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1.1. Introduction

1.1.1. General overview

During the last decade, the ‘revolution” of digital technology has allowed the
emergence of new digital tools of virtual analysis, such as high-resolution
computed tomography, structured-light surface scanning or specific software
for digital analysis of any kind. These new analytical tools have allowed to
surpass the frontiers of knowledge in many fields, which have opened new
horizons of research in many disciplines such are in Ecomorphology, Evolution,
and specially in Palaeobiology. This digital ‘revolution’ has substantially
changed the way of analyzing the scientific material, and more particularly
fossils, generating new fields of research at different levels of analysis that
were previously inaccessible. For example, this is the case of histological
studies in fossils with non-invasive techniques (i.e., virtual palaeohistology; e.g.,
Sanchez et al. 2012), virtual reconstructions of distorted fossil specimens with
lacking parts (i.e., retro-deformation techniques; e.g., Tallman et al. 2014),
development of powerful biomechanical models (i.e., finite element analysis;
e.g., Figueirido et al. 2018), or the study of internal structures, non-accessible
without using invasive techniques such as brain endocasts (e,
palaeoneurology; e.g., Cuff et al. 2016) or paranasal sinuses and turbinates (i.e.,
functional anatomy of internal structures; e.g., Curtis et al. 2014; Van
Valkenburgh et al. 2014). All these techniques undoubtedly lead to new
avenues for future research in ecomorphology and evolution of extinct

vertebrates.

Moreover, this new 'virtual world" has significantly changed how
scientists conceive the osteological collections of enduring data of three-
dimensional virtual models, offering to the scientific community a new

approach to access and investigate the material under study. As a matter of
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fact, virtual free-access collections to scientist, such as the recent
Morphomuseum (https://morphomuseum.com/) or the pioneer Digimorph
(http://digimorph.org/) are substantially increasing. In addition, such digital
collections have been used to detect fossil fakes or to have a digital copy that

can be preserved against possible loss of the original fossil.

All these virtual techniques of analysis are based on the three-
dimensional acquisition of the object subject to analysis. This could be done
by using laser, modulated-light, or structure-light surface scanning to digitalize
the external surface or by using high-resolution Computed Tomography (CT)
to digitalize both the external and internal structures. This process is usually
based on different technologies, each with its own limitations, advantages and
costs. Accordingly, for the generation of 3D virtual models, several acquisition
parameters must be taken into account, such as the electrical voltage, the
intensity, and distance between cuts, etc. (Zollikofer et al. 2005; Endo et al.
2009; Kak et al. 2002). Once the three-dimensional object has been digitized,
the resulting image stacks should be enhanced eliminating the background
noise and reconstructing possible artefacts. To do this, different algorithms
and digital filters are already implemented in the specific software of virtual
reconstruction and image processing such as Meshlab (Cignoni et al. 2008) or
Image) (Rueden et al. 2017). Afterwards, the enhanced final images should be
segmented by thresholding of the grey-values histogram (Pertusa 2010). This
process is very sensitive and dependent on the property of the materials such
as bone density and mineralization, among others. Subsequently, the virtual
model of the object is generated and can be subject to ecomorphological or
biomechanical analyses with the objective of investigating aspects of the
palaeobiology and evolution of extinct species. In addition, such models can
be printed out using rapid prototyping to have a physical replica of the object

under study, and therefore, improving the anatomical understanding.
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Therefore, these new three-dimensional analytical tools mark a before and an

after in paleontological research.

In this PhD thesis, | use different three-dimensional techniques of
analysis based on the acquisition of external and internal anatomy -using
surface scanning and computed tomography, respectively— with a great
potential to go far beyond the state of the art of ecomorphology and evolution
across different groups of extinct vertebrates. In chapter 2, | summarize and
explain in further detail the techniques used and | also give an intuitive
perspective of its potential to open new avenues for future research. In the
same chapter, | also describe more precisely all techniques used to restore the
3D models of fossil skulls in order to make appropriate cases to be analysed

with the specific software.

To investigate the potential of such techniques, | focus on the
palaeobiology of two iconic bears of the Late Pleistocene megafauna —the
Eurasian cave bear, Ursus spelaeus s.|., and the American short-faced bear,
Arctodus simus— as study cases. As detailed in the next section of this chapter,
| chose these two extinct species of the Pleistocene megafauna for two main
reasons. First, they inhabited during an epoch of severe climatic changes, and
therefore, they are ideal candidates to explore how climate change could
influence lineage evolution; and second, some aspects of their palaeobiology
are still controversial in the literature, and therefore, the application of new
analytical approaches is necessary to clarify their ‘life and death’ and how its
palaeobiology was influenced by the severe climatic changes of the Late
Pleistocene. The results obtained are exposed through sections 3.1-3.5 of
chapter 3, and a concise synthesis of the main conclusions reached through

the development of this PhD thesis is exposed in chapter 4.

Therefore, as each of the sections of chapter 3 (results) has a detailed

introduction of the specific problem addressed, here, | only make a general

5
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outline of some aspects necessary to understand the fundament of this PhD
Thesis. Therefore, trough the next two sections, | will focus on: (i) the state-of-
the-art of the palaeobiology of these two extinct ursids that are taken as
model system to investigate the potential of these new three-dimensional
techniques to expand new horizons of research on vertebrate palaeobiology
and evolution (section 1.1.2); and on (ii) the paleoclimatological evidence of
the Late Pleistocene, as severe climatic changes occurred during this epoch
and the extinction of the cave bear has been proposed to be (in part)

climatically-driven (section 1.1.3).

1.1.2. The palaeobiology of the cave bear (Ursus spelaeus) and

the American short-faced bear (Arctodus simus)

The ‘life and death’ of the Pleistocene cave bear

The 'life and death’ of the Eurasian Pleistocene cave bear (Ursus spelaeus) has
been an exceptional topic in vertebrate paleobiology and has been an
enjoyable challenge for scientists and the popular media alike. The cave bear
inhabited the glacial ecosystems of Eurasia and served as the inspiration for a
classic book written in 1976 by Bjorn Kurtén, entitled: 7he cave bear story: life
and death of a vanished animal. Although ‘The cave bear story’ was a
compendium of the knowledge acquired on cave bear biology at that time,
four decades later, many aspects of its paleoecology, extinction and evolution
are still controversial in the literature. For example, the cave bear feeding
behaviour is a special case of disagreement among specialists, since different
palaeobiological approaches, such as those based on dental wear, on isotopic
biogeochemistry or on the morphometric analysis of the skull, give seemingly
contradictory results. As a matter of fact, the cave bear has been traditionally

envisioned as highly reliant on plant foods (Kurtén 1976; Bocherens et al.
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1994), as a relatively herbivorous omnivore (Figueirido et al. 2009; Peigné et
al. 2009a, 2009b; Jones and DeSantis 2016; Peigné and Merceron 2019), as a
carnivore (Richards et al. 2008) or even as an occasional scavenger (Rabal-
Garcés et al. 2012; Pinto-Llona 2013).

On the other hand, the feeding behaviour of the cave bear is not a
trivial aspect of its palaeobiology, because feeding behaviour is intimately
related to its initial demise and final extinction. Indeed, two main hypotheses
have been proposed to explain the cave bear extinction: (i) a human-driven
decline, either by competition for resources or by direct hunting (e.g., Miinzel
et al. 2004, 2011); and (ii) a substantial demise in population sizes as a result
of the climatic cooling that occurred during the Late Pleistocene (Baca et al.
2016). Such cooling would lead to a lower primary productivity in the high-
alpine ecosystems that inhabited the cave bear during the beginning of the
Last Glacial. This Late Pleistocene cooling together with the proposed
restricted diet to vegetal resources of the cave bear would facilitate their
decline (Bocherens 2019; Terlatto et al. 2019, Allen et al. 2010). Accordingly,
knowing the feeding behaviour of the cave bear could help to understand the

potential causes of its extinction.

In this PhD thesis, | apply a set of relatively recent techniques that
require three-dimensional models for its application, with the main objective
to provide new evidence on whether cave bears were really strict herbivores,
or in contrast, they have the ability to shifts their diets depending upon
resource availability. To do this, in the first section of the results (chapter 3.1)
| quantify the tooth-root areas across maxillary teeth, from the upper fourth
premolar to the upper second molar, as previous studies have shown that they
are indicative of both trophic specialization and bite force in mammals (e.g.,
Spencer 2003; Kupczik and Dean 2008) and especially in mammalian carnivores

(e.g., Kupczik and Stynder 2012; Stynder and Kupczik 2013).
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In addition, in the second section of the results (chapter 3.2), | perform
a topographic analysis of the crowns of maxillary teeth using a three-
dimensional surface scanner. The topographic analysis is the quantification of
both the shape and characteristics of the dental crowns from 3D models
(M'Kirera and Ungar 2003; Evans et al. 2007; Bunn et al. 2011; Winchester et
al. 2014; Winchester 2016), and | applied this method because previous studies
have shown a correlation of dental topographic variables with feeding
behaviour across different mammalian groups, both living and extinct
(M'Kirera and Ungar 2003; Ungar and M'Kirera 2003; Dennis et al. 2004; Ulhaas
et al. 2004; King et al. 2005; Evans et al. 2007; Boyer 2008; Ungar and Bunn
2008; Bunn and Ungar 2009; Evans and Jernvall 2009; Bunn et al. 2011; Godfrey
et al. 2012; Wilson et al. 2012 ; Pineda et al. 2017; Evans and Pineda 2018).
However, to date, there are no studies that quantify the topography of the 3D

dental crowns in living and extinct bears.

In the third section of the results (chapter 3.3), | build different
biomechanical models in three-dimensions from CT scans to simulate different
biting scenarios in living bears and in different specimens belonging to the
cave bear group, in order to investigate whether the skull of cave bears was
biomechanically restricted to feed exclusively on plant resources. Specifically,
| use finite element analysis (FEA), which is an engineering and orthopedic
technique that quantifies stress, tension and deformation in a given structure.
However, during the last decade it has been extensively applied to both
Palaeontology and Zoology to address questions about functional morphology
in living and extinct organisms (Rayfield 2007). However, this method has never
been applied to investigate if cave bears have a restricted diet to feed

exclusively on plant resources.

Another aspect of the palaeobiology of the cave bear relatively

unexplored is the physiology of hibernation and how they cope with the

8
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necessity of having longer hibernation periods to overcome the long and
severe winters of the Late Pleistocene. The hibernation is largely controlled by
several metabolic pathways, but three are the principal ones: (i) at the level of
the thyroid and parathyroid glands (Lundber et al. 1976; Nelson et al. 1983;
Watts and Jonkel 1988; Watts and Cuyler 1988; Hellgren 1998); (ii) at the level
of the pituitary gland (Franzmann et al. 1981; Hissa et al. 1994); and (iii) by the
level of concentration of different metabolites in blood such as leptins, insulin,
glucagon, adiponectin, among others (Doherty et al. 2014). Also, the pineal
gland also acts through the control of melanin, regulating the circadian rhythm
and helping the entry in the lethargy that characterize hibernation (Ware et
al. 2013). In all these routes, the paranasal sinuses segregate through their
mucosa other metabolites such as hydrogen sulfide (H2S) and nitric oxide
(NO) (Revsbech et al. 2014; Taien et al. 2011). These metabolites are involved
in decreasing the basal metabolic rate (Lundberg 2008; Petruson et al. 2005;
Yan et al. 2017; Andersson et al. 2002). Accordingly, | hypothesize that the
extremely developed paranasal sinuses of cave bears had a key role to

overcome the long and cold winters of the Late Pleistocene.

Through chapter 3.4, | explore the length of hibernation in cave bears
and their possible implications in the biomechanics of its feeding behaviour
by disrupting the external profile of the frontal part of the skull, for the
presence of the dome that characterizes the speloid lineage. To do this, | work
with three-dimensional models of segmented sinuses in living bears and
extinct cave bears. | also develop theoretical models to estimate basal
metabolic rates in cave bears using the allometric equations of McNab (2008)
for periods of activity and of Robbins et al. (2012) for periods of hibernation,
based on the estimated body masses in the different species/subspecies
belonging to the cave bear group. In this chapter, | also develop a new histo-

morphometric method to quantify some properties of cancellous bone such
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as the connectivity among trabeculae (Odgaard et al. 1993; Toriwaki et al.
2002), thickness of trabeculae (Kim et al. 2018; Dougherty et al. 2007, 2014;
Hildebrand et al. 1997), and the fractional volume of bone (Hildebrand et al.
1997, 1999; Ulrich et al. 1999). The main objective is to investigate whether
the osteoclastic activity in cave bears was lower than in other bears with
regular periods of hibernation because of a low metabolic activity (Burkhardt
et al. 1987; Ding et al. 2018) but without experiencing bone resorption (Seger
et al. 2011; Rubin et al. 2000, 2003). Among the factors that can cause an
abnormality in bone density, can be a high control by the sinuses through the
segregation of the metabolite NO by inhibiting part of the osteoclastic activity
(Zheng et al. 2006; Doherty et al. 2014; Seger et al. 2011; Rubin et al. 2000,
2003) or even the scarcity of food resources causing starvation (Allen et al.

2010).
Arctodus simus, a proposed hypercarnivore that never was

The palaeobiology of the short-faced bear (A. simus) has also been a matter
of debate. In fact, the feeding behaviour of A simus is one of the most
controversial topic in mammalian palaeobiology, as different researchers have
proposed varying diets for A. simus, proposing the later as a hypercarnivore
with a diet based on both flesh (Kurtén 1967; Kurtén and Anderson 1980;
Yeakel et al. 2013) or carrion (Matheus 1995; Schubert and Wallace 2009;
Christiansen 1999), omnivore (Sorkin 2006; Figueirido et al. 2009) or even the
herbivore (Emslie and Czaplewski 1985). In this PhD thesis, | investigate the
pre-mortem pathological lesions present in several dental remains of A. simus
preserved in the exceptional site of Rancho La Brea in Los Angeles (California)
with the main goal to ascertain its feeding behaviour. To do this, | use different
three-dimensional techniques such as those based on 3D morphometrics of

cavities counter-mold, on scanning electron microscopy (SEM), and on
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computed tomographic analysis to investigate the possible aetiology of the

dental lesions that were present in the population of A. simus.

1.1.3. Brief introduction to Pleistocene palaeoclimatology

The Pleistocene epoch of the Quaternary period begins from 2.58 million years
ago to 12.000 years, and it is characterized by severe climatic fluctuations,
known as glacial and interglacial periods. Cold temperatures and glacier
advances during periods of thousands of years characterize a glacial period.

In contrast, the interglacials are periods of warm climates between glacials.

This PhD Thesis is focused on the last glacial cycle that is defined as the
period between termination Il and termination | that encompasses both the
last interglacial period (i.e., Eemian stage) as well as the last cold stage (i.e.,
Weichselian stage). The Weichselian corresponds to the Wirm glaciation in
the Alpine region. This last period is the last cold glacial cycle, and it also is
the longest of all glacials with duration of 118 ka. This Weichselian cold stage
has two distinct cold and pronounced episodes during Marine Isotope Stage
(MIS) 4 and 2 (Hughes et al. 2018). Based on the recorded data, it reached
minimums of =10.2 ° C and -10.6 ° C, for MIS 4 and 2, respectively (Hughes
et al. 2018). The MIS 4 and 2 states are separated by the warm interval of MIS
3, which is not considered a true interglacial period, but it is considered a
complex interstate with oscillating climatic conditions from conditions of
almost interglacial to glacial peaks on a time scale between 100 to 1000 years
(van Andel 2002). Some &0 marine records suggest that the global ice
volume was higher in MIS 6 (Saalian Stage) than in MIS 2 (Hughes et al. 2018).
There are differences in the concentration of oxygen isotope ratios between
MIS2 and MIS6, with 'O being slightly higher in MIS2 than in MIS 6. This

may indicate a different global distribution of ice in the penultimate glacial
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maximum (PGM) in comparison with the last glacial maximum (LGM), with
much larger ice masses over Eurasia in the PGM compared to the LGM, and
smaller ice masses over North America in the PGM compared to the LGM
(Rohling et al. 2017). Within the penultimate glaciation period (PGM), the
coldest peak is in the MIS6a state (140Ka) (Hughes et al. 2018). The glacial
maximum of MIS 6 was the most extensive glaciation of the last 400 ka over
Eurasia, the largest since MIS 12 (Colleoni et al. 2016). In Europe, during the
MIS 6 the largest ice advance of the Saalian Stage is recorded during the
Drenthe Stadial (one hundred kilometers beyond the later limits of the
Weichselian Stage (MIS 5d - 2) in the Netherlands and the northern Germany
(Ehlers et al. 2011c) and more than 100 km further east of Germany and Poland
(Ehlers et al. 2011c). Therefore, this stage had 56% greater volume of ice in
extension than the Weichselian Stage ice sheet in Russia and the neighbouring
states (Astakhov 2004). The maximum limits of the glaciers of the Saalian Stage
(300Ka to 130 ka) in northern Europe were also more extensive than the
previous glaciation of the Elsterian Stage (MIS 12) and, therefore, the Saalian
Stage constitutes the glaciation more extensive recorded in much of northern
continental Europe (Hughes et al. 2018). Compared to the LGM, the maximum
extent of the MIS 6 glaciation in Eurasia was characterized by a generally

considerably larger ice sheet.

This great extension of ice at the end of the PGP coincided with Ursus
deningeri, the most basal species of the speloid lineage. In Figure 1, it is
shown the evolution of the speloid lineage in the context of Pleistocene
climate. It is appreciated that the appearance of the speloid lineage (Stiller et
al. 2014) coincides between MIS 6e and MIS 6a. Towards the end of MIS 6,
the global ice volume reached its maximum extent, which coincides with
another divergence in MIS 6, and with the split of Ursus ingressus/Ursus

rossicus from Ursus spelaeus sensu stricto (i.e., Ursus spelaeus spelaeus, Ursus
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spelaeus ladinicus, Ursus spelaeus eremus). In MIS 5e, there is an interglacial
period of 123ka, and just after this period, in the following states MIS 5d
(109ka) and 5b, there are two clear peaks of decreasing temperatures, that
again, coincides with the branching event of Ursus ingressus and Ursus
rossicus. Within the speloid group, at the same time, it coincides with another
branching event, splitting Ursus spelaeus from the other two subspecies Ursus
spelaeus ladinicus and Ursus spelaeus eremus (Fig. 1). Between MIS4 to MIS2,

the extinction of the whole group occurs.

The first form that went extinct was Ursus sp. eremus, followed by Ursus
sp. ladinicus and U. rossicus. Later, Ursus sp. spelaeus went extinct followed
by Ursus ingressus. The hypothesis in this PhD Thesis is that both species are
the last ones to go extinct because they were better adapted to overcome the

long winters of the Pleistocene.
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Figure 1. Cave bear evolution in the context of Pleistocene climate. (A)
fluctuations in the 6180/ 6160 as a proxy for temperature across time. Modified
from Hughes et al. (2018). The blue shaded areas correspond to the coldest glacial
periods. (B) comprehensive phylogeny of cave bears. Modified from Stiller et al.
(2014).

14



Chapter 1. Introduction and Aims

In North America, Illinoian glaciation is equivalent to the MIS 6 state of
the Eurasian region. In this continent, there was a large extension of the limits
of the ice sheet to the south (more than 150 km) beyond Wisconsinan's later
limits and in lllinois (MIS 5d - 2) with a glacial peak of 140 ka, corresponding
to same MIS6a state of the Eurasian region (Colleoni et al. 2016; Hughes et al.
2018). In Wisconsin, the glacial boundaries of the lllinoian Stage reach a
maximum of 30 km beyond the limits of Wisconsinan, and in some places the
latter was even more extensive (Syverson and Colgan, 2011). As in the case of
cave bears in Europe, the ecomorphological evolution of A. simus could have

been also influenced by the profound climatic changes of the epoch.

Taking both extinct species of bears that inhabited in different
continents but with similar climatic conditions could help to answer a
fundamental palaecological question: How climate cooling affected the
evolution of the ice-age megafauna? My findings suggest that both climate
change and ecological competition among species are important mechanisms

that motivate changes in the evolution of lineages at a global scale.

1.2. Aims

Although the ultimate goal of this PhD Thesis is to evaluate whether the
relatively new three-dimensional techniques of analysis that have opened new
avenues of future research in the fields of Ecomorphology and Evolution of
vertebrates can help to resolve controversial paleobiological aspects of the
cave bear and other Pleistocene ursids (i.e., A. simus), the specific objectives

addressed are listed below:

 To evaluate whether the tooth-root analysis across maxillary teeth is a good

proxy for the type of food consumed in living ursids. If this is the case, to
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investigate the possible diet of cave bears with this new type of

ecomorphological analysis.

e To explore whether the topography of dental crowns is a good
ecomorphological proxy in living bears and to investigate if they are
related to diet. If there is such a relationship, to investigate the

controversial feeding behaviour of cave bears.

» To explore whether computational biomechanics in 3D, using simulations of
different biting scenarios by Finite Element Analysis, is an appropriate tool
to address if cave bears had a restricted diet to feed exclusively on plant

resources.

« To demonstrate how the analyses based on Computed Tomography are
useful for the morphological characterization of internal structures, and
therefore, how these techniques increase the knowledge on the
palaeobiology of these species. To do this, | use the size and shape of the

paranasal sinuses of cave bears as study case for internal structures.

e To test the hypothesis that cave bears could spend long periods of
hibernation (more than six months) and how these long periods of

inactivity could affect their basal metabolic rate and osteology.

e To show how the virtual methods based on 3D surface scanning and
computed tomography provide significant evidences to clarify the
controversial trophic ecology of the short-faced bear of the Pleistocene of

North America (A. simus).

*To investigate and explore how climate change affected the evolution of cave
bears and other extinct ursids of the Pleistocene megafauna that inhabited

another continent, such as the North American A. simus.
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2.1. General overview

The results of this PhD Thesis are outlined through chapters 3.1-3.5,
each of them with a detailed description of the material used and the
specific methods applied. Accordingly, in chapter 3.1, | use 3D segmentation
of roots and crowns across maxillary teeth from Computed Tomography (CT)
scans. In chapter 3.2, | apply a topographic analysis of tooth crowns in the
upper dental series from surface scanners. In chapter 3.3, | develop 3D
biomechanical models of skulls, digitally acquired from CT scans. In chapter
3.4, | perform the virtual segmentation of paranasal sinuses and histo-
morphometric analyses of cancellous bone from the use of CT scans. Finally,
in chapter 3.5, | used surface scanners and high-resolution micro-CT scans
of teeth. All these methodologies are described in detail through the
respective chapters 3.1-3.5. However, the acquisition procedures and the
pre-analytic processing of 3D meshes to virtually edit the models are
described in this chapter.

Therefore, the main aim of this section is to provide the reader with a
very general and intuitive idea on the techniques of external surface
acquisition in 3D (i.e., surface scanning) and those that captures both
external and internal structures such as the Computed Tomography Scanning
(CT). | decided to explain this through this chapter because several
acquisition parameters must be taken into account, such as electrical voltage,
intensity, and distance between slices, among others (Zollikofer et al. 2005;
Endo et al. 2009; Kak et al. 2002). Once the structures have been scanned,
the resulting images have to be improved by deleting the background noise
and different artefacts, using specific algorithms and a variety of digital filters
that are also explained here. The segmentation of the structure (histogram

thresholding) is also very sensitive and dependent on the property of the
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materials, such as bone density or mineralization, that should be commented
in detail.

Therefore, through this section, | will give a general overview of the
acquisition procedures, including the pre-analytical processing of meshes, as
a first step to specifically analyze the 3D models with the appropriate

methodology to address the main aims of this PhD Thesis.

2.2. Image acquisition of 3D models
2.2.1. Equipment

In this section, | present the technique of 3D acquisition of a real
object that will be subject to analysis. Although there are several types of
scanning machines, each of them with specific resolutions, the ones used in
this PhD thesis is described below:

e Medical CT scan. The medical CT is the most common, due to its speed of
acquisition (1-2 min), and the relatively economic cost. Its power and
energy range between 60-140kV or 100-400 mA, but its resolution is low
(Tmm-0.2mm), which could be a problem for analysis that require more
accurate models (Fig. 1A). This scanning procedure has been used to scan
the skulls of some living and extinct bears analyzed in chapters 3.1, 3.3
and 3.4. See Tables 1,2.

e Micro CT scan. The high-resolution micro CT is the best acquisition
procedure available, because it has a high resolution (10-1 mu) and a high
energy range and power (0-225 kV / 0-100mA). However, the acquisition
time is very long (1-10 hours) (Fig. 1B). This scanning procedure has been
used to scan the skulls of some living and extinct bears analyzed in
chapters 3.1, 3.3, 3.4, and 3.5. See Tables 1,2.

e Surface scanner in 3D. | use a Roland LPX-600, a high-quality scanning
with an accuracy of 0.2mm of scanning-pitch. This scanner allows a large
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working area, up to 254mm in diameter and 406.4mm in height (Fig. 1C).
The software used is the LPX EZ studio. This scanning procedure has been
used to scan the teeth of some living and extinct bears analyzed in

chapters 3.2 and 3.5.

It is worth mentioning that it would be ideal to acquire the digital data in all
skulls by means of a high-resolution micro-CT scanning. However, this
ultimately depends on the availability of this kind of machines, the cost of
the scanning, and the policies of the institutions and museums where the
fossils are housed.

On the other hand, the teeth analysed in chapters 3.2 and 3.5 were
subject to surface scanning using the Roland LPX-600 machine. These
specimens are housed in different museums: American Museum of Natural
History (New York, USA), the Natural History Museum of London (NHM, UK),
the Museum fur Naturkunde (Berlin, Germany) and the Museum fir

Naturkunde (Vienna, Austria).
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Table 1. CT-scans of the skulls belonging to living and extinct bears used in this

PhD thesis.

. Museum . Geographical .
Species Collection/Museum Geological age
Number provenance
Ailuropoda ) ] Zoological park, o
VU 3156b Valladolid, Spain : Living
melanoleuca Spain
University of California, Los ) o
Ursus arctos USNM 82003 Alaskan Peninsula Living
Angeles
. ) ) Zoological park, o
Ursus americanus VU 261 Valladolid, Spain Soai Living
pain
. University of California, Los British Columbia, .
Ursus americanus USNM 227070 Living
Angeles Canada
. ) ) Zoological park, o
Ursus thibetanus VU 2421 Valladolid, Spain Spai Living
pain
University of California, Los North Cornwall; .
Ursus maritimus H. 001-05 Living
Angeles North pole
Tremarctos ) ) Zoological park, L
VU 1661 Valladolid, Spain ) Living
ornatus Spain
American Museum of
Helarctos ) ) L
AMNH28254 Natural History, New York, Borneo, Indosenia Living
malayanus
USA
American Museum of
Melursus ursinus AMNH54464 Natural History, New York, Nepal Living
USA
) ) ) ) Pleistocene
Ursus spelaeus PIUW-CU 703 University of Vienna, Conturines cave,
tadini ( tvpe) Austri il 87+5 ka and
ladinicus aratype ustria aly.
s / 108+8/-7 ka
- ) ) Pleistocene
Ursus spelaeus University of Vienna, Schwabenreith
PIUW-SW 483 i ) 11645 ka and
eremus Austria cave, Austria.
78+30/-23 ka
University of Xeoloxia of ) o .
Ursus spelaeus ) ) . Eiros cave, Galicia, Pleistocene
E-ZYX-1000 the University of A Coruiia, )
spelaeus ) Spain. (24ka- 32ka)
Spain
University of Vienna,
. Department of Dragon cave of Pleistocene
Ursus ingressus PIUW3000/5/105 ) T )
Paleontology.Vienna, Mixnitz (Styria) (65- 31ka)
Austria
Ursus spelaeus University of Bonn, No specific locality )
No number Pleistocene

indet.

Germany

(Germany)
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Table 2. CT-scan acquisition parameters of each skull belonging to living and

extinct bears used in this PhD Thesis. Abbreviations: kv, kilovoltage; mA,

milliamps. Note that the original conditions of acquisition have been modified to

standardize the same conditions of analyses (processed).

Image

Image Voxel Size Voxel Size Iso . Voxel Size
atrix
Species KV | mA Matrix (X,Y,Z) mm (X,Y,Z) mm ( Post
roces
(original) (original) (standardized) s d) (processed)
se
Ailuropoda 0.520, 0.520, 0.520, 0.520, 1024 x | 0.260, 0.260,
120 | 250 | 512 x 512
melanoleuca 0.3 0.520 1024 0.260
1024 x 0.241, 0.241, 0.241, 0.241, 1024 x | 0.241, 0.241,
Ursus arctos 450 | 300
1024 1.00 0.241 1024 0.241
Ursus 0.468, 0.468, 0.468, 0.468, 1024 x | 0.234, 0.234,
120 | 250 | 512 x 512
americanus 0.3 0.468 1024 0.234
0.468, 0.468, 0.468, 0.468, 1024 x | 0.234, 0.234,
Ursus thibetanus | 120 | 250 | 512 x 512
0.3 0.468 1024 0.234
. 1024 x 0.249, 0.249, 0.249, 0.249, 1024 x | 0.249, 0.249,
Ursus maritimus | 420 | 180
1024 0.700 0.249 1024 0.249
Tremarctos 0.381, 0.381, 0.381, 0.381, 1024 x | 0.191, 0.191,
120 | 250 | 512 x 512
ornatus 0.5 0.381 1024 0.191
Helarctos 170 | 250 1097 x 0.142, 0.142, 0.142, 0.142, 1024 x | 0.142, 0.142,
malayanus 1126 0.142 0.142 1024 0.142
1536 x 0.126, 0.126, 0.126, 0.126, 1024 x | 0.126, 0.126,
Melursus ursinus | 170 | 250
1349 0.126 0.126 1024 0.126
Ursus spelaeus 1491 x 0.15, 0.15, 512 x 0.333, 0.333,
130 | 330 0.15, 0.15, 0.15
ladinicus 1139 0.15 512 0.333
Ursus spelaeus 0.533, 0.533, 0.533, 0.533, 1024 x | 0.266, 0.266,
120 | 160 | 512 x 512
eremus 0.2 0.533 1024 0.266
Ursus spelaeus 0.75, 0.75, 1024 x | 0.375, 0.375,
120 | 160 | 512 x 512 0.75, 0.75, 0.75
spelaeus 0.365 1024 0.375
0.611, 0.611, 0.611, 0.611, 1024 x | 0.305, 0.305,
Ursus ingressus | 120 | 160 | 512 x 512
0.2 0.611 1024 0.305

2.3. CT scans processing

2.3.1. Image stack calibration and CT segmentation

The values of the histogram of the raw images that are generated

from CT scanning are usually expanded (Calzado et al. 2010; Gonzalez et al.
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2002). These images are usually of 16 bits (there are 16 grey ranges or
values, 0-4096). Therefore, the first step is to calibrate the range of the
histogram by selecting the region of interest (ROI). This is computed in order
to remove the background noise (Pertusa 2010, Bushberg 2011) (see Fig.
2A,B).

Figure 1. Acquisition machines used in this PhD thesis. (A) Medical CT
machine used to scan some skulls of cave bears (Clinicas Rincén, Malaga);
(B) High resolution micro-CT used to scan some specimens of living bears
(American Museum of Natural History, New York); (C) Laser scanning used to
recover the external surface of dental cast of chapters 3.2 and 3.5 (Servicio

Central de Informatica Universidad de Malaga).
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<— Figure 2. Image cleaning and calibration process using the skull of Ursus
americanus as an example. (A) Original image stack obtained from the CT
scanning (upper) with a not calibrated histogram (lower) in coronal view; (B) First
step for calibrating the histogram. Note that two different transects across the
object are represented by a yellow line. The respective two plot profiles from these
two transects are represented below, the cortical bone represented in yellow areas
and the trabecular bone represented in green areas. Note that in the first transect
there is not trabecular bone. The red colour in both plot profiles represents the
background noise; (C) Results of histogram calibration and cleaning of the of the
first step; The left graph is the original histogram of image stack and the right
graph is the resulting histogram after cropping the grey values in the left diagram
corresponding to the background noise; (D) After repeating the same process than
in (B) and in (C), the third step for the calibration of the histogram is using the
process of normalization (upper graphs) and the automatic selection method
(bottom graphs). On the right side, there is a plot comparing both methods, where
the blue line corresponds to the grey values using the method of normalization
across an object transect and the red line corresponds to the grey values using the

automatic selection method across the same object transect.

The calibration of the histogram must be done across different steps.
The first step is to obtain a plot profile for grey values of a transect in a
convenient zone of the object but crossing the sample at two different
locations. Accordingly, we can see the range of grey values associated with
bone and other structures —i.e, background noise (Fig. 2B). Doing this, the
range of values corresponding to the background noise is cropped in the
histogram (Fig. 2C). The last step is to homogenize the histogram through a
process named normalization (Pérez et al. 2013, Pertusa 2010; Burger et al.
2016) (Fig. 2D). One possibility is to use the automatic method of selection,

but using this method there is an oversizing of the actual grey values of the
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histogram (red line; Fig. 2E) versus the method of histogram normalization
used here (blue line; Fig. 2E). In the case that the objects do not present
artefacts, the next step is to convert the images from 16 to 8 bits. In
contrast, if the objects present artefacts (e.g., rings) different filters for image
cleaning should be applied before converting the image from 16 bits to 8

bits. These filters are described below.

2.3.2. Image cleaning filters

Once the stack of images is cleaned from background noises, there
are still artefacts in the image. Several image filters were applied to remove
them. The artefacts can be rings (Fig. 3) due to a highly-dense anomalous
material derived from taphonomic processes or human-made materials for
reconstructing remains. To remove all these effects, | applied the ‘mean’ and
'sharp’ filters available in Image) (Hsieh 2009; Pertusa 2010; Rueden et al.
2017). Afterwards, to separate gradients of gray values, | used mathematical
operator processes, that is multiplying each pixel by certain values (1.25 to
1.5) to increase the contrast of image stack. This result was subtracted to a
grey value (100 to 200). This process was iterated until having the separation
between the whitest and the darkest range. After each iteration, the
histogram was normalized to avoid calculation errors when applying the
aforementioned filters (Maheswari et al. 2010; Maini et al. 2010).

In those images that have a low contrast between the object and the
background, the use of contrast filters such as those of emphasis, help to

delimit the object margins.
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Figure 3. Artefact elimination in CTs, in this case a ring. Using the skull of cave
bear as example. (A) Original image stack; (B) Image without ring-shaped artefacts

after applying the 'mean’ and ‘sharp’ filters.

A Sobel edge detector compares an approximation of the image
gradient to a threshold, and automatically decide if a pixel is part of a given
margin (Sujatha et al. 2015). A proper thresholding must be determined and
computed so that the comparison produces useful results. An edge may be
defined as the border between blocks of different colours or different grey
levels (Qiu et al. 2012). Mathematically, the edges are represented by first-
and second-order derivatives.

Among other edge detection operators (e.g., Banu et al. 2013), | used
the Canny's edge detection algorithm (Canny et al 1986), which is an
improved method of the Sobel operator and it is considered a powerful
method for edge detection.

A second category of filters that detect edges are those that use a
second-order derived expression of the image, usually the Laplacian or
nonlinear deferential expression. This filter has been used in partial parts
when edge detection was more complicated given the low gradient of

neighbouring pixels (see section 3.4).
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2.3.3. Unifying parts of image stacks

A general problem when working with CTs is the acquisition size limit
of the machine used (Bushberg 2011). Usually, this acquisition size is smaller
than the size of the object that a CT can scan, and therefore, a solution is to
perform the scanning process by parts. The simplest case is when the object
has the same position in all the acquisitions, and therefore, only change the
acquisition window by the adjustment of the detector. In this case the
process of unifying all the image stacks is automatic using an algorithm
named Concatenate algorithm of Image) (Rueden et al. 2017). However, in
those cases where the object should be moved to scan it again, the object
(in our case the skull) is oriented differently in each acquisition, and this
suppose a big problem to unify the image stacks. Different processes
(described below) to fit all the images at the same orientation should be
performed before using the Concatenate algorithm in order to obtain a
high-quality matching of the image stacks. These methods are known under
the rubric of re-slice.

The re-slice was applied specifically to a micro-CT scan of the skull of
a cave bear (Fig. 4). This scan was performed at the Steinmann-institut
(University of Bonn, Germany) and the micro-CT machine was a Phoenix x-
ray 240kV. Specifically, the skull was scanned in five parts: the caudal part,
the medial, the frontal part, and the two zygomatic arches (both laterals). All
of them were joined considering the same pixel sizes on the X, Y, Z axes,
obtaining 2087 slices. The conditions of the histogram must be the same as
well as the voxel and pixel size, which in this case where 0.24637mm and
1024x1024, respectively.

The histogram and voxel size conditions must be the same. The
characteristics of the CT data are 1024x1024 matrix and the voxel size x, y, z

is 0.244637 mm. The conditions of acquisition in the CTscan for this
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specimen are 180 kV and 160 mA. The CT of the caudal part of the skull had
1024 slices, and from the slice 477 to the slice 1024 had relevant information
of the object (i.e., bone represented). The CT of the medial part of the skull
had 1024 slices and only the slices from 1 to 880 had relevant information of
the object. From these subsets of slices, | used the stacking tool of Image)
(Rueden et al. 2017) to merge the two blocks of image stacks of both CTs
(medial and caudal) at their corresponding order. The rostral part is
disoriented with respect to the fused part (caudal-medial). To make the
alignment, the two parts were positioned in the same view (coronal) and in
the same slice. This process was repeated to fit and merge the lateral parts
of both the right and left zygomatic arch. Once the five CTs were merged,
the final histogram was normalized and converted from 16 bits to 8 bits (Fig.

2D) and the concatenation the all image stacks was performed (Fig. 4F-I).

2.3.4. Interpolation process

In order to analyse the CTs of all the skulls, they should be
comparable, that is that all of them should have the same resolution and
orientation. Moreover, after doing this, in some cases the resolution of some
small parts (e.g., connections among trabeculae) should be enhanced. To do
this, | applied a method called Bicubic (Van Hecke et al. 2010; Parsania et al.
2016; Rajarapollu et al. 2017). This method of interpolation was applied
through this PhD Thesis to: (i) convert non-isotropic to isotropic voxel in
order to standardize the resolution; (ii) reorient the sample in the CT in order
to have the same orientation; (iii) increase voxel resolution in order to have a

higher resolution of the small structures at histological level.

40



Chapter 2. Material and Methods

(i) Converting non-isotropic to isotropic voxel

This method divides a non-isotropic voxel into two isotropic voxels (Fig.
5A, B). The process to perform such