4.1814 0.025
56 species ‘ df Rsq F ‘ P ‘ Rsq F ‘ P ‘ Rsq F ‘ P ‘ Rsq F ‘ B ‘
Preymean 1 0.02537 1.4058 0.187 0.00098 0.0529 0.825 0.05691 3.2584 0.01 0.00269 0.1457 0.733
PreyMax 1 0.01159 0.6332 0.597 0.00477 0.259 0.606 0.01301 0.7118 0.612  0.0834 4.9134 0.031
PreyMin 1 0.02058 1.1346 0.314 0.00401 0.2175 0.641 0.05709 3.2695 0.018 0.09281 5.5247 0.017
| 31species | df Rsq | F | P | rRg | F | P|] Rsga | F | P| Rag | F | P |
EQ 1 0.049 1.4929 0.215 0.385 18.156 0.002  0.027 0.8008 0.546  0.072 2.2901 0.146
BrairMass 1 0.123 4.0617 0.018 0.35 15.594 0.001  0.137 4.6107 0.008 0308 12.952 0.001
‘ 26 species ‘ df Rsq ‘ F ‘ P ‘ Rsq ‘ F ‘ P ‘ Rsq ‘ F ‘ P ‘ Rsq | F ‘ B ‘
kHzmin 1 0.09897 2.6362 0.049 0.36309 13.682 0.000 0.04959 1.2523 0.247 0.12578 3.4531 0.081
kHzmax 1 0.12444  3.411 0.014 0.66943 48.603 0.001 0.04988 1.26 0.261 0.42021 17.394 0.001
Biosonar 2 0.28387 4.5586 0.000 0.60719 17.776 0.001 0.11278 1.4618 0.135 0.17332 2.4111 0.121
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Table 3.4 MANOVA and PGLS analyses performed on toothed whale crania with 26 LM on whole sliapedatasets (66, 31,26 species),
to test covariation between crania size shape and ecological and metric vastablass aren bold when significant (p < 0.05).

Procrustes ANOVA PGLS
Whole Shape 26 LM Shape Size[CS] Shape Size[CS]
60 species ‘ df Rsq ‘ F ‘ P Rsq ‘ F ‘ P Rsq ‘ F ‘ P Rsq ‘ F ‘ P
Biosonar 2 02112 7.6311 0.001 045302 23.604 0.001 0.006 086% 0602 0.07605 2.3457 0.1

Diet 2 0.14862 4.9749 0.001 0.47234 25512 0.001 0.02544 0.744 0.733 0.05274 1.5869 0.208
Diving Ecology 2 0.15031 5.0418 0.001 0.45936 24.215 0.001 0.0818 2.5389 0.002 0.01282 0.3702 0.681
SST 6 0.2515 2968 0.001 0.10623 1.0499 0.387 0.15985 1.6806 0.007 0.12124 1.2188 0.299
L 1 0.16393 11.372 0.001 0.85573 344.04 0.001 0.07223 4.5156 0.001 0.59457 85.058 0.001
BodyMass 1 0.14408 9.7634 0.001 0.8014 234.04 0.001 0.04322 2.6201 0.009 0.40818 40.003 0.001

d

56 species | df | Rsq F|  P] Rsq F|  P] Rsq F| P] Rsq F| P]
Preymean 1 002793 1.5515 0.138 0.00006 0.0035 00957 0.08067 4.7386 0.001 0.00062 0.0335 0.884
PreyMax 1 00318 17736 0.083 000613 03332 0549 0.07733 45259 0001 0.07431 4.3348 0.038
PreyMin 1 001873 1.0308 0.374 0.00333 0.1803 0.66  0.02058 1.1347 0.312 0.06784 3.9298 0.052
| 31species | df | Rsq| F| P] Rsq| F|  P] Rsq| F| P] Rsq| F| P]
EQ 1 010312 3.3344 001 0.10007 3.2247 0.081  0.0436 1.3221 0.226 0.06283 1.9443 0.183
BrainMass 1 008736 2.7759 0.022 0.72655 77.051 0.001 0.06933 2.1602 0.038 0.78942 10872 0.001
| 26 species | df | Rsq Fl P Rsq] Fl P Rsq] Fl P Rsq] Fl P
KHzmin 1 008619 22637 0047 0.30628 10.596 0.005 0.05546 1.4093 0.176 0.10519 2.8212 0.116
kHzmax 1 01328 36753 0003 0060485 36.737 0.001 0.06497 1.6677 0.096 0.41451 16.991 0.001
Biosonar 2 020106 2.894 0.003 05199 12453 0003 0.10365 1.3299 0.178 0.13689 1.8239 0.204
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AsymmetryForthe PCA of asymmetric componsmtf shape, the PC1 summariz2sl 8% of

the variation Figure 3.5). Along this axis, individuals that are located towards the negative
region showhigher FA Procrustes scorBigure 3.6). The Procrustes ANOVAT@able 3.2)
showed significant effects dletweenindividualsvariationon shape as well aseasurement
Side representing the Directional Asymmetry (DA), and interaction between individual and
side, representing Fluctuating Asymmetry (FA). Species showed difesrémthe magnitude

of the Fluctuating Asymmetric componeriR¢q=0.71891p=0.00] (Figure 3.6). Procrustes

FA scores sea surface temperature abmbsonarshowed a significantorrelation with
asymmetric shape componéhable 3.5), while EQ(explained 22% of the varianca)d Body
Mass (explained the 12% of the variancaje the only two significant parameters after

phylogenetic correctionl@ble 3.5).

Table 3.5 OLS and PGLS analyses performed on toothed whale crania with 28 LM on whole
shape in four datasets (60, 56,31, 26 species), to test covariation between the degree of cranial
asymmety and ectogical and metric variableg@-values are in bold when significant (p <

0.05).

OLS PGLS
Dataset 28 LM FA scores FA scores
60 species [df| Rsq | F | P Rsq | F | P
Biosonar 2 0.109 3.4865 0.041 0.01839 0.5339 0.562
Diet 2 0.01959 0.5694 0.554 0.04108 1.221 0.295
DivingEcology 2 0.00007 0.002 0.998 0.08634 2.6932 0.079
SST 6 0.22752 2.6017 0.04 0.18971 2.0681 0.091
L 1 0.01369 0.8053 0.365 0.05027 3.0699 0.071
BodyMass 1 0.01822 1.0761 0.297 0.12866 8.5645 0.01
| 56 species |df{ Rsq | F | P | Rsq | F | P |
Preymean 1 0.00658 0.3576 0.543 0.03524 1.9725 0.184
PreyMax 1 0.00829 0.4515 0.505 0.02571 1.425 0.24
PreyMin 1 0.00475 0.2576 0.629 0.05481 3.1316 0.074
| 31species |df{ Rsq | F | P | Rsq | F | P |
EQ 1 0.04027 1.217 0.27 0.22428 8.3846 0.006
BrainMass 1 0.01507 0.4437 0.534 0.03411 1.0242 0.319
| 26 species |df{ Rsq | F | P | Rsq | F | P |
kHzmin 1 0.00384 0.0925 0.755 0.00256 0.0617 0.79
kHzmax 1 0.00384 0.0925 0.755 0.00384 0.0925 0.755
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® Ziphiidae

@ Delphinidae

@ Monodontidae
Iniicae

Kogiidae
* Lipotidae
® Phocoenidae
® Platanistidae
® Pontoporiidae
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Figure 3.5 PCA onasymmetric component of spa for all species (n=60) belonging to 9 families.
Species abbreviation lppendix 3.1
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Figure 3.6 Box plot of FA Procrustes scores #) within subfamilies an®) related to

SST to determine whetherdite is greater variation in FA in one group relative to anotl

74



Chapter 3

3.4 Discussion

Cranial morphologyand ecological variablesThe correlation of cranial anatomical features
with ecological andeedingdata strongly support the hypothesis th#ferent skullshapes of
toothed whales usdifferent feeding strategiesssociated with dieto capture their prey
(Werth, 2008@).

PC1 which explais mostof the variation in the analysedlontocetecranial shape sample, is
associated with the relative elongatidrhe rostrumalong a spectrum frotongirostrine (e.g.,
Pontoporig to brevirostrine (e.g.Kogia spp), which is the main feature linked to the diet
(Werth, 2006. Longirostrinespecies (generally ichthyophagousve a long and slender
rostrum that allws for a rapid capture of prégam feeding), while brevirostrirgpeciehave

a broad and short rostruiicCurry & Pyenson, 2019usually associated with suction feeding
(Werth, 2006a, 2006bYhe phenotypes of the extant pardpreyt i ¢ group of Ori
(Platanistg Inia, Pontporig andLipoteg area good example of how selective pressures such
as feeding strategy may cause the ecological converganttee skull shape with other
ichthyophagous forms such as crocodiles rfé@Wall, 20®; McCurry et al.,2017; Page and
Cooper, 2017)It is alsointeresting to note that marine mammals/fish eatrsifus orca
Pseudorca crassidensnd Peponocephala electyashowed a similar robust cranial shape
which is an advantage when catahand killinglargeprey.

On PC2, he braincasds posteriorlycompressedndthe facial regiorhasa more concave
profile, a charactealso associated witlsound production, directionalityof sonar clicks
(Gal atius & Gol 6di n, 2 0, hrtl peepéranatdpelagic Isabitdis Go o d a
(Cozzi et al., 2017)Along this axis it is also possible to detect ¢hevation of thewuchal crest
which in ziphiidsis mainly due to theresence of &ery wide melon(Bianucg, Di Celma,
Urbina, & Lambert, 2016)Changes in this area aessociatedvith the development of
premaxillary creststhe general elevation of the vertex, increaseshe surfaceareaof
attachment for facial muscleshich is associatedvith movementof the melon to focusf
echolocation sound€ranford et al., 2008; Heyning, 1986lhis elevatiommayalsoincrease
the surface insertion of the muscles on the occipital p@te. of these isn. semispinalis
which originates 'om the dorsolateral surface of tlall and progresses in a caudal direction
to the middle of the thoracic regid@ozzi et al., 2016)This muscle increases the swimming

stability, and is usually associated with pelagic and desger ecologyCozzi et al., 2016)
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However, changes in cranial anay in ziphiids seems to be more related to echolocation

rather than locomotio(Bianucci et al., 2016)

Phylogenetic signal was stronger for size compared to shape. Phylogenetic signal has been
detected in the cranial shape of different mammalian gr@Apswudo, Toledo, Soibelzon, &
Bona,2019; Camargo, Machado, Mendonga, & Vieira, 2019; Cardini & Elton, 2008; Jones &
Goswami, 2010and it has been suggested that complex morphologies (such as the skull) are

more likely to reveal a phylogenetic signal rather than simpler stru¢fody, 2001)

In fact,the most basal taxauch as’latanistaandKogia) were quite divergent in morphology

from all the others and that family groups appears well separated by PC1 vs PC2, a pattern that
we commonlysee in many mammalian groups (e.g. kkaf pimates, carnivores, ungulates

These opposite cranial shapes hatbaificant influence on the identification lafrgesources

of variation in the analysedcranial morphology datasetThe history of fragmest of
odontocetes genoneSz° | | Rs i , Tanni e€01lp)deBcabedthanextrerelyBo u s s
longirostrine species will possibly evolve againLipotes Pontoporiaand Inia after giving

way to the evolution of deep divers cranial morphology. In extinct odontoceti longirostry
feature evolved multiple times, diffetyn if only exant toothed whales are considered.
However, data show thatall species have adjacent positions to their close relatees
Globicephalinae, Lissodelphininai) the morphospace, which ike topologyproposed by
different studies(Agnarsson & MayCollado, 2008; Galatius & Goodall, 2016; McGowen,
Spaulding, & Gatesy, 2009and cranial features are conseln Lissodelphininae compeat

to Delphininae species that occupy a larger range of PC1 fGakdius & Goodall, 2016)

Nevertheless, after phylogenetic correctidiet is not significantly associated wittranial
shapéan the dataset with 60 specid@hatdenotes the importancd considenng the orophacial
morphology and the shape of the head to test the correlation between diet andriddide,
as in toothed whales the shape of the head differs from the shape of tl{#aksttiall, 2009;
Werth, 2006a)

Cranial size andiosonar- My results are consistent with previous $&sgwheresize scales
positively with diving abilitiegNoren & Williams, 2000and biosonar mod@alatus et al.,

2018; Jensen et al., 201%loreover, they support a correlation between maximum peak
frequencies and cranial size, even after phylogenetic correction, that is expected based on the
well-establishegbattern of body size constraion sound prduction Jensen et al., 2018In

fact, sze and slow clicks rate in Zipldae play an important role in foraging performance as
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having a large size increases their detection prey range (Jensen et &).,VZBile in
mysticetes the body size increasedmythe Mioceneanda correlation with prey abundancy

was found,n odontocetes there is a decrea$dody size through time (Slatet al.,2010)

with a phylogenetic mean body size larger for squid feeders and deep @iisiis.consistent

with cranialsize resultsContrarily to other specie§rcinus orcaseems to have increased its

size for predation instead of feeding and dive abilit@®alatius et al., 2018; Harmon et al.,

2014; Slater et al., 2013ound production seem to be correlated with body size (Jensen et al.,
2018), and a link between size and deep diving abilities has been mentioned in several works
(MacLeod etl., 2006; McCurry & Pyenson, 2019)oothed whales have a wide range of body
masses, a characteristic that is correlated with diving abilities (Noren and Williams, 2000).
Foraging underwater has an enormous cost due to the challenging 3D environnvemdlasd

have evolved ways of minimizing these costs, such as an increased body size. Large body size
increases the dive duration through the increase of the amount of oxygen stored in the muscles,
and the decrease of the mass specific metabolic rate €KldiB75). Thereby their ability to
perform long dives at depth is improved, and different biosonar types evolved, in order to
enhance directional sonar beam for prey echolocation at specific ®&pthdke et al., 2014)

and a convergence of cochlear shape, as adaptation to deep enviroments, has also occurred
(Park et al., 2019)

EQ, Brain massand cranialsize andshape My results show that EQ is only related with the
degre of asymmetry while Brain mass correlates with cranial shape andrsibe. toothed
whale,body size is also related tive encephalizatioprocess through encephalization quotient
(EQ=brain mass/body mass), whicttreases in toothed whales comparetidteen whales
related to eholocation abilities(Marino et al., 2008; Marino, McShea, & Uhen, 2004;
Montgomery et al., 2013Having a large brain increases cognitive abilities, fatitig greater
information processingDudzinski et al., @09; Marino et al., 2004¥ocial ecology and
communicationNMontgomery et b, 2013) Small toothed whales, such as species belonging
to Delphinidae, with &igh EQ (encephalization quotierid. delphis3.962 Ridgway, Carlin,

& van Alstyne, 2018)and bigger braitive in pods. The benefit to likg in pods when the
bodysize is so small might belated to redung predationrisk, to increase prey capture, to
improve reproduction and to survive in cold temperatfesvedoGutiérrez, 2009)Also,
the encephalization process has been propdsdit related witlthe invasion of the aquati
environmen{Marino et al., 2004; Marx et al., 2018hermoregulatiofManger,2006; Marino

et al., 2008pand diet(Slater et al., 2010)
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AsymmetryIn this study the percentage of variance explaineB&dwas greater thaDA. As

the odontocete skulishows asymmetryCoombs et al., 2020; Cozzi et al., 2016; Fahlke &
Hampe, 2015)these esults agreed with expectations based on previous studies (Fahlke, 2015).
The FA accounted foB.8% of total shape variatiofi able 3.2). Similar results for FA were
found when single species were analysed suchLagenorhynchus australi§8.5%), L.
obscuus(9.5%;del Castillo et al., 2017ephalorhynchus commersdii0%; del Castillo et

al., 2016) andPseudorca crassider{&0%, Chapter 5).

Investigation of degree of asymmetry in cranial shape did not reveal a pattern related to
minimum prey size detected and Biosonar mod&r phylogenetic correction. But, a
correlation between degree of asymmetry and EQ and body mass was féendver, no
relationship betweethe degree ofranial asymmetry and Biosonar mode has lakacted

which is in line with previous studig¢&alatius & Goodall, 2016; Galatius et al., 2018)en

if skull asymmetryin Odontocetes is strongly related to echolocaf{eranford et al., 2008)

Althoughpotentialdifferences influctuating asymmetry scor@snong speciesanbedetected
(Figure 3.6), the degree of asymmetry does not seem related to sound prodiuietiba 3.5)
(Galatius & Goodall, 206; Hirose, Nakamura, & Kato, 201%nd spectral peakThis is in
contrast with what was predicted Byanford et al(1996) However, only peak frequencies
for 26 species (out of 60) were available in the literatleasen et al., 2018hd a large sample
size might change this conclusion. Correlation between asymneetmponent oshape and
waters they inhabit was four{ffigure 3.6B) with Temperate Mixed River (TMR) taxa being
more asymmetrical. Even though, no correlation wasddgtween level of asymmetry and
biosonar mode, there are differences that might not be correlated with the phyMgehgod
et al., 2007; McCurry, Fitzgerald, et al., 201Thus, factors linked wit asymmetry seem to
be associated to melon si¢dirose et al., 2015pand to detect the mihum prey sizéMaclLeod
et al., 2007, 2006; McCurry, Fitzgerald, et al., 20And averaged prey sizéupplementary
Materials 3.1, Supplementary Materials 3.2) by using a specific biosonar type.

Several studie@Churchill et al., 2018; Coombs et al., 20Zanford et al., 1996; Geisler et
al., 2014; MacLeod et al., 2007; Park, Fitzgerald, & Evans, 20di6jed out that asymmetry
of cranial anatomy of toothed whales is driven by adaptationsifh frequency sound
production. The asymmetric shape and presence of specialized fats in the melon allow direction
of energy from biosonar signals into a highly directional sonar beam for prey echolocation and
improves sound dispersion in the wa{&urlykke et al., 2014)This system of sound
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production for echolocation has diversified into different forms resulting in a different degree
of cranial asymmetry within toothed whalé€Soombs et al., @0; Fahlkeet al., 2011;
Huggenbergeret al., 2017) Tradeoffs between size, frequencies emitted and beam
directionality are knowr(Jensenret al.,2018) The NBHF biosonar mode appears to have
evolved four times irsmall sizedistinct morphological and elomical groups of toothed
whales, i.e., Kogidae, Phocoenidae, Pontoporidae, and Lissodelphi@Gmlagus & Goodall,
2016; Galatius et al., 2018; Jensen et al., 2018; Surlykke et al., 20thdughthese lineages
showdifferences in ecology and skullarphology, it seems that the degree of asymmistry

not related to sound producti¢fable 3.5 which is in line with previous studi¢&alatius &
Goodall, 2016; MacLeod et al., 2007)

Superficial Sea Temperature (S&Td cranial shape andizePrey average, prey maximum

size, and SST were correlated with both symmetric and asymmetric campbsbape in the

dataset with 26 landmarks. Temperature and sea levels fluctuations in glacial and interglacial
cycles, cause a habitat variatidarx et al., 2016)A change in temperature is likely to change
abundance, distribution and size of prey, making one cranial shape prevailing instead of another
(McCurry & Pyenson, 2019)These ecillations influenced the evolution of longirostrines
morphology in toothed whales in the Miocene and the Pliofo€urry & Pyenson, 2019)

that was linked to the emergence of different ecological feeding nite&urry et al., 2017)
Moreover, many studies (Natoli et al. 2004, 2006; Escoreaino et al. 2005; Adams and

Rosel 2006; Moller et al. 2009; Morin et al. 2010; CharlRobb & al. 2011; Amaral et al.

2012a; Andrews et al. 2013; Mendez et al. 2013; Moura et al. 2013) hypothesized the evolution
of dolphin morpho ecotypdse toecologicalpressuresSST gradient of the oceans varies as a
function of latitudegradually increasinfyjom Polar Regions towards the equaiidris gradient

is reflected on the cetaceans world distributamd body size patterns seem to correlate with
temperature in accordance with Bergamannods
Southern Hemispher ( Br odi e, 1975, Torres Romer o, Mo r &
2016) Contrarily, in the Northern Hemisphere salinity and (TeResnero et al., 2016)
productivity ( C| ement z, Fordyce, Peek, & Fox, 2014
Romero et al 2016)seem to be better predictors of body size in cetaceans. In toothed whales
evolution, it was also recognised that a global cooling during the early Oligocene and-the Plio
Pleistocene promoted cetacean body size decrease instead of i(Megasa al., 2016)Some

parallel on environmental variation and morphologicalifications (Grant & Grant, 2002;
Hairstonet al., 2005; Kinnison & Hendry, 2001; McCurry & Pyenson, 2019; Millien et al.,
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2006; Read & Gaskin, 199@as found, but these species may also be the exception to the

Bergmannds rul e.

3.5 Conclusion

In spite of the welestablished link betwediodysize and diein cetaceanéSlater et al., 2070

this study found little support for such association in the toothed wtralesim,since cranial
sizewas not related to diet iadatasebf 60 living speciesSo,it is likely that skull size does

not relate talietbecauset varies less compared to body m&ige is related to many aspects

of ecomorphological variation, and it correlates with the whole cranial morphology as evidence
by the allometric signal detected in this sample. For example, diet and how éis shap
cranium in toothed whales can be strongly related and governed by bodsies. studies
(MacLeod et al., 2006VicCurry, Evans, et al., 2017Qund a weak correlatiobetween prey

size and body size@hen raptorial and suction feeders where takendwle, and when suction
feeders were excluded the correlation was stronger. In this study, once the phylogenetic
comparative methods were applieabost of these relationships were notngigant, and only

a correlation between cranial size and biosonar was found together with the expected
association between cranial size and body lengthbaag and brairmass. Restricting the
sample to the species for which prey size data were avaifablades also strong support of
association between both cranial size and shape and minimum prey size. This suggests that
hunting specialiggon plays a key role in cranial morphology of Odontocetes (McCurry, Evans
et al. 2017). This applies for averageymass as well in the case of shape while size correlates
positively also with maximum prey size. Larger sizes might be argued to allow production of

stronger bite force necessary to catch and hold large prey such as is the case for the killer whale.

80



Chapter 3

References

AcevedeGut i ®rr ez, A. ( 2 0 0 &ncycldp&iia ool rparine enanamals o r 6 ,
Elsevier, pp. 51i1520.

Adams, D. Cetal. ( 2016) 6Geomor ph: Software for geo
Comprehensive R Archive Network.

Adams, D. C. and Collyer, M. L. (2015) O0Per
anal yses of high di mensi onal EvellienWdey @rdinea : Wh a
Library, 69(3), pp. 823829.

Agisoft LLC (206) 6 Agi sof t P h o tPoofessianal Etlitore VersidraOQwWa | 6 ,
doi: 10.1080/00220671.2013.836468.

Agi soft LLC (2018) Profésgional oEdition, Rdrsioh olR2doia n 6 ,
10.1016/}.jss.2015.07.002.

Agnarsson, |. and Magollado,L.J.(208) 6 The phyl ogeny of Cetart.i
of dense taxon sampling, missing data, and the remarkable promise of cytochrome b to provide
reliable speciet e v e | p h WMolecutpe Fhylogenétics and EvolutioBlsevier, 48(3),

pp. 964 985.

Arnaudo, M. E.etal ( 201 9) O0Phyl ogenetic signal anal ys
(Carni vor a,PeeM@®@eend ént.,i7,a)eb597.

Au, W. W. L. (2012)The sonar of dolphinsSpringer Science & Business Media.

Au, W. W. L. and Lammers, M. O. (2014 6 Cet a c e a nSprngeo Hasdbook of 6 , i n
Acoustics Springer, pp. 843875.

Barroso, c. , Cranford, T. W. and Berta, A.
functional and e v oJbumnal iofoMogmolpgy Wikeyp Online &ilbaryo n's 6 ,
273(9), pp. 10211030.

Bert a, A. , Sumi ¢ h, J. L. and Kovacs, K. M.
Marine Mammals: Evolutionary Biology. Academic Press, San DiegppAt9 85.

Bianucci, Getal.( 2016) ONew beak eMiocenk af Peeusandfevidente far h e | ¢
convergent evolution in stem arPderd®Peedwo, Zi phi
4, p. e2479.

81



Chapter 3

Bl omber g, S. P., Garl and Jr, T. and | ves, A
comparative data: behavidra t r ai t s alEvelution WMiley Onliree liibrérye 97(4),
pp. 717 745.

Brodie, P. F. (1975) 06Cetacean enerEgoogyi cs, a
Wiley Online Library, 56(1), pp. 15261.

Camargo, N. Fetal. ( 201 9) | shape pradicts arboreal activity of Sigmodontinae
r o d e Jourreléof ZoologyWiley Online Library, 308(2), pp. 12838.

Cardini, A. and EIton, S. (2008) O6Does the
modul ar ity i Biologidaldourgal & the lnrmean SocietPxford University
Press, 93(4), pp. 81834.

del Castillo, D. L.et al. ( 2016) 6Crani al devel opment and
Commer s o n 0 s CepHdatothym¢hiisn commersonii  commerson8D geometric
morphometric appro&cbéJournal of MammalogyOxford University Press US, 97(5), pp.

1345 1354.

del Castillo, D. L.et al. (2017) 6Skul l ontogeny and mo d |
Lagenorhynchus: Mor phol og iJoumél of morghologysVdely o gi ¢ a l
Online Library, 278(2), pp. 20214.

del Castill o, D. L., FI or es, D. A. and Capp:
sexual di morphism of franciscana dol phin sk
Journal of morphologyWiley Online Library, 275(2), pp. 13661375.

Churchilb, M.etal.( 2016) O0Thef oegqgeéemc ypf hé&wgrbmBjologyn wh a l
Elsevier, 26(16), pp. 2142149.

Churchill, M.etal.( 2018) O6éEvolution of <crani al tel esco
Od o nt oHvautian Wiey Online Library, 72(5), pp. 1092108.

Cignoni, P.etal.( 200 8) 0 Me s bsloaulr:c ea Mme @ fhe rpBurogeaphics i ng t
Italian Chapter Conference doi:
10.2312/LocalChapterEvents/ItalChap/ItalianChapConf20081B3%

Cignoni, P.,, Cosi ni , M. and Ranzugl i aj;sourGe 3D M2sb 0 8) 0
processing s y sHREIMG |, News doi:
10.2312/LocalChapterEvents/ItalChap/ItalianChapConf20081B3%

82



Chapter 3

Cipriano, F. ( 23dédDplphinitagenahynchuscacuttis iEncyolomdia

of marine mammal<£lsevier, pp. 5668.

Claude, Jetal.( 2004) OEcol ogi cal correlates and ev
turtl es: a geomet r i cSysematip BidogySdciety af Syatsngmtecs S me n
Zoology, 53(6), pp. 93948.

Clementz, M. Tetal.( 2014) OAncient marine i sofeediagpes an
by OI i go c e PaaeageograpbyePalaendimatology, Palaeoecal&iyevier, 400,
pp. 28 40.

Cooke, S. B. and Terhune, e@O.meEriC20mbbhp h@mmer n
Anatomical RecordWiley Online Library, 298(1), pp.i28.

Coombs,E. ktal.( 2020) OWonky whales: the evolution
BMC biology BioMed Central, 18(1), ppi 24.

Costeur, Let al.( 2 0 1 8)bony lablyrinth of toothed whales reflects both phylogeny and
habitat pScienfifierepertsMatuse ®yblishing Group, 8(1), pp.6l

Cozzi, B., Huggenberger, S. and Oelschlager, H. A. (28h&jomy of dolphins: insights into
body structure anflnction Academic Press.

Cranford, T. Wetal.( 200 8) 60Anat omic geometry of sound
Cuvi er 6 s bapahiksealirosiriy d@ heeAnafomical Record: Advances in Integrative
Anatomy and Evolutionary Biology: Advances inegrative Anatomy and Evolutionary

Biology. Wiley Online Library, 291(4), pp. 35378.

Cranford, T. W. , Amundi n, M. and Norris, K.
in the odontocete nasal ¢ o0 mp Joerxal ofmorphplbgy c at i or
Wiley Online Library, 228(3), pp. 22285.

Crespo, E A (200 9) Podatéporia blainvitkeicEaaydopedia df mdrimen 6 ,
mammals, pp. 463169.

Crespo, Enrique A (2009) 0 S &ncyclopeddanoé Marirea n  a q
Mamnals. Elsevier, pp. 10711076.

Dewey, T. , Shefferly, N . and Ha Wmwversity of A . (2
Michigan Museum of Zoology

83



Chapter 3

Donahue, M. A. and Perryman, Fé&kksaditenua@2 00 8) 0
Encyclopedia of marine mamieaElsevier, pp. 93839.

Dudzinski, K. M. , Thomas, J. A. and Gregg,

ma mma | Bnéyclopedia of marine mammak=sevier, pp. 26269.

EscorzaTr evi Yo, S. (2009) 60 No r tHBmcycPpedia d¢f Mane Mar i n
Mammals Elsevier, pp. 781788.

Evin, A.etal.( 2016) & T h gange protognaimmaetry io Zo@archaeology: Creating
accurate 3D models of wol f Jawma ofiAmhadologicad t u dy

Science: Report€lsevier, 9, pp. 803

Fahlke,J.Metal.( 2011) O6Cranial asymmetry in Eocene
of direct i on alProdeediags bfrihg Natianal AcadereyrobSciensiasional
Acad Sciences, 108(35), pp. 14548548.

Fahlke, J. M. and Hampe, 0.2 015) oO6Cr ani al symmetry in bale
and the occurrence of crani al alkeySuviemeetof y t hr
Nature Springer, 102(910), p. 58.

Fal kingham, P. L. (2012) daifenspoal nsodets usmgfree f hi g
opensour ce, phot og rPalaeoreotogia etectrenmdlS(1l)yyp. 5 6 ,

Fordyce, R. E. and de MUI ZON, C. (2001) OEV
Secondary adaptation of tetrapods to life in watéerlag Dr. Friedrich Pfeil Minchen,

Germany, pp. 16233.

Fruciano, C. (2016) O6Measur e mewlopmentgenesand n ge
evolution Springer, 226(3), pp. 18258.

Galatius, A.et al. (2018 ) ORai sing your v eband éigh:freqeency | ut i o |
signals in t oot heBiologidaladuma of the LindeamSoaeppell. ) 06,

Gal ati us, A. and Gol 6di n, P. E. (2011) O6Geo
s,ape in the harbour p o Canadias ournglPhZoaogylRCa p hoc
Research Press, 89(9), pp. B8%9.

Gal ati us, A. and Goodal |, R. N . P. (2016) 6
adapt ati on aJoudnal afsnprphadgyt Wilgy @nline Library, 277(6), pp. 776

84



Chapter 3

785.

Geisler, J. H., Colbert, M. W. and Carew, J.
origin for t oot hNaturenMawad PablishiogiGoolpo508(A496) pp.a383
386.

Gillet, A., Frée®r i ch, B. and Parmentier, E. (2019) oC
axi al skel eton as a potent i Rrbceekliegy of themRogall at i o
Society BThe Royal Society, 286(1916), p. 20191771.

Goodal I, R. N .cledorpoiée2h0ddehd diopti®d Eencytlopedia of marine
mammals, 2nd ed., WF Perrin, B. Wirsig, and JGM Thewissen (eds.). Elsevier, Burlington,
Massachusettgpp. 10871091.

Gowans, S. (2009) O0Bottl enose Whal esin Hy p e

Encyclopedia of marine mammaksevier, pp. 129131.

Grant, P. R. and Grant, B. R:ye@2062ud§Umnfr éc
f i n cdeiense®merican Association for the Advancement of Science, 296(5568), pp. 707
711.

Gunz,Petal.( 2009) OPrinciples for the Woumdlofal rec
human evolutionElsevier, 57(1), pp. 482.

Gutstein, C. Setal.( 2014) O6High frequency echol dcati on
freshwater transition: A compdra v e study of extant and e

Palaeogeography, Palaeoclimatology, Palaeoecol&dyevier, 400, pp. 674.

Hairston Jr, N. Getal. ( 2005) ORapid evolution and the
evol ut i oBcalogy lettersWiley®nline Library, 8(10), pp. 1114127.

Hammer , ., Harper, D. A . and Ryan, D. D.
STATI STICS SOFTWARE PACKAGE FOR EDUCATI ON ¢
Palaeontologia  Electronica 178kb. T. Harper. Geological Museundoi:
10.1016/j.bc2008.05.025.

Harmon, Letal.( 201 4) 0 P a c Biargoematicg@teseee 240pp. , 1P231.
Harmon, L. J., J. A. Schulte, A. Larson, and J. B. Losos. 2003. Tempo and mode of evolutionary

radiation in iguanian lizards. Science 301:0834.

85



Chapter 3

Harmon,L. J.etal.( 2007) OGEI GER: i nvest i @ianfarmatcs ev ol ut
Oxford University Press, 24(1), pp. 12%1.

van Heteren, A. Hetal.( 2014) OFunctional mdJrspstspelaer)yy y o f
cranium: a threelimensional geometi ¢ mo r p h o meQuaternary lataratiogas i s 0 ,
Elsevier, 339, pp. 20216.

Heyning, J. E. (1986 Comparative facial anatomy of beaked whales (Ziphiidae) and a

systematic revision among the families of extant Odontdd¢€tiA.

Hirose, A., Nakamura,G and Kat o, H. (2015) 6éSome aspect
i n t oot hkanmal BtadyBeo®ri, 40(2), pp. 10108.

Hocking,D.Petal.( 2017) OA behavioural framework for
aqguati c Pammeadiads Hthe Royal Society B: Biological Sciencdhe Royal
Society, 284(1850), p. 20162750.

Hooker, S. K. (2009) O T &myclbpedia oMtadne ManmglsOd o nt «
Second Edi. Elsevier, pp. 117BL79.

Huggenberger, S., Leidenberger, S. and Oeélsclg e r H. H. A. (2017)
nasofaci al skul | i n Joarpat o ZodlogyWtiley IOrlise Lipr&ygl o nt o C ¢
302(1), pp. 1623.

Jefferson, T . -toAthed doprindSeeno brédarensig, h Encyclopedia of
marine mammalsEsevier, pp. 990992.

Jensen, F. Hetal.( 201 8) ONarrow Acoustic Field of Vi
Toot hed Wh aCuerenBBiology Blsewdar, @8(23), pp. 3878885.

Johnson, Metal.( 200 4) O0Beaked whalRoseedng bfdhe ®ayalt e on
Society of London. Series B: Biological Scienddé® Royal Society, 271(suppl_6), pp. SB83
S386.

Johnson, Metal.( 200 6) OForagi ng Bl Kesopbdoh deesibostlisb e a k e ¢
produce distinct click types matched to different ghas o f e ¢ hJournalcobi t 1 on o
Experimental BiologyThe Company of Biologists Ltd, 209(24), pp. 503850.

Jones, K. E. and Goswami |, A. (2010) 6Mor ph

pinnipeds (Mammalia, Carnivora): convergence, ecology, ontggenya n d di mor phi

86



Chapter 3

Carnivoran evolution: New views on phylogeny, form anfd functipn342 373.

Kane, E. A. and Marshall, C. D. (2009) 06Comp
odontocetes: belugas, Pacific whitided dolphins and lorafijnned p | ot  wdumdl efs 6 ,
Experimental BiologyThe Company of Biologists Ltd, 212(24), pp. 3063950.

Kasuya, T. ( 2 0 0 9) Ber@r@iusdairdiiantBe aanknadd, Encliobpediasof

marine mammalsElsevier, pp. 49800.

Katz, D. and Friesayl. (2014) 63D from standardodigital
prel i minar YAmaicas mwralmnePhytsiéal Anthropolad¥iley Online Library,
154(1), pp. 15L158.

Kelkar, N.etal.( 2018) OForaging and feedamigveconé¢wvigew
Mammal ReviewWiley Online Library, 48(3), pp. 19208.

Ki nnison, M. T. and Hendry, A. P. (2001) o]
contemporary micr oev ol uMicroevolutionoateppattern,@mocessand p
Springer, pp. 146164.

Kinze, C. C-Beaked DapBinLagéndrhynchus albirostris, Enicyslopedia of
marine mammalsElsevier, pp. 1255.258.

Kl'i ngenber g, C. P. (2011) 6Mor phold: An I N
mo r p h o miEldleculaEsofbgy Resourcesloi: 10.1111/j.175%998.2010.02924 .x.

KIl'i ngenberg, C. P., Barl uenga, M. and Meyel
structures: quantifying var iBvlitienWiley @dineg i ndi
Library, 56(10), pp1909 1920.

Kyhn,L.Aeta.,( 2009) O6Feeding at a high pitch: Sou
frequency clicks from echolocating esfh o r e hour gl ass dol phi ns a
d o | p Hrhendsuthal of the Acoustical Society of Amerisaousti@l Society of America,

125(3), pp. 17831L791.

Kyhn, L. A.etal. ( 2010) OEchol ocati on i hagesoyhgmghag r i ¢ |
australig and Commer sGephalarhyndhod gorhmersgnproducing narrow

band highf r e g u e n cJpurnallofi Eqériséntal Biology The Company of Biologists

Ltd, 213(11), pp. 1940.949.

87



Chapter 3

Kyhn, L. A.etal.( 201 3) O0CIlI i cking 1 n abark,ihigifreguencywh al e
biosonar clicks of harbour porpoidehocoena phocoepja and Dal Phbosenpides poi s e
dalli) ®IpS onePublic Library of Science, 8(5).

Lewis, J. S. and Schroeder, W. W. (2003) 06Mu
the bottl enose dol QutofkexicorScign¢g2é(l)fHpl% r i da Keys o,

Li,Y.eta.( 2010) ib6dphegdrearPrestin unitecurrent hol oc:
Biology. Elsevier, 20(2), pp. R3R56.

Linder, W. (2016)Introduction. In: Digital PhotogrammetrySpringer, Berlin, Heidelberg.
Avalilable at: https://link.springer.com/content/pdf/10.1007/3¥810-927259.pdf.

Li psky, J. D. ( 2 0 0 9 )EncycRpedichaf Mavwrte dManenalBliseviep hi ns 6,
pp. 958 962.

Louel |l a, M. and Dol ar Lagenadelphi? bsei9 Encyilépediasofe r 6 s d
marine mammalsElsevier, pp. 463471.

Mac Leod, C. D. (2002) O6Possible functions of
beaked whaleMesoplodon densirostiis &€anadian Journal of ZoologiWWRC Research Press,
80(1), pp. 178184.

MacLeod, C. Detal.( 2006 ) 0 Re | a sumptien imptoothed wisalesz implications
for prey sel ecti on ManndEcblagy Rrdgress Berieg@36,p. 2% | | s at i
307.

MacLeod, C.Detal.( 2007) OBreaking symmetry: the mar.i
evolution of asymmetryni ¢ e t a ¢ eTdhe& Anatdmical Resadid; Advances in Integrative
Anatomy and Evolutionary Biology: Advances in Integrative Anatomy and Evolutionary
Biology. Wiley Online Library, 290(6), pp. 583945.

Maddi son, W. P. and Ma d dimedular,systém for Bvolutinarp 0 7 )
anal y s iSgee htt®/nésfuiteproject. org

Mallison, H. (2018 Dinosaurpalaeo; Photogrammetry tutorial 11: How to handle a project in
Agi soft Phot oscan. ; tutori al 1 Avaitagle awor kf | «

https://dinosaurpalaeo.wordpress.com/ (Accessed: 22 February 2019).

Mal | i son, H. and Wings, 0. (220 1p)y adtPihoalogng

88



Chapter 3

Journal of Paleontological Techniques 12, pp. 131. Available at:
http://creativecommons.org/licendagsa/3.0/.www.jpaleontologicaltechniques.org
(Accessed: 22 February 2019).

Manger, P. R. (2006) OAn examination of <cet
correlating ther mogenesi sBiolbgical Rdviews@Gmlwidga t i o n
University Press, 81(2), pp. 209338.

Marcy, A.E.etal.( 2018) OLow resolution scans-aedan pro
tmeef fective alternative to hi gPeerkXxPeeJdnc.u6t i on s
p. e5032.

Marino, L.etd. ( 200 8) OA claim in search of =evidenc
hypot hesi s of c e BialagieahRevidws\Waley ©OnlisetLibrary, 83(4), @0 ,
417 440.

Mar i no, L., Mc Shea, D. W. and UhenbrainMin D. ( :
t oot hed The MeatomicalbRecord Part A: Discoveries in Molecular, Cellular, and
Evolutionary Biology: An Official Publication of the American Association of Anatamists

Wiley Online Library, 281(2), pp. 1241255.

Mar shall , FEeed.nd 2mdEpgchcapediagoyndarine mammaksevier,
pp. 406 414.
MartinezC 8 cer e s, M. , Lambert, O. and de Mui zon,

affinities of Cynthiacetus peruvianus, a large Dorutloa basilosaurid (Cetacea, Mamiiad
from t he | at deddivecsiasBeoOne,f39(H,@p.MMESB.,

Mar x , F. G. and Fordyce, R. E. (2015) 6Bal
phyl ogeny, di v er Royat 8ociety nQpen beiengd#laer Royaly Society
Publishing 2(4), p. 140434.

Marx, F. G., Lambert, O. and Uhen, M. D. (200&tacean paleobiologyohn Wiley & Sons.

McCurry, M. R., Fitzgerald, E. M. Getal.( 2017) o6Skul | shape refl e
t oot hed Bieldgiaal Jowral, of the Linnean Sety. Oxford University Press UK,
121(4), pp. 936946.

McCurry, M. R., Evans, A.Retal.( 2017) 6The remarkabl e conve
crocodi |l i ans a Rrdceedings ¢of the RoyaWwSoeadtyeBs BioJogical Sciences

89



Chapter 3

The Royal Society,1(1850), p. 20162348.

Mc Curry, M. R. and Py damgrasty, andNinematic dispaitQ ih 9 ) O F
extinct t o Pdebbeoldgy @Gamhbridge $Jdiversity Press New York, USA, 45(1),
pp. 21 29.

McGowen, M. R., Spaulding, M. and Gatesy, D 29 ) 6Di vergence dat e
comprehensi ve mol ecul &olecdlar RhglogenéticsandtEwolution c et a «
Elsevier Inc., 53(3), pp. 89206. doi: 10.1016/j.ympev.2009.08.018.

McKenna, M. Fetal.( 2012) o6 Mor phol omeglon anfl itstinfpleatiansifornt o c e
acoust i cMafine Mammal &ciedcaViley Online Library, 28(4), pp. 69713.

Mel or o, C . -PlgistoGefe7lgrge 6amivares from the Italian peninsula: functional
mor phol ogy an dotiorate di Riceoa m ISmegzg 8ella Terra, Universita degli
Studi diNapoli

Meloro, C.etal.( 2008) 6The shape of the mandi bul ar
all ometry, f u n c tZoaogical alourhal @f hhe ILiongaa rEgciet@xford
University Press]154(4), pp. 832845.

Mel or o, C. (2011) -Pieisteceng larye carhivaies as sevealdd byPthei o
mandi bul arJougal of Mertebrate BaleontologVaylor & Francis, 31(2), pp. 428
446.

Mel or o, c. , Hudson, A ng habitgdof dxtand &ng foskil. canidad 1 5 )
determined by t Boua of ZoklagyWiley@alioenLibrtary, 295(3), pp.
178 188.

Miller, D. L. (2016) Reproductive biology and phylogeny of cetacea: whales, porpoises and
dolphins CRC Press.

Mille r , G. S. (1923) O6The tel escopi3mghsonidn t he
Miscellaneous Collectiong6, pp. 155.

Millien,V.etal.( 2006) OEcotypic variation in the con
t he rEcology $eibersWiley Online Library, 9(7), pp. 85369.

Mghl, B.etal.( 200 3) 0The monopul sed dletlaumaofthdé sper
Acoustical Society of AmericAcoustical Society of America, 114(2), pp. 114354.

90



Chapter 3

Montgomery, S. Hetal.( 201 3) ob6UTheoeary history of <cetac
Evolution Wiley Online Library, 67(11), pp. 3389353.

Mour | am, M. J. and Orliac, M. J. (2017) 61 nt
emer gence of Cuoedtd8iology Elskvief2€(52H pp. 17761L781.

MufYoz MufYoz, F. ., Quinto S8nchez, M. and Gon
useful t ool for three di mensi onalJouma ofp homet

Zoological Systematics and Evolutionary Reseavétey Online Library, 54(4), pp. 31&25.

Natal i e, R. and Goodal |, Ladgenorhyhchus OCcrigigér,6 Houar gl
Encyclopedia of Marine MammalElsevier, pp. 573%76.

Nor en, S. R. and Williams, T. M. (2000) 0B
cd aceans: adaptations f oQompamadive | Biochennistryg andd i v e

Physiology Part A: Molecular & Integrative Physiolodyisevier, 126(2), pp. 18191.

P. Cignoni , M. Callieri, M. Corsini, M. De l
MeshLab: an Opeisource Mesh Processing Todbi: 10.1109/TVCG.2012.34.

Page, C. E. and Cooper, N . (2017) OMor phol c
Peerd Peerd Inc., 5, p. e4090.

Park, Tetal.( 2019) O6Convergent ecvooclhul Bal@oendlytiomaryt o ot h «
biology. Springer, 19(1), p. 195.

Park, T., Fitzgerald, E. M. G. and Evans, A.
t he ear | i es tBiology bettdrsd itk Royal &dcietys B2(4), p. 20160060.

Parra, G.Jand Ros s, G. J. B. (X 6hihéngiandSH u mpdnasczki i déo

Encyclopedia of marine mammaksevier, pp. 576682.

Pauly,Detal.( 1998) oO0Di et composition anC@ESjourmalphi c |
of Marine ScienceOxford Unversity Press, 55(3), pp. 46481.

Perrin, W. F. (1975) o6Var i at iStenellgonfthesastern t ed a
Pacific and Hawaii 6.

Pit man, R . -Packi® Be8kad) Whaldnadodacetus pacificids, Encyelopedia of

marine mammal Elsevier, pp. 600602.

Pit man, R. (2009Db)Mesopbelan® p p .0 Eiaycloped ofanhagng : (
91



Chapter 3

mammalsElsevier, pp. 72i1726.
Poli, A. and Fabbri, E. (201B)jsiologia degli animali mariniEdises.

Pol |l vy, P. D. ( 2 0 0 tky and galeophylogequraphy: wards atimescale o
for Sor ex h iibroevotition rate, pastain, procasSpringer, pp. 33B57.

Racicot,R.Aetal.( 2019) OEvidence for convergent evol
whales (Cetacea: Odot o c Bidlogy) LéttersThe Royal Society, 15(5), p. 20190083.

Racicot, R. A., Darroch, S. A. F. and Kohno,
of the narwhal, Monodon monocergsand beluga,Delphinapterus leucas(Cetacea:
Mo n o d o n Jourdahoé gnatamyWiley Online Library, 233(4), pp. 42439.

Read, A. J. and Gaskin, D. E. (1990) 6Chan
porpoisesPhocoena phocoepna f r om t h e @aadianddurndr af Righgriés,and
Aquatic SciencelNRCResearch Press, 47(11), pp. 215853.

Reeves, R. R. and Mar t i nEncySlopediof marié@niammmalsdé Ri v e
Elsevier, pp. 978979.

Reidenberg, J. S. and Laitman, J .Encyclopedia2 00 9)

of marinre mammalsElsevier, pp. 22@30.

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology (and other
things). Methods in ecology and evolution, 3(2), -2PB.

Rezni ck, D. N . and Ricklefs, R . oevélution (ard0 0 9 ) (
ma c r o e v Naturet Natare Fublishing Group, 457(7231), pp. 8342.

RG, L. ( 200 9) EndyBlopedp efdMarme Ndaimmaids, 2nd ed. Academic Press,
San Diegopp. 112115.

Ridgway, S. H., Carlin, K. P. and Van Alstyne, K. R. @01 6 Del phinid brain
from neonate to adulthood with c¢ompdainei sons
Mammal ScienceViley Online Library, 34(2), pp. 42@39.

Robertson, K. M. and Arnol d, P. W. hed WGD)h nad A

in Encyclopedia of marine mammaksevier, pp. 6264.

Rohl f, F. J. (2001) o6Comparative methods for
i nt er prEvdludon Wioen Gniing Library, 55(11), pp. 2143160.

92



Chapter 3

Rommel, S.A.,,Pabs, D. A. and McLell an, BMhicycldpediapf2 00 9)

marine mammalsSecond Edi. Elsevier, pp. 1033947.

Rossbach, K. A. and Herezri nghseb.valt.i o9 D7T) b
bottlenose dolphinsT@rsiops truncatys near Grand BahamMarinel sl and
Mammal SciencéViley Online Library, 13(3), pp. 49804.

Sergeant , D. E. and Brodi e, DPelphifaperugldu®a® 9) 0 Bc
Journal of the Fisheries Board of CanaddRC Research Press, 26(10), pp. 226B0.

Sherratt, E. (2015)ips &amp; Tricks 8: Examining Replicate Error {ifoggers Available
at:  https://'www.tbloggers.com/tipgricks-8-examiningreplicateerror/  (Accessed: 19
February 2019).

Shirihai, H. (2006 \Whales, dolphins, and seals: A field guide to the marine mammals of the
world. A. & C. Black.

Slater, G.Jetal.( 2010) O6Diversity versus disparity a
Proceeding of the Royal Society B: Biological SciencBse Royal Society, 277(1697), pp.
3097 3104.

Surlykke, A.et al.(2014)Biosonar Springer.

Sz°| | Rdal.( 2G15). 6The inference &)stengatcrbielogy r e e s
Oxford UniversityPress, 64(1), pp. eA&62.

Thewissen, J. G. M. (2014)he walking whales: from land to water in eight million years

Univ of California Press.

Torres Romer o, E. J., Morales Castill a, | . a
in the oceans? Terapature strongly correlates with global interspecific patterns of body size

i n mar i n e Global lBeolagy and BiogeographWiley Online Library, 25(10), pp.

1206 1215.

Trites, A. W and Paul vy, D. (1998) d4&asti mati
ma X i mum b o dgnadiaa JogrnahotZdglogWNRC Research Press, 76(5), pp.1886
896.

Uhen, M. D. (2004) 6 F doradon atraxMammalia, Cetaceapnah an a't

archaeocete from the middle to ItobogyeTheEocene

93



Chapter 3

University of Michigan.

Vi scosi , V. and Cardini, A. (2011) OLeaf
mor phometri cs: a si mpl PléSi oeedPubfcrLibrarg of &tienceé, o r be
6(10), p. €25630.

Van Waerebeek, K. and Wirsig, B. 9 ) 6 D u s kbagerbmhynghisiolbscurdis I n
Encyclopedia of Marine MammalElsevier, pp. 335338.

Wel | s, R. S. and Scott, M. DTursidp& ttufcat)s , 6 C m mmo
Encyclopedia of marine mammaksevier, pp. 24255.

Werth, A J. (1992) 0Anat omy and evolution of
Massachusetts, Harvard Universityo. Doctor al

Wert h, A. J. (2004) O6Funct i Bhysater matmecephhlss! o gy
tongue, with reference to suction feedj dquatic Mammals European Association for
Aquatic Mammals, 30(3), pp. 40518.

Werth, A. J. (2006a) O6Mandi bul ar and dent al
Od o nt oJouenal iofoMammalogyAmerican Society of Mammalogist810 East10th
Street, PO Box 1897, Lawres@7(3), pp. 576588.

Wert h, A. J. (2006b) O60Odontocete suction fe
head sldug & BlorphologyWiley Online Library, 267(12), pp. 1415428.

Wiley, D. F.etal.( 20 E¥)o | Wt i o n ar yroeeedngs lofithe GEBE Visuahzation
Conferencedoi: 10.1109/VIS.2005.30.

Winge, H. (1918)Jdsigt over hvalernes indbyrdes slaegtskab.Videnskabelige Meddelelser fra

Dansk Naturhistorisk Forening Kjobenhavn

Wi nge, H. r(elv9i2elw) oofA t he i nt err e Bmithsoman s hi ps
Miscellaneous Collections 72(8), pp. 197. Available at:
https://repository.si.edu/bitstream/handle/10088/23613/SMC_72_Winge 1921 8 1
97.pdf%0Ahttp://books.google.com/books?id=RBYWSQAACAAJ&pdis

We¢rsig, B. (2009) Hnéydopddia gf ynarineomammatlsegiav,p. | n
361 364.

Zelditch, M. L., Swiderski, D. L. and Sheets, H. D. (20G5ometric morphometrics for

94



Chapter 3

biologists: a primer Academic Press.

Zelditch, M. L., Swiderski, D.L . and Sheet s, H. D. (2013) o]
Geometric Morphometrics for Biologists: Running analysesinfraelya i | ab | €reesof t wa
download from https://booksite. elsevier. com/9780123869036/(18 June 2013)

95



Chapter 3

Supplementary Materials 3.1 MANOVA and PGLS analyses performed on toothed whale crania with 28 LM on symmetric and asymmetric
component of shape, to test covariation between crania size shape and ecological and iakleE. yaalues are in bold when significant (p <
0.05).

Asymmetric Component 28 LM Symmetric Component 28 LM
procD.Im procD.pgls procD.Im procD.pgls

| 60 species | df Rsq F P Rsq | F | P Rsq F P Rsq F P
Biosonar 2 0.08591 2.6785 0.002 0.01595 0.462 0.9% 0.15218 5.1157 0.001 0.02402 0.7016 0.73
Diet 2 0.05265 1.5838 0.045 0.02287 0.667 0.796 0.09116 2.8586 0.014 0.02128 0.6196 0.815
DivingEcolog) 2 0.04364 1.3004 0.146 0.06921 2.1192 0.016 0.15163 5.0937 0.001 0.05543 1.6725 0.093
SST 6 0.16313 1.7219 0.007 0.16572 1.7546 0.007 0.25291 2.9904 0.001 0.12032 1.2082 0.215
L 1 0.04281 2.594 0.009 0.01548 0.9119 0.554 0.08186 5.1713 0.003 0.06684 0.06684 0.005
BodyMass 1 0.03894 2.3502 0.018 0.02781 1.6591 0.086 0.07303 4.5696 0.008 0.05566 3.4183 0.017
56 species Rsq F ‘ P ‘ Rsq F ‘ P ‘ Rsq F ‘ P | Rsq F ‘ P ‘
PreyMean 1 0.02639 1.4634 0.172 0.05081 2.8904 0.033 0.02643 1.4657 0.181 0.0604 3.4714 0.009
Preymin 1 0.02287 1.2639 0.277 0.05208 2.9669 0.04 0.02074 1.1439 0.313 0.05985 3.4376 0.015
PreyMax 1 0.01163 0.6355 0.582 0.00881 0.4798 0.791 0.01168 0.638 0.597 0.0143 0.7835 0.554

‘ 31 species ‘ ‘ Rsq ‘ F ‘ P ‘ Rsq ‘ F ‘ P ‘ Rsq ‘ F ‘ P | Rsq ‘ F ‘ P ‘
EQ 1 0.06648 2.0652 0.031 0.05106 1.5604 0.142 0.0493 1.5039 0.211 0.02666 0.7944 0.549
BrainMass 1 0.06038 1.8634 0.052 0.03709 1.117 0314 0.12279 4.0595 0.018 0.13944 4.699 0.007

‘ 26 species \ ‘ Rsq \ F ‘ P ‘ Rsq ‘ F ‘ P ‘ Rsq ‘ F ‘ P | Rsq ‘ F ‘ P ‘
kHzmin 1 0.10013 2.6706 0.048 0.04793 1.2084 0.266 0.10013 2.6706 0.048 0.04793 1.2084 0.266
kHzmax 1 0.1273 3.5007 0.013 0.05134 1.2988 0.248 0.1273 3.5007 0.013 0.05134 1.2988 0.248
Biosonar 2 0.21828 3.2112 0.004 0.09095 1.1506 0.303 0.21828 3.2112 0.004 0.09095 1.1506 0.303
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Supplementary Materials 3.2 MANOVA and PGLS analyses performed on tteed whale crania with&@LM on symmetric and asymmetric
component of shape, to test covariation between crania size shape and ecological and metric paabldssare in bold when significant (p <
0.05).

Asymmetric Component 26 LM Symmetric Compaent 26 LM
procD.Im procD.pgls procD.Im procD.pgls
df Rsq F P Rsq F | P Rsq F P Rsq | F | P
Biosonar 2 0.09302 2.9228 0.001 0.01616 0.4682 0.997 0.20048 7.1463 0.001 0.02668 0.7812 0.723
Diet 2 0.04775 1.4292 0.094 0.02299 0.6705 0.787 0.15207 5.1113 0.001 0.02559 0.7485 0.719
[E)cl:vcilnoggy 5 0.03922 1.1635 0.228 0.05664 1.7113 0.05 0.26826 10.448 0.001 0.0827 2.5694 0.002
SST 6 0.15872 1.6666 0.004 0.14856 1.5412 0.032 0.25206 2.9769 0.001 0.15945 1.6757 0.008
L 1 0.04087 2.4714 0.012 0.0144 0.8497 0.613 0.16761 11.679 0.001 0.07497 4.7005 0.001
BodyMass 1 0.03323 1.9935 0.037 0.01584 0.9338 0.504 0.14742 10.029 0.001 0.0447 2.7137 0.008
Rsq F | P | Rsq F | P | Rsq F | P | Rsg F | P |
PreyMean 1 0.02721 1.5104 0.131 0.04006 2.2536 0.011 0.02952 1.6427 0.117 0.08403 4.954 0.001
Preymin 1 0.02235 1.2343 0.221 0.06122 3.5216 0.001 0.03288 1.8356 0.078 0.07908 4.6368 0.001
PreyMax 1 0.01877 1.0329 0.366 0.01807 0.9937 0.445 0.01894 1.0426 0.366 0.02104 1.1603 0.291
| Rq [ F [ P | Rag | F [ P | Rq | F [ P | Rag | F | P |
EQ 1 0.06748 2.0985 0.026 0.05442 1.6691 0.126 0.10275 3.3211 0.011 0.04337 1.3147 0.233
BrainMass 1 0.05624 1.7281 0.071 0.03065 0.917 0.505 0.08924 2.8416 0.02 0.07222 2.2573 0.034
| Rsa [ F [ P | Rag | F [ P | Raq | F [ P[] Rag | F | P |
kHzmin 1 0.04315 1.0824 0.345 0.11083 2.9914 0.007 0.0888 2.339 0.038 0.05374 1.363 0.2
kHzmax 1 0.0578 1.4722 0.137 0.01433 0.3489 0.986 0.13823 3.8496 0.002 0.06741 1.7347 0.082
Biosonar 2 0.10847 1.3992 0.126 0.10411 1.3364 0.158 0.20973 3.0519 0.002 0.1032 1.324 0.177
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Appendix 3.1- List of specimensmissing landmarks, and abbreviations

Genus [33] _ Museum Register Number Missing Spec-:ie.s
Species [60] [7] Landmarks abbreviation

Berardius arnuxii NHMD 75.18 2 Ba
Cephalorhynchug commersorii USNM 252568 Cc
Cephalorhynchug commersoni USNM 550156
Cephalorhynchug commersoni USNM 550449
Cephalorhynchug commersoni NHM 1992.751
Cephalorhynchug eutropia NHM 1881.8.17.1 2-4-2324-26 Ce
Cephalorhynhus| heavisidi NHM 1948.7.27.1 2324 Ch
Delphinapterus | leucas MNHN 1928.197 8 DI
Delphinapterus | leucas MNHN 1971.156
Delphinapterus | leucas NHM 1933.10.13.1
Delphinapterus | leucas NHM 1933.10.13.2 22
Delphinus delphis NHM 1973.106 Dd
Delphinus capensis MCM 1981.807 Dc
Delphinus c.tropicalis NHM 1973.108 Dt
Feresa attenuata USNM 504916 Fa
Feresa attenuata USNM 504917 23
Feresa attenuata USNM 504918
Globicephala macrorhynchus MNHN 1936.181 Gma
Globicephala macrorhynchus NHM 1912.10.27.1
Globicephala melas MNHN 1973.898 13-21-23-24 Gm
Globicephala melas NHM 1995.382
Globicephala melas NHM 1995.383
Globicephala melas MNHN 1983.76
Globicephala melas MNHN 1927.71
Grampus griseus MNHN A3543 23 Gg
Grampus griseus MNHN A3544 21-22-23
Grampus griseus NHM SW1933.14
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Genus [33] _ Museum Register Number Missing Spec-:ie.s
Species [60] [7] Landmarks abbreviation
Grampus griseus NHM SW1927.25
Grampus griseus MNHN 1888.291
Hyperoodon ampullatus NHM 1978.2559 23 Ha
Hyperoodon planifrons NHM 1934.7.23.3 2-23 Hp
Indopacetus pacificus La Specola 1956.4854 1-23 Ip
Inia geoffrensis USNM 239667 2324 lg
Inia geoffrensis USNM 395415
Inia geoffrensis USNM 49582
Kogia breviceps NHM SW1980.35 Kb
Kogia simus NHM 1952.8.281 Ks
Lagenodelphis | hosei USNM 571619 Lh
Lagenorhynchus| acutus NHM SW1936.417 21 Laac
Lagenorhynchus| cruciger NHM 1960.8.24.1 24 Lac
Lagenorhynchus| albirostris NHM SW1921.15 Laal
Lagenorhynchus| obliquidens NHM 1992.93 Laobl
Lagenorhynchus| obscurus NHM 1846.3.11.8 Laobs
Lagenorhynchus| australis NHM 1944.11.30.1 Laau
Lipotes vexillifer NHM 1922.6.22.1 Lv
Lissodelphis borealis USNM 550027 Lib
Lissodelphis borealis USNM 550188 2324
Lissodelphis peronii MNHN 1944.15 Lip
Mesoplodon bowdoini MSNUP 269 18 Mbo
Mesoplodon bidens NHM SW1932.28 1 Mbi
Mesoplodon europaeus NHM 1953.10.6.1 23 Me
Mesoplodon ginkgondens NHM 1957.4.5.1 Mg
Mesoplodon hectori NHM 1949.8.19.1 Mh
Mesoplodon mirus NHM 1920.20.1 23 Mm
Mesoplodon europaeus USNM 504256 24
Mesoplodon europaeus USNM 571665
Mesoplodon europaeus USNM 593437
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Genus [33] _ Museum Register Number Missing Species
Species [60] [7] Landmarks abbreviation

Monodon monoceros USNM 267959 14-20 Monmon

Monodon monoceros USNM 267960

Monodon monoceros NHM 1937.10.30.2

Neophocaena | asiaeorientalis USNM 240001 22 Np

Neophocaena | asiaeorientalis USNM 239990

Neophocaena | phocaenoides NHM 1902.6.10.65 Np

Neophocaena | asiaeorientalis NHM 1966.12.6.1

Neophocaena | asiaeorientalis NHM 1889.8.6.1 19

Orcaella brevirostris NHM 1883.11.20.2 Ob

Orcaella heinsohni USNM 284430 Oh

Orcinus orca NHM 1918.D 2324 Oo

Orcinus orca NHM 1165b

Orcinus orca NHM 1165a

Orcinus orca NHM 1965c 24

Peponocephala | electra USNM 504511 22 Pe

Peponocephala | electra NHM 1980.149 2-23

Peponocephala | electra USNM 504510 24

Phocoena phocoena MNHN 1982.155 14-23-24 Pp

Phocoena phocoena MNHN 1982.139 24

Phocoena phocoena NHM 1965.1.19.2

Phocoena dioptrica NHM 1939.9.30.1 2324 Pdi

Phocoena spinipinnis NHM 1900.5.729 14-19-20-23-24 Psp

Phocoena sinus NHM 1969.678 Ps

Phocoenoides | dalli USNM 238083 Pda

Phocoenoides | dalli USNM 276394

Phocoenoides | dalli NHM 1957.6.4.1

Platanista gangetica NHM 1884.3.29.1 23 Pg

Pontoporia blainvillei NHM 1939.45.2.9 2324 Pb

Pontoporia blainvillei NHM 1886.4.10.3 2324

100




Chapter 3

Genus [33] Museum Register Number Missing Species

Species [60] [7] Landmarks abbreviation
Pontoporia blainvillei USNM 482727
Pseudorca crassidens NHM 1961.6.14.1 23-24 Pc
Pseudorca crassidens NHM 1961.614.10 23
Pseudorca crassidens NHM 1961.6.14.11
Pseudorca crassidens NHM 1961.6.14.12
Pseudorca crassidens NHM 1961.6.14.13
Pseudorca crassidens NHM 1961.6.14.14 2324
Pseudorca crassidens NHM 1961.6.14.15
Sotalia fluviatilis MNHN 1888.793 Sf
Sousa chinensis NHM 1984.1759 22 Sch
Sousa plumbea NHM 1937.6.22.1 Sp
Sousa plumbea NHM 1948.3.13.2
Sousa teuszii MNHN 1983.107 St
Stenella attenuata NHM 1956.11.2.6 Sa
Stenella attenuata NHM 1957.5.9.7

euphrosyne Sco
Stenella (coeruleoalba) NHM 1938.2.5.1 132021
Stenella frontalis MNHN A3031 Sfr
Stenella microps (longirostris) NHM 1920.5.13.2 22-23-24-28 Sl
Steno bredanensis NHM 345f Sb
Steno bredanensis NHM 1851.7.25.4
Tursiops truncatus NHM 1984.1757 Tt
Tursiops truncatus NHM 1984.176
Tursiops aduncus NHM 1949.10.27.3 Ta
Tursiops aduncus NHM 1902.11.25.1 24
Ziphius cavirostris NHM 1962.8.7.1 Zc
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Appendix 3.2 Principal component analysis of complete sample aniceggs (n=222) demonstrating limited irtgrecimen measurement error.
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Appendix 3.3 UPGMA of replicates (n=222) demonstrating limited irgpecimenerror
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Appendix 3.4- Parameters used for analyses phylogenetically ordered

Log10(Prey[g])

Species SST Log10(BA[g]) | Logl0(Length[cm]] Diet ECOLOGY | Biosonar Kthin\ KhzZmax Mean min \ Max

Appendix Appendix Appendix Appendix | (Surlykke et (Jensen et al| (MaclLeod, 2002)(Kelkar et al.,
REFS 34.1 34.2 Appendix 34.3 34.4 345 al., 2014) | 2018) 2018Y
Dt Warm 5.066325925 2.342422681 Fish Semipelagiq BB NA NA NA NA NA
Dd Temperate 5.066325925 2.361727836 Fish Semipelagiq BB NA NA 1.69620897 0.477121| 2.369216
Dc Temperate 5.066325925 2.342422681 Fish Semipelagiq BB NA NA 1.826434765 1.394452( 2.190332
Tt Temperate 5.568201724 2.374748346 Fish Semipelagiq BB NA NA 1.914959865 1.184691| 2.477121
Ta Warm 5.274157849 2.385606274 Fish Semipelagiq BB 53 141| 1.896893486 1|2.361728
So Temperate 5.156851901 2.361727836 Fish Semipelagiq BB NA NA 1.738364776 0.39794| 2.672098
Sfr Warm 5.102090526 2.328379603 Fish Semipelagiq BB NA NA 1.871068513 1.139879| 2.369216
Sl Warm 4.705436047 2.292256071] Fish Semipelagiqd BB NA NA 1.610421789 0.4&2398| 2.477121
Lh Warm 5.301029996 2.431363764 Fish Semipelagiq BB NA NA 1.644023116 0.643453| 2.369216
Sa Warm 5.039414119 2.324282455 Fish Semipelagiqd BB NA NA 1.601144723 0.653213| 2.477121
St WMR 4.886208624 2.371067862 Fish Shallow BB NA NA 2.10380372 | 1.653213| 2.361728
Sch Temperate 5.26599637 2.387389826 Fish Shallow BB 97 117| 2.130172889 1.230449| 2.672098
Sp TMR 5.062205809 2.387389826 Fish Shallow BB NA NA 1.974386071 1.30103| 2.39794
Sf Riverine 4.544068044 2.181843589 Fish Shallow BB NA NA 1.790016936| 1.079181| 2.369216
Sb Warm 5.086359831 2.40654018 Fish Shallow BB NA NA 1.885560758 0.70757| 2.369216
Fa Warm 5.273001272 2.36361198 Fish/Mammal| Deep BB 40 100| 1.756636108 1.230449| 2.146128
Gm CT 6.006466042 2.709269961 Squid Semipelagiqd BB 33 94| 1.834968945 0.477121| 2.477121
Gma Temperate 6.356981401 2.680335513 Squid Deep BB NA NA 1.911324101 0.653213| 2.30103
Pe Warm 5.337459261 2.409933123 Squid Semipelagiq BB NA NA 1.771320182 1.113943| 2.079181
Pc Temperate 6.161368002 2.704150517 Fish/Mamma | Semipelagid BB 26 79| 1.991637384 1.278754| 2.39794
Gg Temperate 5.698970004 2.563481085 Squid Semipelagiq BB 42 110| 1.658263983 0.39794| 2.255273
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Ob WMR 5.070037867 2.439332694 Fish Shallow BB 65 125| 2.022142745 1.544068| 2.477121
Oh Warm 4.941262909 2.361727836| Fish Shallow BB NA NA 2.090786928 1.612784| 2.672098
Lip Cold 4.788875116 2.472756449 Fish Semipelagiq BB NA NA 1.890065186 1.30103| 2.39794
Lib Cold 5.06069784 2.330413773 Squid Semipelagiq BB NA NA 1.749285301 1.113943| 2.176091
Laobs Cold 4.77815125 2.285557309 Fish Semipelagiq BB 30 130| 1.81493876 0.69897|2.361728
Laobl Warm 5.10720997 2.372912003 Fish Semipelagiq BB NA NA 1.904813869 1.30103| 2.30103
Lac CT 4.938269483 2.26245109 Fish Semipelagiqg NBHF 122 131| 1.550534087 0.69897| 1.977724
Laau Temperate 5.031408464 2.322219295 Fish Semipelagid NBHF 120 133| 1.984302232 1.69897| 2.30103
Ch Warm 4.514547753 2.227886705 Fish Semipelagiqg NBHF 118 132| 1.934245881 1.230449| 2.255273
Ce CT 4.698970004 2.230448921 Fish Shallow NBHF NA NA 1.726183661 1.30103| 1.97174
Cc Temperate 4.782 2.164| Fish Semipelagiqg NBHF 119 139| 1.902546779 1.819544| 1.97174
Laal Cold 5.431363764 2.484299839 Fish Semipelagiq BB NA NA 1.724070965 0.778151| 2.30103
Laac Temperate 5.311753861 2.385606274 Fish Semipelagiq BB NA NA 1.874771637 1.176091| 2.30103
Oo Temperate 6.8162413 2.898725182 Fish/Mammal| Semipelagiq BB 16 49| 2.226176614 1.146128| 3.30103
Ps Cold 4.347330015 2.056904851 Fish Semipelagiqg NBHF NA NA 1.51054501] 1.474216| 1.544068
Psp Cold 4.877946952 2.222716471 Fish Semipelagic| NBHF NA NA 1.973127854 1.30103| 2.190332
Pdi Cold 4.759667845 2.361727836 Fish Semipelagiqg NBHF NA NA 1.476155082 1.176091| 1.69897
Pp Cold 4.812913357 2.269512944 Fish Semipelagiqg NBHF 112 145| 1.833579642 0.897627| 2.30103
Pda Cold 5.208172527 2.28780173 Fish Semipelagiqg NBHF 119 143| 1.733397909 0.977724| 2.033424
Np TMR 4.544068044 2.149219113 Fish Shallow NBHF 118 144| 1.981859774 1.176091| 2.477121
DI Cold 5.977723605 2.580924976 Fish Semipelagiq BB 10 109| 1.878550518 1.30103|2.181844
Monmon | Cold 6 2.630427875 Fish Deep BB 55 83| 1.99343623 1.511883| 2.454845
lg Riverine 5.113943352 2.29666519 Fish Shallow BB 55 158| 2.030734617 1.90309| 2.127105
Pb WMR 4.612783857 2.173186268 Fish Shallow NBHF NA NA 1.835237473 0.69897| 2.39794
Lv Riverine 5.153814864 2.294466226 Fish Shallow BB NA NA NA NA NA

Mbo Temperate 5.523746467 2.650307523 Squid Deep FM NA NA NA NA NA

Mg Warm 6.265191769 2.72427587 Squid Deep FM NA NA NA NA NA

Me Warm 6.07114529 2.716003344 Squid Deep FM 37 37| 1.62838893 1.544068| 1.69897
Mm Warm 6.144262774 2.72427587 Squid Deep FM NA NA 1.825101412 1.60206| 1.97174
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Mh Temperate 5.903089987 2.643452676 Squid Deep FM NA NA 1.698970004 1.69897| 1.69897
Mbi Temperate 5.658011397 2.703291378 Squid Deep FM 27 58| 1.864288537 1.155336| 2.301(8
Ip Warm 6.028977705 2.812913357 Squid Deep FM 21 30| 1.675778342 1.361728| 1.90309
Hp Cold 6.033021445 2.872156273 Squid Deep FM NA NA 1.745130581 0.875061| 2.477121
Ha Cold 6.22762965 2.898725182 Squid Deep FM 54 54| 1.716948853 1.041393| 2.30103
Zc Cold 6.477121255 2.804139432 Squid Deep FM 40 40 1.66600042 0.39794| 2.255273
Ba Warm 6.962017116 2.946943271 Fish Deep FM NA NA 1.740362689 1.740363| 1.740363
Pg Riverine 4.886490725 2.401400541 Fish Shallow BB 45 73| 1.342422681 | 0.69897 | 1.69897
Kb Cold 5.602059991 2.531478917 Squid Deep NBHF 130 130| 1.647466462 0.380211| 2.322219
Ks Cold 5.409087369 2.385606274 Squid Deep NBHF NA NA 1.710040397 0.39794| 2.477121

107




Chapter 3

Waters they inhabit(Dewey, Shefferly, & Havens, 2010) REFS SST
. Cold 1 Warm 2 Temperate 3 Mixed River 5 categorlcal
Species 4 variable
Bera@us 5 (Kasuya, 2009 Warm
arnuxii
Cephalorhynchus (Dewey et al.
commersonii 3 2010) Temperate
Cephalorhynchus 1 3 (Enrigque A cT
eutropia Crespo, 2009)
Cephalorhynchus (Dewey et al.
heavisidii 2 2010) Warm
Delphinapterus (Escorza
leucas S Trevifio, 2009) Temperate
Delphinus (Escorza
delphis S Trevifio, 2009) Temperate
Delphinus (Escorza
capensis 1 Trevifio, 2009) Cold
Delphinus C. (Escorza
tropicalis 2 Trevifio, 2009) Warm
Feresa attenuata 5 (Escorza Warm
Trevifio, 2009)
Grampus griseus (Escorza
3 Trevifio, 2009) |cmPeate
Globicephala (Escorza
melas 1 3 Trevifio, 2009) cT

Appendix-3.4.1-SST-superficalseatemperature related with the maximum abundanchtisigs, and stranding areakphabetically ordered
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Globicephala (Escorza
macrorhynchus Trevifio, 2009) Temperate
Hyperoodon (Gowans, Cold
ampullatus 2009)
Hyperoodon (Gowans, Cold
planifrons 2009)
Inia geoffrensis (Escorza L
Trevifio, 2009) verne
Indopacetus (Escorza
pacificus Trevifio, 2009) warm
Kogia breviceps (Escorza Cold
Trevifio, 2009)
Kogia simus (Escorza
Trevifio, 2009) <0
Lagenorhynchus (Cipriano,
acutus 2009) Temperate
Lagenorhynchus (Kinze, 2009) Cold
albirostris
Lagenorhynchus (Dewey et al.
australis 2010) Temperate
Lagenorhynchus (Enrique A
cruciger Crespo, 2009 CT
Natalie &
Goodall, 2009
Lagenorhynchus (Escorza
obliquidens Trevifio, 2009) Warm
Lagenorhynchus (Van
obscurus Waerebeek & Cold

Wiirsig, 2009)
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Lagenodelphis (Escorza
hosei Trevifio, 2009) V&M
Lissodelphis (Escorza Cold
borealis Trevifio, 2009)
Lissodelphis (Dewey et al.
peronii 2010) Cold
Lipotes vexillifer (Escorza L
Trevifio, 2009) verne
Mesoplodon (Dewey et al.
bidens 2010) Temperate
Mesoplodon (Dewey et al.
bowdoini 2010) Temperate
Mesoplodon (Pitman,
europaeus 2009b) Warm
Mesoplodon (Escorza
ginkgandens Trevifio, 2009 Warm
Pitman,
2009b)
Mesoplodon (Dewey et al.
hectori 2010) Temperate
Mesoplodon (Pitman,
mirus 2009b) Warm
Monodon (Escorza Cold
monoceros Trevifio, 2009)
Neophocaena (Escorza TMR
asiaeorientalis Trevifio, 2009)
Orcaela (Escorza
brevirostris Treviiio, 2009) WMR
Orcaella (Robetson &
heinsohni Arnold, 2009) Warm
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Orcinus orca Escorza
fI'reviﬁo, 2009) Temperate
Pontoporia (E A Crespd
blainvillei 2009; Reeve
& Martin, | WMR
2009; RG
2009)
Pseudorca Escorza
crassidens Sl'reviﬁo, 2009) Temperate
Phocoenoides (Escprza Cold
dalli Trevifio, 2009)
Phocoena Goodall,
dioptrica (2009) Cold
Peponocephala Escorza
elert):tra i gl’reviﬁo, 2009) Warm
Platanista Escorza L
gangetica Sl'reviﬁo, 2009) Riverine
Phocoena (Esc_orza Cold
phocoena Trevifio, 2009)
Phacoena sinus (Esc_orza Cold
Trevifio, 2009)
Phocoena (Dewey et al. Cold
spinipinnis 2010)
Stenella (Dewey et al.
attenuata 2010; Escorzg Warm
Trevifio, 2009)
Steno Jefferson,
bredanensis (2009) Warm
Sousa chinensis (Escorza Temperate

Trevifio, 2009)
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Stenella (Escorza
coeruleoalba Trevifio, 2009) Temperate
Sotalia fluviatilis (Enrique A Riverine
Crespo, 2009)
Stenella frontalis (Dewey et al.
2010) Warm
Stenella (Escorza
longirostris Trevifio, 2009) Warm
Sousa plumbea (Dewey et al.
2010) TMR
Sousa teuszii (Dewey et al.
2010; Parra & WMR
Ross, 2009)
Tursiops (Escorza
truncatus Trevifio, 2009) Warm
Tursiops aduncu (Escorza
Trevifio, 2009 Temperate
Wells & Scott P
2009)
Ziphius (Escorza Cold
cavirostris Trevifio, 2009)
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Appendix-3.4.2-Body Massvariable created witaverage weilt (between sexes when was possifil@n each speciesphabetically ordered

Mean masgkg] Mature adult weight[kg]
F | M Min |  Max
REFS : (Reidenberg & Laitman,
Species (Trites & Pauly, 1998) 2009}
Berardius arnuxii (Shirihai,
644101 9162566 2006)
Cephalarnynchus 29.5 273 35+ 86*
commersonii
Cephalorhynchus o5 75 (Dewey et al.,
eutropia 2010)
Ceph_a_lo_r_hynchus 397 327
heavisidii
Delphinapterus leucas 400* 1500
Delphinus delphis 70 163
Delphinus capensis 70* 163
Delphinus ctropicalis 70 163
Feresa attenuata 150* 225
Grampus griseus 600 3950
Globicephala melas 280 1750
Globicephala
macrorhynchus 211 236 500
Hyperoodon ampullatus 1640 1738
Hyperoodon planifrons 1331 827
Inia geoffrensis (Shirihai,
1210 928 (calf) 228 2006)
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Indopacetus pacificus 100 160

Kogia breviceps 177 177 400*

Kogia simus 210 303

Lagenorhynchus acutus 95.4 95.4 200"

Lagenor_hynchus 180 360 (Kinze 2009)

albirostris

Lagenorhynchus Shirihai,

augtralis ’ 100 115 (2006)

Laggnorhynchus 40* 80

cruciger

Lagenorhynchus (Cipriano,

obﬁquidegs 180(F) 230(M) 2009)

Lagenorhynchus

obgcurusy 125 160

Lagenodelphis hosei 68.3 141 115

Lissodelphis borealis 68.3 54.7

Lissodelphis peronii 462 448

Lipotes vexillifer 363 305

Mesoplodon bidens 496 289 1178

Mesoplodon bowdoini 430 321 136078 1841585 (Shirihai,
2006)

Mesoplodon europaeus 336 252 800

Mesoplodon 416

ginkgondens 473 1394

Mesoplodon hecto 262 388 1000*

Mesoplodon mirus 38.1 42.9 35*

Monodon monoceros 85* 150

Ne_opho_caenfa 697

asiaeorientalis ' 105
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Orcaella brevirostris 2600 10500

Orcaella heinsohni 160 275

Orcinus orca 51 64

Pontoporia blainvillei 40 90*

Pseudorca crassidens 24.1 204

Phocoenoides dalli 72 79

Phocoena dioptrica 123 200

Peponocephala electra 69* 85*

Platanista gangetica 25* 53*

Phocoena phocoena 700 2200

Phocoena sinus (Natalie &
73.5 100 Goodall,

2009)

Phocoena spinipinnis 75* 181*

Stenella attenuata 30* 40*

Steno bredanensis 85* 284

Sousa chinensis 78.8 152

Senella euphrosyn 719 g

(coeruleoalba)

Sotalia fluviatilis 100 119

Stenella frontalis 131* 156

Stenella microps

(longirostris) i 1o 143

Sousa plumbea 26.5* 75*

Sousa teuszii 87.7 96.3 122¢

Tursiops truncatus 176* 200*

Tursops aduncus 90* 650*

Ziphius cavirostris 886 771 3000¢
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Appendix-3.4.3- Lengthvariable created witlaverage length (between sexes when was posdibla) each speciealphabetically ordered

Lengths have been compared with Shirihai (2086 haseen specified when possible.

Species Length[m] Lengthmax[m] REFS

REFS (Slater et al., 2016) (Shirihai, 2006)

Berardius arnuxii 8.85 9.8(7.89.8)

Cephalorhchhus 1.46* 1.74

commersonii

Cephalorhynchus 17

eutropia '

Cephalorhynchus

heavisidii 1.69* 1.75

Delphinapteus leucas 3.81* 5.5

Delphinus delphis 1.9-2.5; 2.20 (mean)

Delphinus capensis 2.30* 2.7

Delphinus c. tropicalis 2.20 (mean)

Feresa attenuata (Donahue & Perryman,
2.31 2009)

Grampus griseus 4.79*

Globicephala melas 5.12*

Globicephala

macrorhynchus 3.66*

Hyperoodon 7 9o

ampullatus

Hyperoodon planifrons 7.45*

Inia geoffrensis 6.5(F) 6-7 (Pitman, 2009a)

Indopacetus pacificus 1.98

Kogia breviceps 3.40*
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Kogia simus 2 43

Lagenorhynchus (Louella& Dolar, 2009)
acutus 2.7

Lagenorhynchus 3 05+ 31

albirostris ' '

Lagenorhynchus 2 10* 2

australis ' '

Laggnorhynchus 1 93+ 2

cruciger

Lagenorhynchus 5 A3 58

obliquidens ' '

Lagenorhynchus (Dewey et al., 2010)
obscurus 1.41 to 253

Lagenodelphis hosei 214.7(M) (Lipsky, 2009)
Lissodelphis borealis 2.97*

Lissodelphis peronii 5.05*

Lipotes vexillifer 447+ 5

Mesoplodon bidens 5.2 5.2 (Pitman, 2009b)
Mesoplodon bowdoini 5.3 5.3 (Pitman, 2009b)
Mesoplodon europaeu 4.4 4.4 (Pitman, 2009b)
Mesoplodon (Pitman, 2009b)
ginkgondens 5.3 5.5

Mesoplodon hectori 4.27* 4.7

Mesoplodon mirus 1.41*

Monodon monoceros 2.21* 2.75

Neoplocaena 230 (Robertson & Arnold, 2009
asiaeorientalis '

Orcaella brevirostris 7.92*

Orcaella heisohni 2.57* 2.8
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Orcinus orca 2.3

Pontoporia blainvillei 1.86* 1.9

Pseudorca crassidens 114

Phocoenoides dalli 1.67*

Phocoena dioptrica 1.94* 2.4

Peponocephala electr: 2.52*

Platanista gangetica | 1.37-1.77(F);1.21- 1.58 (M); 18 (E A Crespo, 2009)
1.49 (averagp '

Phocoena phocoena 5.06*

Phocoena sinus 1.83* 1.9

Phocoena spinipinnis 2 3G 25

Stenella attenuata 1.49*

Steno bredanensis 2.44* 3

Sousa chinensis 2.44

Stenella  euphrosyn

(coeruleoalba) 2.35*

Sotalia fluviatilis 2.11* 2.6

Stenella frontalis 2.30* 2.7

Stenella microps

(longirostris) 2.13*

Sousa plumbea 1.96* 2.4

Sousa teuszii 2.55* 2.65

Tursiops truncatus Reidenberg & Laitman,

2.43 2.6 ( 2039)
Tursiops aduncus 2.37* 4.1
Ziphius cavirostris 6.37*
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Appendix-3.4.4-Diet categorical variable created with the preferable prey from each spkdtiabetically aiered

ADW Diet
(Slater et al.,
REFS (Dewey et al., 2018)Pauly, Tites, Capuli, & Christensen, 1998) 2010)
. Terrestrial & .
. . non-insect . : Categorical
Carnivores Piscivores Molluscivore Marine ;
. arthropods variable
Species vertebrates
Berarglus X X X Fish
arnuxii
Cephalorhchhu: X X X X Fish
commersonii
Cepha]orhynbus X X X Fish
eutropia
Cephallo.r.hynchus X X Fish
heavisidii
Delphinapterus X Fish
leucas
Delphinus .
delphis X Fish
Delphln_us X Fish
capensis
Delphln_us C. X Fish
tropicalis
Feresa attenuata X X X X Fish/Manmaf
Grampus griseus X Squid
Globicephala X X Squid
melas
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Globicephala X Squid
macrorhynchus

Hyperoodon X Squid
ampullatus

Hyp(_eroodon X Squid
planifrons

Inia geoffrensis Fish
Indqpacetus X Squid
pacificus

Kogia breviceps X Squid
Kogia simus X Squid
Lagenorhynchus Fish
acutus

Lagenor_hynchus Fish
albirostris

Lagen(_Jrhynchus X Fish
australis

Laggnorhynchus X Fish
cruciger

Lagen.orhynchus Fish
obliquidens

Lagenorhynchus Fish
obscurus

Lage_nodelphls Fish
hosei

Llssod_elphls X Squid
borealis

Llssoq_elphls Fish
peronii

Lipotes vexillifer Fish
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Mesoplodon :
bidens Squid
Mesoplodon :
bowdoini Squid
Mesoplodon Squid
europaeus

Mesoplodon :
ginkgondens Squid
Mesoplodon -
hectori Squid
Mgsoplodon Squid
mirus

Monodon Fish
monoceros

Neophocaena Fish
asiaeorientalis

Orca_ella . Fish
brevirostris

Orcaella )
heinsohni Fish
Orcinus orca Fish/Mammat
Pontoporia Fish
blainvillei

Pseudorca Fish/Mammat
crassidens

Phocoenoides Fish
dalli

Phocoena Fish
dioptrica

Peponocephala Squid
electra 9
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Platanl_sta X Fish
gangetica

Phocoena X Fish
phocoena

Phocoena sinus X Fish
AIEEE X Fish
spinipinnis

Stenella X Fish
attenuata

Steno X Fish
bredanensis

Sous chinensis X Fish
Stenella

euphrosyne X Fish
(coeruleoalba)

Sotalia fluviatilis X Fish
Stenella frontalis X Fish
Stenella microps X Fish
(longirostris)

Sousa plumbea Fish
Sousa teuszii X Fish
Tursiops X Fish
truncatus

Tursiops aduncu X Fish
lehlus . Squid
cavirostris
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Appendix 3.4.5-Diving Ecologytaking into account their ability to dive in depth alphabetically ordered.

Depth(m) ADW DIVINGECOLOGY
| REFS (Dewey et al., 2010) (Wiirsig, 2009)
Averag ) Shallow Semipelagic ad Coastal (>108600) and | Deep divers Categorical variable
REIgE DR € waters Surface Dwellers >600
Depth (<100)
: Min Max Semipelagic | Coastal Surface Diving Ecology

Species Dwellers
Berardius arnuxii 1000 3 Deep
Cephalorhyn_chus 200 Semipelagic
commersonii
Cephalorhynbus | 4 20 1 Shallow
eutropia
Ceph_a_lo_r_hynchus 180 100 Semipelagic
heavisidii
Delphinapterus > Semipelagic
leucas
Delphinus delphis 2 Semipelagic
Delphln_us 0 350 Semipelagic
capensis
Delphinus C. : .
tropicalis 2 Semilagic
Feresa attenuata| Pelagi

c 2862 1218 3 Deep

(113)

Grampus griseus| 400 1200 3 Semipelagic
Globicephala 30 1800 3 Semipelagic
melas
Globicephala 609 3 Deep
macrorhynchus
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Hyperoodon 80 1453 Deep
ampullatus
Hyp_eroodon > 1000 Deep
planifrons
Inia geoffrensis surface Shallow
Indqpacetus 1267 Deep
pacificus
Kogia breviceps deep

diver oeep
Kogia simus 300 Deep
Lagenorhynchus 40 270 Semipelagic
acutus
Lagenorhynchus i i
albirostris Semipelagic
Lagenqrhynchus 300 Semipelagic
australis
Lagenorhynchus Semipelagic
cruciger
Lagenorhynchus i i
obliquidens Semipelagic
Lagenorhynchus Semipelagic
obscurus
Lage_nodelphls 250 500 Semipelgic
hosei
Lissodelphis ' i
borealis 200 Semipelagic
Llssoq_elphls 200 Semipelagic
peronii
Lipotes vexillifer surface Shallow
Mesoplodon
biders 198 | 1524 Deep
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Mesoplodon

bowdoini >1000 ° peep
Mesoplodon pelagico 3 Deep
europaeus

Mesoplodon

ginkgondens ° peep
dEelor 5750 | 3500 3 Deep
ectori

Mgsoplodon 3 Deep
mirus

Monodon 400 800 3 Deep
monoceros

Ngophqcaen_a 1 Shallow
asiaeorientalis

Orcgella _ 25 18 1 Shallow
brevirostris

Orpaella . 0 30 1 Shallow
heinsohni

Orcinus orca 20 300 60 2 Semipelagic
Por_1topor_|a 6 35 1 Shallow
blainvillei

Pseudorca 0 | 2000 | 500 3 Semipelagic
crassidens

Phocoenoides 2 Semipelagic
dalli PEE
Phocoena Semipelagic
dioptrica PEE
Peponocephala Semipelagic
electra

Platanl_sta 0 9 3 1 Shallow
gangetica
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Phocoena 200 Semipelagic
phocoena
Phocoena sinus Semipelagic
Ph.o?o.ena 150 Semipelagic
spinipinnis
Stenella attenuats Semipelagic
Steno bedanensis >1500

2 2000 Shallow
Sousa chinensis 0 25 20 Shallow
Stenella . .
coeruleoalba Semipelagic
Sotalia fluviatilis Shallow
Stenella frontalis Semipelagic
Sten_ella . 400 Semipelagic
longirostris
Sousalumbea 0 25 20 Shallow
Sousa teuszii 20 65 Shallow
Tursiops , .
R EETS 2 300 Semipelagic
Tursiops aduncus 1 Semipelagic
ler_uus . >1000 3 Deep
cavirostris

* P d a Dall's porpoises are thought to be capable of deep diviecause mesopelagic, bathypelagic, and deafer benthic species are
represented in the diet
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4 Chapter 4. Skull morphological variation in beluga whales
(Delphinapterus leucas and narwhals (Monodon monocero3

revealshybrid phenotypes

Abstract

Beluga whales elphinapterusleucag and narwhals lomodonmonoceroy are peculiar
toothed whales belonging to the family Monodontidae. Having batircampolarArctic
distribution, their geographic rangeverlapand they are able to produlegbrid offspring.In

this study,| employed geometric morphometrics to explore morphological differences among
monodontids with a very large sample of 3D moaélskulls, including 157 specimens (Bb
monoceros69 D. leucas one hybrid and one putative hybrid), and 2D left hemandibles,
including 85 specimen@G4 M. monoceros20 D. leucasand one hybrid)Shape analys
showed clear distinctions in 3€anid shape between narwhals (characterised by relatively
short rostrum andvide neurocraniurp and beluga whales (more elongated and narrower
craniun). 3D models ofcraniafor hybrid specimeaplotted withinintermediate regions of the
morphological spacwhile the 2D hemmandible of the hybrid was indistinguishalfitem

that of theM. monocerosgroup Cluster analyses supported classification of one hybrid
(NHMD MCE-13%) in the belugephenotype while the putative hybrid specim@&HMD
196344.1.4)was clasdied as anarwhal. This work demonstrates that although hylsr@buld

be discriminated from narwhals and belsigiathe shape of their craniuriey will still retain
dominant phenotypic traits of one species or the other due to different cross breatisafdn

female.
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4.1 Introduction

Monodontidae isfamily of Odontoceit (toothed whals) that includes only two extant species
Monodon monocerofvim, narwhals),Delphinapterus leucaéDl, beluga)which have only
recently been adapted to cold watBgnucci, Pesci, Collareta, & Tinelli, 2019)hese two
specieshave a yearoundArtic distribution and their habitabverlap especially during the
winter migations towards Disko Bay in Greenla(iigure 4.1- Map of Greenland and the
eastern Canadian Art)o H e iJdrgensen & Reeves, 1993; Wiig, Helirgensen, Laidre,
Garde, & Reeves, 2012Jhis is a feeding area whemeonodontils can find the pleuronectid
flatfish Renhardius hippoglossoidés also represents a sparse amount of open water with no
complete sedce coverage and an exchange areanfinwhals and beluga whal¢deide
Jogrgensen et al., 201®n the 30" March 1990 researcherfound the skull of an hybrid in
Disko Bay(He de J RBr ge ns e nwhichsRmvedieauwses frotn ®dAnBonodontid
speciesdue toa wider and longer rostrunand a number of horizontal teethth a dental
formula differing from both thebelugaandthe narwhal(the latter being virtually toothless
except for the maxillary tuskiccording to a Inuit hunter,the animal was killed in mifflay
198687, andit looked like a combination of the two species with a narwhalaadbeluga
pectoral fins with grey colouratidnHe i d e en]&Reayesnl893The hybrid ancestry of
this fAnarlugao has recent | y(Skovendetalc2009Di r med
leucasandM. monocerosre phylogenetichl very close(McGowen et al., 20099nd aspring
interbreeding between the two doed seem impossibléHeideJagrgensen et al., 2010; Kelly,
Whiteley, & Tallmon, 201Q)

In Cetaceathere ares7 described cases bybridization (natural=27, and captivity=30}do
Nascimento Schaurich, Lopes, & de Oliveira, 204@)ss species and generaolving 22
speciespf which 14 are listed as endangef&#£rube, 2009; Kelly et al., 2010n fact, natural
hybridisation in mysticete§Arnason, Lammers, Kumar, Nilsson, & Janke, 2018; Bérubé,
2009; Bérubé & Aguilar, 199&nd natural and in captivity hybridisation in odontocéBssrd,

Willis, Guenther, Wilson, & White, 1998; Willis et al., 2Q84dzi, 2002) wereabundantly
describedBérubé, 2009, 2009; do Nascimento Schaurich et al., 2012; Sylvestre & Tasaka,
1985; Zornetzer & Duffield, 2003)
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Map of Greenland and the eastern Canadian Arctic
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Figure 4.1 Localities related to narwhals Mpnodon monoceros and belugas
(Delphinapterus leucadistribution in Greenland and the eastern Canadian Ariated
with Aggplot20 8@d§nd fAfso packages in R

Cetaceansire karyologicdy uniform (chromoson numbe2n=44), with only seven species
where 2n=2 (Arnason & Benirschke, 1973; Arnason, Benirschke, Mead, & Nichols, 1978;
Benirschke & Kumamoto, 1978; Jarrell, 1979; Kurihara, Tajima, Yamada, Matsuda, &
Matsuishi, 2017; Pause, Bonde, McGuire, Zori, & Gray, 20@d@rh means thahey evolve
slowly at the molecular scale and have hybridisation cases more often than other mammals
(Willis et al., 2004) In addition, hrge seasonal migrations, synchronous breeding seasons
(Kelley, Stewart, Yurkowski, Ryan, & Ferguson, 201a&hsence of geographical barriers in
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the sea, as in the casetbé mysticete cladeand global warmingMiralles, Oremus, Silva,
Planes, & Garcivazquez, 2016)can promote thenterbreeding It is unknown how
hybridisationwill affect the behavioural, feeding and breeding trétsreover, n the natural
hybridisation it still need to be verified if the hybrid is fertile or with a reduced fertlégpite
captive hybridshave leen confirmed to be fertiles in the case df. truncatusandD. capensis
(Zornetzer & Duffield, 2003)

With regardto othermarine mammalsl144 natural and 7 in captivityybridization events

have been describedlithin Pinnipedia(do Nascimento Schaurich et al., 20Eongthe
Phocidae (true seal@ovacs et al., 1997; Savriama et al., 20d&)theOtariidag(eared seals)
(Melanie L Lancaster, Bradshaw, Goldsworthy, & Bucks, 2007; Melanie L Lancaster,
Goldsworthy, & Sunnucks, 2010; Melanie Louise Lancaster, Gemmell, Negro, Goldsworthy,
& Sunnucks, 2006)involving 13 specie¢do Nascimento Schaurich et al., 2012)dthey

have also been documented in the Ursi@@eupe, England, Furze, & Paetkau, 2007;
Pongracz, Paetkau, Branigan, & Richardson, 2017; Preul3, GansloR3er, Purschke, & Magiera,
2009; Stirling, 2009)Differently from cetaceas pinnipedsshowa higher degree of variation

in chromosomaumben2n=32to 36) (Arnason, 199QY¥or this reasoronly three hybridization

casegan be foundbetween different genergdo Nascimento Schaurich et al., 2012)

Within the class of mammals in general, differences in hybrid morphologies, and genetics have
been detected in the Roden{Ratton, 1993; Runck, Matocq, & Cook,@0) Spiridonova,
Chelomina, Tsuda, Yonekawa, & Starikov, 2Q06parnivora(Gaubert, Taylor, Fernandes,
Bruford, & Veron, 2005) Primateg(Gligor et al., 2009) Artiodectyla (Senn & Pemberton,

2009; Senn, Swanson, Goodman, Barton, & Pemberton, ,2866) agomorpha(Thulin,

Stone, Tegelstrom, & Walker, 2006)

Hybrid morphologyis generally described astermediate, displaying similar phenotypic
characteristicto both parental specig®oupe et al., 2007; Yadzi, 2002; Zornetzer & Duffield,

2003) even among different vertebrate clas@@sant & Grant, 1996)It can also effect diet

habit, andhavelong-term ecological andvolutionary consequences depending on the mating
system, hybridos fr equShoarttfy 2013aModt ofshe dybiidat i o n
among marine mammals have been described morpholog{Balisd et al., 1998; Brunner,
2002; Heide JBrgensen & Reeveandodydndhd receeye s,
years molecular techniques have been applied for the identificatitheir parental species

(do Nascimento Schaurich et al., 2012; Lancaster et al., 2007; Melanie Louise Lancaster et al.,
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2006; Shurtliff, 2013; Skovrind et al., 2019; Willis et al., 200dis important to highlight the
fact thatall of the abovanentionedhon-cetaceaimammalshybridisationcases are examples
within the same genusyhich makes the integenus hybridization within cetacearasnd

pinnipeds (in minor scale) very peculiar.

Geometric morphometrics demonstrated to be an effective tool to identify hybrit orayes

and their parentadpecies across a range of vertebrates, incluti@§sh Teleostei (Costa,
Tibaldi, Pasqualetto, & Loy, 2006; Geig&chreiner, Delmastro, & Herder, 2016; Valentin,
Sévigny, & Chanut, 2002the bivalveUnionidae (Beauchamp, Beyett, Scott, & Zanatta,
2020) the mammalian Camora(Gaubert et al., 200pandPrimateqGligor et al., 2009)In

this work | use a gemetric morphometreapproach tacharacteriseskull size andshape of

one hybrid and one putative hybridithin the Monodontidadamily. The hypotheses to be
tested are the following: i) the narluga and the putative hybrid show a skull shape morphology
that is intermediate between those of their parental species; ii) the putative hybrid crania belong
to an anomalous narwhal or belu@#), they are testifying that a hybridisatiementoccurred
between the two speciéass already demonstrated for one arthSkovrind et al., 2019 and

they express different phenotypes depending on their parental species.
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4.2 Material and M ethods
Sample size

Data were collected on 157 monodorgrdniaincluding86 M. monoceros69D. leucas one
hybrid (MCE 1356 and one putative hybridNHMD 44.1.4.1963and 85 disjointed left hemi
mandibles§4 M. monoceros20D. leucas one hybrid hemieft mandibleMCE 1356 (Figure

4.2) housed at Natural History Museum of Denm@ikiMD), Naional Museum of Scotland
(NMS), and La SpecolaMuseum Florence (ltaly)(Appendix 4.1-List of specimens The
hybrid i n a r IspegmeaMCE 1356 is the one found in Disko Bay in 1990He + d e
Jargensen & Reeves, 1993; Skovrind et al., 2@mh#)the putative hybriNHMD 44.1.4.1963
included in the analysis has been found by D.V. during data collectioaNitiMD. The latest
was labelled aBelphinapterus leucadbutits cranialshape looked morige anarwhal, with
belugalike teeth.Crania were all adult specimens as the maxillary bonesedaahdally the

nuchal crest and part of the frontal bone was not vigibiezi et al., 2016)

For each cranium | collected 3@ndmarks using a Micearibe digitiser directly on the
specimens while mandibles were photographed in lateral view at a stantatdrldistance
usinga CanorEOS 1100Ddigital camergf/8, 1ISO 100, focal length = 37mm)he disjunct
left hemimandibles generally belonged keetsame individuals for which crania were available
(n=45) however, in order to maximise sample size, herandibles from specimens with no

cranium 6= 40 were additionally included.
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Figure 4.2 3D modes of the crania of A) the putative hybrid specinlh#tMD 44.1.4.1963 and B) the narluy4CE 13% (Heide Jorgensen &
Randall, 1993). C) photo of the left hemandible of MCE 136in lateral view. Scale bar 5cm.
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For the cranium 42 thredimensional landm@arkswere collected as representative of both dorsal

and ventral part of the skulFigure 4.3; Table 4.1). Most of these landmarks were type 2
(landmarks on the maximum orimmum curvature of a structur&ookstein 1991) and

showed good level of repeatabilityue to the large size of the specimemg landmarking
sessions for each specimen were recorded on the crania in order to cover both dorsal and ventral
pars, and these were then merged using DVLMorsalVentratLeft-Right fitting,
www.nycep.org/nmp software Due to missing landmar& occurringin 30 specimens of
D.leucasand 40 M.monocerosspecimens(for examplethe putative hybrid had missing
landmarks on the ptegpids while the hybrid cranium was completthe function
estimate.missingn geomorph packagdd ams & Ot 8r ol a Cast wasl o, 20
used within each species grolissing landmarks othe putative hybrid specimefiabelled

as D. leuca$ were estimated withirM. monocerosgroup, as the DNA of this specimen

suggested it is a narwh@line D. Lorenzen, pers. comm.

On the 85 hemmandibles, 22 twalimensional landmarks were recorded using the software
TPSDig (Rohlf, 2015) Of the 22 points/ were homologous landmarkas described in
(Guidarelli, Nicolosi, Fusco, De Francesco, & Loy, 204dJ 16weresemilandmarksKigure

4.4, seeTable 4.1for landmarks dscription) A scale bar next to the specimen ensured scaling
for each digital imageSubsequently sliders files indiaag the semilandmarks were prepared
with TPSULil, and aeneralized Procrustes Analysis (GPA), with sliding of semilandmarks
(Bookstein, 1997)was performed inTpsRelw (Rohlf, 2015) The aligned2D landmark
coordinatesnvere subsequently imported in (Ream & R Development Core Team, 2016)

using function developed in the library geomorph for subsequent analyses
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Figure 4.3 Landmark configuration oRhotogrammetribased 3D model specimér the cranium oMonodon monoceradsHM 1937.10.30.2, in A)
dorsal, B) ventral, and C) occipital view. Skable 4.1 for landmark description. Scabar 5cm.
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Figure 4.4 The position of the 7 anatomical landmarks, and 16 semilandmarks on a beluga whale nfanéibtagNHMN 1098) in
lateral @boveg andmedial(below) view. See€Table 4.2 for landmark description. Scatar is 5cm.
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Table 4.1 Description of landmarks takenon monodontid skullsused in GM analysis

Homologous landmarks on the cranium

1-2
3-4
5-6
7-8

10-11
12
13-14
1516
17

18-19
20-21
22-23
24-25

26-27

28-29
30-31

32-33
34-35
36-37
38-39
40-41
42

Tip of therostrum

Anteriormost point of the premaxillary foramen

Anterior dorsal infraorbital foraen

Anteromedial point of the external bony nares

Anteriormost point of the medial suture between the nasal bone
Sutural triplejunction between nasal, frontal and maxilla
External occipital protuberance

Sutural triplejunctionbetween supraoccipital, frontal and parieta
Posteriormost point on the temporal crest

Opisthion middle point of the dorsal border of ttegamen magnun
on the intercondyloid notch

Dorsal tip of the occipital condyle

Lateral tip d the occipital condyle

Ventral tip of the occipital condyle

Medial tip of the paraoccipital procesgentralmost point of the
paraoccipitaprocess

Suture of pterygoid and basioccipitahit the junction betwee
pharyngeal crest and bascipital crest

Posteroventral point adhe mstorbital process

Pterygoidhamulus posterior margin of the hard palate and the bo
of the internal bony nares

Anteroventral point of the preorbital process of the frontal
Anterior tip of lacrimal bone

Antorbital notch

Anteriomost point of the palatine

Posteriormost point of thepperalveolar groove

Medial junction of vomer angremaxilla
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Table 4.2 Description of landmarks taken onmonodontid 2D mandiblesused in GM analysis

Homologous landmarks on the lingual view of the mandible

N o oA WN P

Pogonion Tip of the mandible

Gnathion the lowest point of the midline of the mandibular symphy
Posteror ventral tip of the angular process

Posteriormost pointf the condyle

Anteriormostpoint of the internal mandibular foramen

Most concavepoint of the mandibular notch

Dorsal tp of the coronoid process
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Measurement Error

In order to explore the degree of measurement error introduced by the 3D landmatking
theMicroscribe linear measurements between selected anatomical landmarks were taken with
a measuring tape (accuracy of 0.1 mmhd successively compared with inkendmark
distancs (Ross & Williams, 2008taken on dorsal and ventral vieas well aon the not
combined and combined landmark configuratiamt DVLR. These distances were derived
from the raw landmark coordinatasing the softwar® AST (Hammer et al., 2001)To test

the Microscribeaccuracy,18 landmarks on a Bm sc#e bar were taken right before the
beginning of each landmarking session on skatsl were compared with another Microscribe
2GX. The accuracy of landmarking sessions performed with the Microscribe was equally
validated by comparing it with the landmargi sessions generated from virtual 3D models

using Photogrammetry and Breuckmann laser §Caapter 2).

For the mandibles, each specimen was digittsade with TPSDig and error computed on
both size and shape data (see next section) following recoratimsdrom Fruciano (2006)
and Cardini (2004).

Geometric Morphometrics

For both crania and mandibles, the raw landmark coordinates were separately subjected to
Generalised Procrustes Analysis (GPRplIf & Slice, 1990 by using fAgeomor ph:
onR( Adams et al., 2016; D. C. Adams &hi®©t 8r ol :
techniqueremoves (3D in cranium and 2D in mandible)e effect of differences in size,

position, and orientation from trgpatial coordinate@Rohlf & Marcus, 1993; Zelditch et al.,

2012) This is an iterative procedure where variation in size is first remoyextdling each
configuration so that it has a centroid size (CS = the squared root of the sum of squared
distances between each landmark and the centroid) equal to 1.0; rotation and translation are
taken into account by centring and rotating the landmaniiguration in order to obtain an

optimal solution that minimizes the quadratic distances between homologous points
(Procrustes method, Booksteit991; Zeldich,2012). After GPA, a new set of coordinates

(named Procrustes) are then used as a proxy fpeshariables to explore the potential for

differences in cranial morpholodpetween the speuiens examined

Due to the lack of replicas in the cranial data, it was not possible to assess the level of
asymmetry in the analysed species so the covariantemofithe whole shape data was not

divided into symmetric and asymmetric componetiape coordinates were subsequently
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analysed with Principal Component Analysis (PCAis techniqueallows to explorethe
degree of shape variation between specimensowitany a priori hypotheses about species
grouping and classificatiofZelditch et al., 2012)Cranial shape variation along PCs axes was
visualised using warping of 3D models already available via photogrammvéily,mandible
shape changes from the mean were described usingPTte Spline (TPSBookstein, 1991)

Allometry, that is the impact of size on shape variafelditch et al., 2012)vas separately
explored on crania and mandibles after using log transformes Gfelependemariable, and
shape coordinates aspgmdentBoth PCA and allometry analysis were performed using the R

package geomorpffeam, 2015)

Sexual size (SSD) and shape dimorphism within species was evaluated by Procrustes ANOVA

(usi\g t he function fAprocD. |l mo of Afgeomor pho)
subset of sexed cranial specimens:(73;D. leucas= 24,1 =11, = 13;M. monoceros-
49,1 =251 = 24)was used and hybrid and putative hybrid specimens were discarded from

these analyses. Thaglegenerated bgllometric vectors between sexes per each species were
calculated on MorphodKlingenberg, 2011)and tested against the null hypotheses of
perpeandicularity (if the hypotheses is rejected it means that trajectories are significantly
different from 90 degree, implying parallelism

Classification tests

In order to identify phenotypic similarities of thgbrid and putative hybridpecimens to one
species or the other in the selected sample of Monodontidae, multiple statistical approaches

were adopted.

The UnweightedPair Group Method with Arithmetic medtdPGMA) clustering algorithm
was used on Procrustes distances (independently in the cranitumaartdible datasets) to
detect similarities and clustering of specimens without any a priori hypoth&sesal,
Coelho, Marugaiobon, & Rohlf, 2009; Cardini, 20140 PAST (Hammer et al., 2001)

Then, Discriminant Function Analysis (DFA) in SPE8M Corp.Released, 2017)was
employed to identify specimens correctly ascribed to belugas or narwhals based on the
morphological shape variabl€Zelditch et al., 2012pata entry fo DFA were represented by
Principal Component vector scores. To reduce data dimensionality, we adopted a stepwise
method that proved already to be effective with shape varigMesoro, 2011; Meloro et al.,

2015) This method allows throughn F-value and P value tleshold detected witlthe
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ANOVA, to keeponly significant selection ofariablesthat maximises differences between
groups All those variables are, then, added into the DFA equégaatively in order to detect
changes inWilks lambda valus. Wilks lambdavariesbetween 0 and &nd it measures how

well groups are separated wihmallervalues indicating better discriminatiofifter variable
selection, the Discriminant Function vector scores were employed to identify the percentage of
correctly classifiedtases and predict group membership for the hybrid specimens that were set
as unclassified. This was done through an iterative jacknifed process-\alidssion,
Kovarovic et al. 2011).

Lastly, a kmean clustering algorithmwas adopted bgettingtwo groups in order to predict
based on shape variables qnhe clustering classification into one species or another in PAST
(Hammer et al., 2001)n the kmean clustering analysis, specimens are a priori divided into
k-groups so thatnembers of one group are more similar to each pthigtimizing thewithin

group variationfMacQueen, 1967)This analysis proceeds in steps that generate a loop: first,
defining centroids of th&-mean groups, then associate each specimen with the closest
centroid, before a new K centroid iscelculated. This procedure will end when no more K
centroids need recalculation as no more changes will occur. This analysis differs from the DFA
as no goriori classification about the specimens is required, and the clusters will be formed

considering similarity in morphological variables only.

Partial LeastSquares (PLS)Patterns of covariation between cranium and mandibular shape
were explored usingtwo-block Partial LeastSquares (2BPLS) analysig¢Zelditch et al., 2012,
2013)in a dataset o6 complete skull¢D. leucas= 12,M. monoceros= 34 and 1 hybrid)For

that, 2D mandibular coordinates were transformed into 3D coordinates bygattidire axis

scores of 0.0 for each specim®&LS is useful for studies on integration between two blocks

of variablegKlingenberg, 2009; Klingenberg & Marugdmbon, 2013; Zelditch et al., 2012)
Differently from the PCA, the PLS usé&ngular Value Decomposition (SDV) to identify
vectors calle@ingularAxes (s; Zelditchet al.,2012),whichexplain covariance in the same
wayasPCA explains variance. Unlike the PCs, SAs come in pairs, and each SA score accounts
for the covariance between blocdlingenberg, 2009; Zelditch et al., 201B)ifferences in
covariation trajectories between species were tested using angular comparison of the PLS
vectors in MorphoJKlingenberg, 2011; Klingenberg & Marugdoboén, 2013) The angle
guantification provides a as®ssment of the possible interspecifiissimilarities in
morphological integratioof two speciesLike the PCs, SAs can be described by deformation

along axes, helping with the interpretation of the resuedditch et al.,2012). Statistical
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significarce was tested with a permutation test againshttiehypothesisof no covariation
betweercranium and mandiblEelditchet al.,2012).

4.2.1 Results

Crania
Datasetl

Shape variationPCA (Figure 4.5) computed on thehape datayasbased on 42 homologous
landmarks(Figure 4.3). PC1 and PC2 accounted for 77.3% of the total variamee PC3
described 2.6% only, for this reason its variation was disca@eBC1 positive scorgsrania
showlateral compression of the maxilla and premaxillary boGempared with PC1 negative
valuesthe braincases broader with a shorter nuchal crest, resulimgspindleshapedkull.
The area of the occipital condyles described by 7 landnfaMsl7, 18,19, 20, 21, 22, 23),
assumes wider shape of the occipital condyles, located higher on the crabamdmarks on
pterygoidhamulus which delimits the posterior margin of the hard palatel the border of
the internal bony naresonvergetowardsthe sagittal planeAlso, the lantharks on the teeth
shift forwards inthe narwhal in relation withthe presece of the maxillary tusk that is

characteristic of thispecies

PC2 axiswvas the onehatbetter descritethe changsin therelative éongationof the rostrum,

the temporal area and the concavity of the profile of the facial regiétC2 negative values

the rostrumshows a shrinking andengtheningof the temporal fossavhere the temporal
musclesattach It shows the dorsal displacemefthe unpair landmark on the nucal cr&xt2
positive valuedescribea shortening of the pterygoids and forward shift of the nasal area
together withthe forward shift of the landmarkiat cover theventral most point of the
paroccipitalprocessandthe beginning of thalveolar grooveThe PCA plot showshe two
putative hybrig (in violet) occupying the middle part of the morphospace right in between the

two species group.
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Figure 4.5 Scatterplot othe first two principal components obtained from PCA ofcdé@niumshape configuration of 42 landmarks. Sha|
differences of positive and negative extremes of the principal component axes are shown in the 3D warping in A) dorisal, 8)le&
laterd and D)posteriorview.
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