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ABSTRACT

The present thesis investigates the functional morphology of the skull of
representatives of the subfamily Melinae Bonaparte, 1838. Specifically, it examines
the extant genus Meles from several localities of Europe and Asia, as well as the fossil
species Meles dimitrius from the Early Pleistocene of Greece.

This study is composed of three main parts. Firstly, descriptive observations of both
myological and osteological nature are presented. The myological analysis examines
the skull of Meles meles with the purpose of inferring certain information about the
masticatory system, creating a Omuscl e
the feeding procedure and capturing of prey. A muscle map is also created for the
extinct species by observing the analogous muscle scars on the cranium and mandible
of Meles dimitrius. Osteological observations concern morphological features of the
cranium, mandible, and teeth, which refer to possible ecomorphological adaptations.
Secondly, a quantitative analysis has been conducted, including the computation of
several measurements and indices related to functional characteristics in order to
concur if there are ecological characters which can be attributed to different
ecomorphs. In the third part, a combination of data from the myological analysis and
bibliographical method contribute to the computation of bite force (using the
Physiological Cross-Sectional Area) of both the gross and dry method, while the results
of each method are compared. Hunter Schreger Bands, endocranial volume and body
mass were also examined in order to infer additional information about the ecology of
the species. It is examined whether there are significant differences in the species of
a generalist / omnivorous animal such as the badger.

This analysis aims to the better understanding of the ecomorphology and ecology of
Meles dimitrius, a close but extinct relative of recent Meles. The utter purpose is to
create an ecological profile of both the extant badger and of Meles dimitrius.

The main findings of the study suggest that the species of Meles present certain traits
which separate them ecomorphologically in two main groups. The first one includes
the mainland species (M. meles, M. leucurus) and the second one the insular species
(M. canescens (Crete), M. anakuma). Meles dimitrius is placed closer to the insular
group, which is characterized by relatively more developed masticatory system and
specifically by a well-developed temporalis muscle, increased bite forces, increased
endocranial volume and a possible better adaptation to consuming and processing
meat.
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INTRODUCTION

The genus Meles: origin, systematics, evolution

The genus Meles Brisson, 1762 attributed to the Melinae Bonaparte, 1838 subfamily,
of the Mustelidae Fischer de Waldheim, 1817 family, is said to have originated in Asia,
from a marten i like ancestor which occurred in the Early i Middle Miocene (Roper,
2010). The tropical forests of SE Asia gave rise to an arboreal, mainly carnivorous
predator which gradually abandoned the forested areas for a more open environment.
It finally adapted to a terrestrial lifestyle, enhancing its ability to dig burrows (semi i
fossorial lifestyle) for protection from potential predators, while also shifting to a more
omnivorous diet (Roper, 2010). The consequent genus Meles (further deriving from
Melodon at about 4.4 7 3.6 Ma) (Madurell-Malapeira et al., 2011) dispersed from East
to West and finally reached Europe.

The genus is present in faunas dating back to the early Villafranchian while managing
to survive until the present day. ghe badger (Meles spp.) is spread throughout the
whole Palaearctic region (Madurell-Malapeira et al., 2011 and references therein). The
genus Meles is represented by six taxa in the fossil record of Europe (M. thorali, M.
thorali spelaeus, M. iberica, M. dimitrius, M. hollitzeri and M. meles atavus). The extant
representatives of the genus are further separated in Meles meles for Europe and SW
T Central Asia and Meles anakuma for the rest of the Asia including Japan
(Baryshnikov et al., 2003). However, several authors support the existence of a third
species, Meles leucurus, of continental Asia while Meles anakuma is confined mainly
to Japan. A later hypothesis proposes the existence of a fourth species, Meles
canescens (Abramov and Puzachenko, 2013). This taxon was firstly recognized as a
subspecies of Meles meles but upgraded to the species rank since then. Meles
canescens is distributed throughout Southwest Asia (Sato, 2016). Interestingly, the
representatives of Meles from the island of Crete and Rhodes Island (Greece) are
attributed to M. canescens and specifically to the subspecies M. c. arcalus (Proulx,
2016). Genetic analyses ( D e | Cerro et al ., 2010; I bi
place this specific population of the Greek islands closer to M. canescens (of SW Asia)
rather than to M. meles (Europe). Marmi et al. (2006) propose that Meles in Crete is
linked with the human migration from Asia Minor, as Crete was not connected with the
mainland during the Pleistocene.

At an evolutionary context, Abramov and Puzachenko (2013; and references therein)
suggest that the beginning of the lineage with Melodon (4.4 i 3.6 Ma) led to an
ancestor of the genus Meles (~2.5 Ma) from which an Asian and a European clade
originated at about 1.8 Ma ago (Madurell-Malapeira et al., 2011). Meles chiai, of the
Late Pleistocene (China) is the first recorded specimen of the Asian clade which later
(1.09 - 0.22 Ma) led to two consequent species, those of M. leucurus (mainland Asia)
and M. anakuma (Japan). In the European record, M. thorali is firstly described from
the Pleistocene of France and is said to combine both Asiatic and European
characters. Madurell-Malapeira et al. (2011) suggest that the Spanish M. iberica and
M. dimitrius (from Gerakarou, Greece) should be attributed to M. thorali. Meles thorali
is said to have evolved to M. m. atavus (which was proposed to be almost identical to
M. hollitzeri from Germany, Austria and M. dimitrius from Apollonia by Madurell-
Malapeira et al., 2011). Nonetheless these suggestions for the union of the subsequent
species have not been confirmed and revisions are yet to be made. Meles m. atavus
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is suggested to have led to two clades of the European badger: M. meles (mainland
Europe) and M. canescens (SW Asia). This separation is believed to have occurred
due to palaeogeographic changes and isolation of certain populations.

Meles dimitrius Koufos, 1992

#he fossil taxon Meles dimitrius was discovered in Greece (localities of Apollonia and
Gerakarou). Its taxonomy is controversial as some researchers believe that it consists
of two forms (ancestral and derived) with the former including samples from Gerakarou
attributed to the ancestral Meles thorali (early i middle Villafranchian) and samples
from Apollonia attributed to a more derived form, that of Meles meles atavus
(Epivillafranchian) (Madurell-Malapeira et al., 2011). Waiting for more material and
studies on the taxonomy of the Greek taxon, the examined samples will continue to be
referred to here as Meles dimitrius.

Localities

The current study examines fossil samples from both Apollonia and Gerakarou
localities in Mygdonia Basin (Fig. 1).

Apollonia i 1 (APL) fossil locality belongs to the Platanochori Formation of sands,
sandstones, conglomerates, clays, marls, marly limestones, silts and silty sands
(Koufos et al. 1995, Konidaris et al., 2015, 2020). The rich mammal fauna revealed is
of Early Pleistocene (Epivillafranchian) age, dated indirectly between 1.2 and 1.0 Ma
(Koufos, 2018; Spassov, 2003).

I 7 3 AT e -
g" pissp . Mygdonia Basin deposits

3 Alluvial deposits ||
[ Mygdonian Group §
I Platanochori Fm
[ Gerakarou Fm
Il Chryssavgi Fm

APL

KLT, KR,
KRM

Early Pleistocene

TSR

Stratigraphic context

ol

GER

Figure 1. Map of the Mygdonia basin modified from (Kostopoulos et al., 2018). The two localities
(GER, APL) are highlighted in red boxes. The stratigraphy of the area is also depicted.

The APL vertebrate fauna consists of the following taxa: Mammuthus meridionalis,
Canis etruscus, Canis arnensis, Canis apolloniensis, Lycaon (=Xenocyon) sp., Vulpes
alopecoides, Ursus etruscus, Mustela sp., Pachycrocuta brevirostris, Megantereon
cultridens, Lynx issiodorensis, Equus apolloniensis, Stephanorhinus sp.,
Praemegaceros pliotarantoides, Arvernoceros cf. veretschagini, Pontoceros
ambiguous mediterraneus, Soergelia brigittae, Praeovibos mediterraneus, Bison cf.
degiulii, Ovis sp. and Hemitragus orientalis (Konidaris et al., 2020; Kostopoulos et al.,
2018; Koufos et al., 1992; Koufos and Kostopoulos, 2016)

Gerakarou-1 (GER-1) is also located in the Mygdonia Basin (Fig. 1) and takes part of
the upper levels of the homonymous Gerakarou Formation consisting of red brown
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sands, gravels, sandy silts and clays characteristic of a fluvio i terrestrial depositional
environment (Konidaris et al., 2015; Koufos et al., 1995). The Late Villafranchian
Gerakarou fauna is indirectly dated around 1.8Ma and likely before the Olduvai
subchron of the Early Pleistocene (Konidaris et al., 2021; Koufos, 2014; Spassov,
2003).

The GER vertebrate fauna includes cf. Borsodia, Apodemus cf. mystacinus, Hystrix
refossa, Canis etruscus, Canis arnensis, Pliohyena perrieri, Pachycrocuta brevirostris,
Panthera gombaszoegensis, Mammuthus meridionalis, Equus stenonis mygdoniensis,
Sus strozzii, Eucladoceros ctenoides, Metacervoceros aff. rhenanus, Croizetoceros
ramosus gerakarensis, Leptobos cf. etruscus, ?Gazellospira sp., Gazella bouvraine,
and Antelope koufosi, (Koufos, 2006; Koufos and Kostopoulos, 2016; Lazaridis et al.,
2019).

Studies concerning the APL faunal assemblage of both the carnivorous and
herbivorous association show similar results about the palaeoenvironment. As far as
carnivores are concerned, a significant abundance of terrestrial and cursorial taxa has
been observed while there seems to be a lack of arboreal ones. Moreover, the
presence of canids (grassland specialists), felids, hyaenids and mustelids indicates an
open environment (Koufos, 2014). Analyses concerning the mesowear of herbivorous
teeth as well as morphometric analyses of the metapodials of certain taxa (Bison)
(Koufos, 2018; Maniakas and Kostopoulos, 2017) indicate mainly grazing-mixed
feeding behavior and open to patchy environments. The presence of limited forested
areas is also supported by certain taxa (i.e. Mammuthus meridionalis, large cervids)
(Koufos, 2018). Consequently, the environment should be considered as an
open/mixed grassland, comparable to that of a woodland-grassland, with a domination
of steppe fauna and elements of open woodland/bushland (Spassov, 2016). These
results are in accordance with the existing evidence about the Mediterranean at
Epivillafranchian times where alternations between open and forested conditions were
typical due to the beginning of the Pleistocene glacial and interglacial oscillations
(Kahlke et al., 2011; Vislobokova and Agadjanian, 2016)

The above data suggest that the ecological context of Meles dimitrius can be described
as a relatively open environment (open grassland) with limited forested patches. A
previous analysis of M. dimitrius by Kargopoulos (2019) based on several
ecomorphological features (such us dental mesowear/morphology, bite force -dry
method-, bending strength of canines/incisors and endocranial volume), focusing on
an evolutionary context, proposed that M. dimitrius had a possibly increased
percentage of plant material in its diet compared to the extant M. meles, though, these
two species were suggested to be quite similar ecomorphologically.

Extant representative Meles Brisson, 1762

Meles is found in a vast variety of environments and latitudes due to its extreme
adaptability in its variable diet as well as its high endurance in a wide range of climates.
For example, in higher latitudes and colder environments it possesses the ability of
torpor remaining inactive during the colder months (Elmeros et al., 2018). Another
important adaptation is the shift to omnivory, and specifically to opportunistic foraging,
making good use of all the available food resources.
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The genus Meles is also observed in insular environments throughout the Palaearctic
region. Specifically, it has an obvious presence in Japan (M. anakuma), Korea, Crete
(M. c. arcalus), Rhodes (M. c. rhodius), Sicily and the NW European islands of Britain
and Ireland (M. meles) (lurino, 2014; Lynch et al., 1997; Sleeman et al., 2009). Insular
badgers are characterized by a smaller size when compared to the mainland
populations as well as by an absence of the first upper premolar P1 (lurino, 2014,
Sleeman et al., 2009), adaptations connected to the insular and isolated environments.
The endemic fauna of the Holocene islands is believed to have a lowered expression
of endemism due to the little time that has passed since the isolation of the taxa
(Masseti, 1998), nonetheless differences with the mainland representatives are
apparent.

Carnivores are quite rare in insular environments as the majority of them are not
efficient swimmers. There is also no standard rule or pattern of features characterizing
insular carnivores and changes occurring, are mainly unpredictable in the carnivoran
clade. The most common and notable characteristic observed in insular populations is
the reduction of size. Such a case could possibly be attributed to ecological release,
available food resources (Meiri et al., 2004) and other environmental or ecological
factors, which are not yet clearly understood as there are a lot of unpredictable
variables and interactions among the taxa. Insular ecosystems are considered to be
ecologically unbalanced (Palombo, 2018). It has been noticed that a decrease in size
occurs in larger animals when fewer predators and competitors are present (Meiri et
al., 2004). This could also be the case for the Cretan badger as it is suggested to be
the largest predator on the island (Sfenthourakis and Triantis, 2017) and appears to
have reduced its size when compared to the mainland badgers. Since there are no
larger predators to compete for the available food resources or to prey on the badgers,
size as a defense mechanism is no longer important. Furthermore, limited food
resources could also be a reason for size reduction, as original sizes could not be
supported by limited food (Sleeman et al., 2009).

Description

The badger (genus Meles) is a medium-sized, robust animal (BW = 81 15kg, HBL =
561 90 cm, with females usually being a little smaller than males). When compared to
other carnivores, it is considered one of the largest representatives of the family. It is
short limbed and short tailed with a relatively small skull, lengthened snout, and
elongated body shape (Roper, 2010).

It possesses powerful non-retractable claws used for digging, while the forelimbs are
somewhat stronger and longer than the hindlimbs due to their extensive use for digging
(either for burrows or for acquisition of food). Consequently, the morphology of the
scapula is typical of that of a semi i fossorial animal (prominent ridge acromion
process and deltoid ridge) (Loy, 2018). The front part of the body seems concentrate
the majority of the strength (concentration of muscles) making it quite powerful. While
not specifically adapted to it, it has the ability to climb and swim (Roper, 2010; Heptner
and Sludskii, 2001).

The skull (small in size but elongated in snout length compared to its body size) is
characterized by small eyes, and ears and a large nasal cavity, indicating a greater
sense of smell compared to sight and hearing (Ewer, 1986; Roper, 2010).
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The Melinae possess an extra carnassial cusp, which is diagnostic of the subfamily.
The first premolars are residual (and not always present) as a consequence of the
enlargement of the first molars and reduction (in size and number) of the rest of the
teeth (Hancox, 1988). The dental formula of the European badger is 13/3, C1/1, P4/4,
M1/2. Asian badgers are distinguished by European badgers due to the lack of p1 and
p2 of the lower dentition and P1 of the upper (Baryshnikov et al., 2003). The dentition
is typical of an omnivorous diet. The teeth are equally adapted to crushing, grinding
and slicing, as is shown by the reduced blade (when compared to strictly carnivorous
taxa), the enlarged protocone of the carnassials and the flat broadened multicusped
molars (Ewer, 1986; Loy, 2018).

Habitat use

Meles can survive in a variety of habitats making the best use of their environment.
The most suitable environments are temperate climates with sufficient food resources,
little competition from other predators (mainly foxes and racoon dogs with which they
overlap in diet) and appropriate ground to dig burrows. Deciduous mixed forests with
sparse undergrowth, open fields, grasslands, riverine habitats, and steppes are usual
habitats for a badger. These conditions may be the ideal however, badgers can and
do thrive in the majority of habitats (Roper, 2010).

For their setts, that consist of burrows, they prefer places where they can easily dig,
which have tree or rock coverage near the entrance, well drained soils and are mainly
isolated in order to avoid predators and possible dangers (Byrne et al., 2012).

Dietary preferences

Despite being described as a carnivore, the badger is adapted to a more omnivorous
diet which changes in accordance with the availability of food at a specific place and
time of the year. Their omnivorous diet allows them to take advantage of a variety of
ecosystems (including urban) (Gomes et al., 2020) making their distribution and
survival successful.

The food consumed by badgers varies at different places and periods of the year
(seasonal variation). Meles meles is described as a generalist predator with
opportunistic foraging behavior (Li et al., 2013) despite the fact that many authors have
proposed the idea of it being an earthworm specialist (hypothesis that was rejected
later) or locally specializing in certain types of food (controversial hypothesis as it has
not been fully established) (Roper, 1994).

Multiple studies conclude that badgers feed on almost anything, from plant material,
arthropods and invertebrates to carrion, small mammals, amphibians and birds, with
the contribution of each food varying in different climates and places (Revilla and
Palomares, 2002). More specifically, their diet is composed of fruit, vegetables, cereal,
insects, earthworms, invertebrates (like snails, slugs or mollusks), small mammals
(rodents, juvenile rabbits), birds, amphibians, reptiles, fish and carrion.

The locality where they reside plays an important role in their diet. It has been found
that the diet of the Mediterranean badger compared to that of the Central and Northern
Europe presents several differences. In the North small vertebrates are consumed at
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a higher rate, whereas in the South insects are preferred as a main protein source
(GoszczyE&ki. et al ., 2000)

In the Mediterranean, the diet of M. meles is mainly composed of rabbits, olives, figs
and insects (Barea-Azcon et al., 2010; Boesi and Biancardi, 2002; Pigozzi, 1991;
Rosalino et al., 2005) with different percentages of each category in different places.
For example, in Spain the main source appears to be juvenile rabbits and figs while in
Italy, olives constitute a high proportion of their diet (Barea-Azcon et al., 2010).
Seasonal variations also exist with fruits consumed more often in the summer and
autumn, small mammals in autumn/winter and insects in winter and spring. However,
this pattern changes whenever there is abundance in a specific type of food (it is
consumed at increased rates due to easier access) (Pigozzi, 1991). Additionally in
more humid areas of the Mediterranean there is an increase in the consumption of
earthworms( Vi rg- s et al ., 2004)

In central Europe the main source seems to be insects and small mammals (less plant
material and increased percentages of meat). Fruit also appears to be an important
part of their diet (seasonally and not among all localities) (Roper and Mickevicius,
1995). In Britain badgers rely mostly on cereal (Roper, 1994) while there are certain
areas where earthworms seem to be a large part of their diet (mainly in humid northern
and central Europe where forested areas exist) (Li et al., 2013).

Altitude also seems to play an important role. A study in the Swiss Alpes showed a
limit of the dispersal of badgers at 1600-1700m, and they are never found above the
tree line (due to limited food resources) (Daiiana, 1995). Another study in the Swiss
Jura mountains (Fischer et al., 2005) showed a zonation where, as the altitude
increases and the cultivated crops decrease the dietary preferences change (soll
management seems to be crucial). In high mountains, mammals, cereal and
invertebrates are mostly consumed. In intermediate areas the main food source is
maize and mammals. Lastly, in lower altitudes maize, cereal, fruit and mammals (small
rodents, lagomorphs) are preferred.

Foraging/feeding Behavior:

Meles is a nocturnal or crepuscular animal (Byrne et al., 2012). It is usually solitary,
but when food resources are abundant it may form groups (Carpenter et al., 2005),
however, always hunts and forages alone.

Badgers use at an extensive rate their ability to dig, usually by burrowing and rooting
in the soil, to acquire their food. While digging, they place their paws to the desired
place and rotate their bodies around it. As a generalist forager, it places its nose close
to the ground and consumes all that is edible. If food is found in a specific area badgers
continue the search in close vicinity of the area (Roper, 2010). They seem to be quite
skillful at other strategies too. While not active predators they commonly prey on slowly
moving animals killing them with a single powerful bite (Ewer, 1986).

Badgers have developed several feeding tactics. As they are too slow to capture adult
rabbits, they feed on the young by locating their sett (usually by smell) and digging
vertically down, eating the located prey inside the nest (Roper, 2010). As far as
hedgehogs and toads are concerned, badgers turn them on their back, immobilizing
them with one paw Dbelly eating the sofpparts ivhéle lgaving thé
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skin intact so as to avoid spikes and poisonous skin glands respectively (Roper, 2010).
Insects and larvae are unearthed using their front legs, while cow dung is turned upside
down in order to find beetles (Ewer, 1986). While feeding on earthworms, badgers
plunge their snout on the ground and capture prey with their incisors.

Competition, predators and defense

The Eurasian badger (Meles meles), the racoon dog (Nyctereutes procyonoides) and
the red fox (Vulpes vulpes) show an overlap in their diets (similar habitat use), mainly
during the winter when resources are limited. However, this overlap is of minor
importance as the competition does not appear to be high. Moreover, the amount of
overlap decreases as food resources increase (Elmeros et al.,, 2018; Kauhala and
Ihalainen, 2014).

Badgers do not seem to have natural predators however, bears, lynxes and wolves
may often hunt them. They defend themselves by hiding in their burrows, but also
appear to be quite aggressive when intrigued, a crucial behavior which helps them
when encountering enemies. Their strategy of defense is that of stand and fight as
they are quite slow animals lacking the ability to outrun all possible predators. Their
developed musculature (mainly of the neck) is an advantage while fighting with an
enemy (badger or other), as it helps prevent dislocating and breakage of the
i ndividual 6s n e c k cticsTnhle face to &ate bifing gntd $napmg at
the neck and head of the enemy (Roper, 2010).

An interesting adaptation is that of their skin which is loose and not overstretched, so
that predators are unable to have a firm grip on them while lessening the damage
inflicted to the underlying tissues. This trait has a secondary use of storing fat during
autumn in order to be used during torpor at winter when badgers remain inactive at
cold climates (Roper, 2010).

Other threats to badgers are mainly anthropogenic activities such as urbanization,
habitat modification, hunting, and road kills. Despite the fact that diseases seem to be
quite common in the life of a badger (rabies, bovine tuberculosis, ectoparasites), they
are of minor importance as no serious cases have been recorded of a disease killing
a vast number of badgers. On the contrary they pose a serious threat to humans and
cattle, as vectors.

Aims of the study

The aim of this study is to examine the skull of extinct and extant species of the genus
Meles from a morphofunctional and ecomorphological perspective. In this way, the
skull of the fossil Meles dimitrius from Greece will be compared to that of extant
species, including M. meles (mainland Europe), M. leucurus (mainland Asia), the
insular M. canescens (Crete) and M. anakuma (Japan) The study focuses on the
analysis of the cranium, mandible, and dentition, in relation to the masticatory abilities
and functions. This analysis includes qualitative descriptive (non i metric) and
guantitative (metric) univariate and multivariate approaches. The non T metric
approaches include observations and comparisons concerning the osteological and
myological morphology, related to ecomorphological adaptations of the skull. Firstly,
there will be a detailed comparative description of the fossil specimen in terms of
functional aspects. Moreover, based on dissections of skulls of extant M. meles and
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on comparative approaches from the literature (e. g., Ercoli, 2017; Ercoli et al., 2017;
Perry, 2018; Sasaki et al., 2000) there will be an attempt to reconstruct the muscular
system of the skull and mandible of the fossil M. dimitrius. Finally, the structure of the
tooth enamel by the Hunter - Schreger Bands (HSB) will also be analyzed, using
approaches by Ferretti (2007), Stefen (1999) and Tseng (2012), who have used the
HSB structures on carnivores to examine the hardness of consumed food.

The quantitative (metric) approaches include the use of standard distance
measurements and indices, related to functional aspects of the cranium, mandible and
dentition. These measurements and indices are based on ecomorphological studies of
carnivores (Christiansen and Adolfssen, 2005; Cox, 2008; Ellis et al., 2009; Friscia et
al., 2007; Friscia and Van Valkenburgh, 2010; Gittleman, 1986; Kieser, 1995; Law et
al., 2018; Meachen-Samuels and van Valkenburgh, 2009; Meloro, 2011; Popowics,
2003; Radinsky, 1981; Romaniuk, 2018; Sacco and Van Valkenburgh, 2004; Sicuro
and Oliveira, 2002, 2011; Timm-Davis et al., 2015; Zhang et al., 2007) and are related
to functional adaptations such as relative development of muscles, induced forces,
morphologies correlating to specific behaviors and food preferences. These data will
be analyzed via multivariate (Principal Component Analysis) and univariate (ANOVA,
Kruskal 1 Wallis) analyses.

Additionally, endocranial volume, body mass, and bite forces will be computed based
on known methods (Damasceno et al., 2013; Finarelli, 2011; Van Valkenburgh, 1990).
Bite force will be estimated firstly with the dry method, based solely on cranial
measurements, as suggested by Thomasson (1991), and subsequently modified by
Christiansen and Wroe, 2007, Sakamoto et al., 2010, and Damasceno et al., 2013.
Moreover, bite force will be also estimated with the gross method, based on the
physiological cross i sectional area (PCSA) from original dissections (Hartstone-Rose
etal., 2019, 2012; Ito and Endo, 2019, 2016; Penrose et al., 2020, 2016). The quotients
already proposed by Damasceno et al., 2013 and Sakamoto et al., 2010, will also be
applied in order to compare taxa of different sizes in relation to brain volume and bite
forces (dry method).

Based on these approaches, this study will test the following predictions: different
species of the Eurasian badgers show certain ecomorphological adaptations attributed
to different ecologies. Specifically, it is hypothesized that insular badgers discriminate
from the mainland ones with respect to ecomorphological characteristics, due to the
unique ecosystems of the islands. The fossil Meles dimitrius is also expected not to
differ greatly from the extant representatives of the genus Meles. Moreover, it is tested
whether Meles dimitrius shares traits with the mainland or the insular extant
representatives of Meles, or it is discriminated completely. Meles dimitrius is expected
to be closer to the mainland badgers as no indicator of differences is previously stated.
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MATERIAL

The present bone and gross anatomy of the Meles skull includes the extant species
Meles meles (Europe), Meles canescens (SW Asia & SE Europe), Meles leucurus
(mainland Asia) and Meles anakuma (Japan), and the fossil species Meles dimitrius
(Europe).

The fossil material of M. dimitrius from Apollonia and Gerakarou sites is part of the
collection of the Museum of Geology Palaeontology and Paleoanthropology, Aristotle
University of Thessaloniki (LGPUT). The Apollonia material consists of a unique
cranium (APL T 544), a partial premaxilla (APL i 545) and three hemi-mandibles (APL
T 546, APL 1 15, APL T 772) already described by Koufos (1992, 2018) and Koufos
and Kostopoulos (1997). The skull has been subjected to postmortem lateral
deformation which mainly affects the front area, but it should be taken into
consideration. The partial premaxilla is in poor condition while the hemi T mandibles
are well preserved with the occasional absence of certain teeth. The material from
Gerakarou consists of six specimens: two partial hemi i mandibles (GER i 161, GER
I 162), a partial cranium (GER T 164), two partial upper premaxillae (GER i 160, GER
T 159) and an individual upper canine (GER i 163) described by Koufos (1992). The
GER material is in poor condition and measurements were taken where possible
however the samples were mainly used for descriptive observation.

The extant specimens of M. meles were acquired from several localities (mainland
Greece, Bulgaria) and the specimens of M. canescens from the island of Crete.
Moreover, the sample was enriched by photographs of the Asian (M. leucurus) and
Japanese (M. anakuma) badger. Photographs of M. leucurus are from specimens of
Mongolia, Chitinskaya (Russia) (photographs provided by Dr. Aleksandra Panyutina
Russian Academy of Sciences, Severtsov Institute of Ecology and Evolution, Moscow,
Russia), and China (photographs provided by Song Li Ph.D., Professor Senior
Engineer, Kunming Natural History Museum of Zoology, Kunming Institute of Zoology,
Chinese Academy of Sciences, No.32 Jiachang Donglu, Kunming, Yunnan, China).
Photographs of M. anakuma are from Japanese specimens (photographs provided by
Yamato Tsuji, Associate Professor, Ishinomaki Senshu University, Ishinomaki, Miyagi,
Japan and by Associate Professor Eishi Hirasaki Kyoto University, Primate Research
Institute, Inuyama, Japan). Finally, photographs of M. canescens (Iran), M. leucurus,
M. anakuma and the fossils M. m. atavus and M. thorali from bibliographic sources
supplemented the sample (Abramov and Puzachenko, 2013; Argant, 2004;
Baryshnikov et al., 2003; Madurell-Malapeira et al., 2011). Digital measurements were
taken from the photographs. The sample of the extant M. meles includes eight
complete skulls. Three of them are part of the LGPUT collection, four part of the
National Museum of Natural History of Sofia (NMNHS) and one belongs to a personal
collection (from continental Greece). The samples of the extant M. canescens (Crete)
includes nine skulls. Eight of them are part of the Natural History Museum of Crete
(NMHC) and one belongs to a personal collection. A complete list of all the specimens
is presented in Table 1.

All measurements and analyses were taken from the sides of the specimens that seem
to be more complete, less deformed and less damaged. Not all the specimens were
used in the quantitative analyses (PCA), excluding those for which a complete set of
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measurements was impossible because of damage. However, all of them were used
for the qualitative descriptive comparison.

Table 1. Specimens used in the current analyses.

Specimen Source Location Preservation
Meles dimitrius APL 544 LGPUT Apollonia Cranium
Meles dimitrius APL 545 LGPUT Apollonia Partial premaxilla
Meles dimitrius APL 546 LGPUT Apollonia Right hemimandible
Meles dimitrius APL 15 LGPUT Apollonia Left hemimandible
Meles dimitrius APL 772 LGPUT Apollonia Left hemimandible
Meles dimitrius GER 164 LGPUT Gerakarou Partial cranium
Meles dimitrius GER 160 LGPUT Gerakarou Partial premaxilla
Meles dimitrius GER 159 LGPUT Gerakarou Partial premaxilla
Meles dimitrius GER 163 LGPUT Gerakarou Upper canine
Meles dimitrius GER 161 LGPUT Gerakarou Partial
hemimandible
Meles dimitrius GER 162 LGPUT Gerakarou Partial
hemimandible
Meles meles 1007 NMNHS Bulgaria Complete cranium
and mandible
Meles meles 1009 NMNHS Bulgaria Complete cranium
and mandible
Meles meles 1010 NMNHS Bulgaria Complete cranium
and mandible
Meles meles 1011 NMNHS Bulgaria Complete cranium
and mandible
Meles meles K1 LGPUT Mainland Skull
Greece
Meles meles B2 LGPUT Mainland Complete cranium
Greece and mandible
Meles meles H3 LGPUT Mainland Complete cranium
Greece and mandible
Meles meles G4 LGPUT Mygdonia, Complete cranium
personal and mandible
collection
Meles canescens T5 Personal Crete, Samaria  Cranium
(Crete) collection Gorge
Meles canescens  Fc3802 NMHC Crete, Complete cranium
(Crete) NHMC 80.5.63.26 Herakleion and mandible
Galatiana
Meles canescens  Fc7722 NMHC Crete, Vrises Cranium
(Crete) NHMC 80.5.63.47 Kydonias, Kera
Spiliotisa
Meles canescens  Fc22898 NMHC Crete, Antiskari Complete cranium

(Crete)

NHMC 80.5.63.92

and mandible
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Meles canescens  Fc2702 NMHC Crete, Complete cranium

(Crete) NHMC 80.5.63.15 Herakleion and mandible
Agiofarago

Meles canescens  Fc2561 NMHC Crete, Complete cranium

(Crete) NHMC 80.5.63.17 Rethimnon and mandible
Psiloritis

Meles canescens  Fc4685 NMHC Crete, Complete cranium

(Crete) NHMC 80.5.63.34 Gouvernetou and mandible
Gorge, Chania

Meles canescens  Fc3797 NMHC Crete, Stalos Cranium and partial

(Crete) NHMC 80.5.63.25 Chania hemi mandible

Meles canescens  Fc1364 NMHC Crete, Agies Complete cranium

(Crete) NHMC 80.5.63.14 Paraskies and mandible

For the purpose of the myological analysis and the computation of physiological cross
I sectional area (PCSA) with the gross method, two complete skulls [1(s), 2(1)] of the
species Meles meles were dissected. The samples were obtained from road kills, from
the area of Northern Greece (Mygdonia) and frozen after death. One of the two skulls

was extremely damaged and only the intact parts of it were analyzed.
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METHODS

Photos of the physical samples were captured with a Nikon D5200 in order to measure
the needed surfaces for the computation of bite force and brain volume with the dry
skull method (Damasceno et al., 2013; Sakamoto et al., 2010), as well as compute
certain angles and areas for the PCA analyses. All the digital measurements were
taken with the software ImageJ (Schneider et al. 2012). Physical measurements were
taken with a digital caliper with 0.01 mm precision. The statistical software PAST 4.03
(Hammer et al. 2001) was used for the data analyses (PCA, boxplots, ANOVA, Kruskal
T Wallis).

The osteological nomenclature is based on de Lahunta and Evans (2010). The muscle
nomenclature is based on Bryden and Halnan (2017) and Penrose et al. (2016).

Morphometric measurements and indices

The measurements and indices computed below are all related to functional aspects
and have an ecomorphological interpretation. Each measurement was taken five times
and the average score was used in the final analysis.

The Principal Component Analysis (PCA) was used with the purpose of highlighting
certain measurements of important ecomorphological effect on the grouping of the
different species. In order to control biases from incomplete data and missing values,
four PCA analyses were carried out concerning the cranium, mandible, upper and
lower dentition, each one restricted on the most complete specimens.

An attempt to standardize the data with the method of geomean of each sample was
not successful as the missing data caused an increased error and misplaced the
samples where measurements were incomplete. Consequently, the method followed
was the use of a proxy measurement that had a good correlation with the mean body
size of each extant species, indicating a good predictor of the body mass. The
measurements concerning the cranium and upper dentition were standardized using
the total condylobasal length (CBL) which could be measured in the majority of the
samples. Measurements concerning the mandible and lower dentition were
standardized using the length of the lower first molar (mi1L). Skull length
measurements as well as length of the lower m1 have been previously used in body
mass prediction, showing reliable results (Van Valkenburgh 1990, Legendre and Roth,
1988, Meiri et al., 2004 and references therein) so this method was deemed preferable
to the method of geomean.

A regression analysis was performed in order to check whether body mass and CBL
as well as body mass and ml1L have a good correlation relationship. The regression
analysis (ordinary least squares regression) was conducted with relation to the mean
body mass of the extant specimens (M. meles, M. leucurus, M. anakuma) where data
were available from the literature. The regression of body mass and condylobasal
length (CBL), showed an intermediate to high correlation (r=0.54391, r?=0.29584,
p=0.0209). The correlation between body mass and length of lower first premolar
(m1L) was also found intermediate to high (r=0.67292, r’=0.45281, p=0.0031).

Furthermore, samples with many missing data (more than half of the measurements)
were excluded from further analyses. It should be taken into consideration that
measurements of the Asian species (M. anakuma and M. leucurus) as well as of the
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fossil specimens (M. thorali and M. m. atavus) were taken digitally so a certain amount
of error is to be expected. Moreover, measurements of m2 which was missing from the
majority of the samples, were taken from the alveolus of the tooth, as m2 is extremely
important for deductions of the feeding preferences and could not be excluded.

In order to better examine the importance of some measurements in distinguishing the
species, boxplots of the most influential parameters (inferred from the PCA analysis)
were created. These measurements were also examined, so as to evaluate whether
they are statistically important. For this purpose, the univariate methods of ANOVA
(normal distribution) and Kruskal i Wallis (non-normal distribution) were used.

Cranial measurements and indices

Skull measurements (Figs 2 i 4) and indices were calculated using methods applied
in several ecomorphological studies (Christiansen and Adolfssen, 2005; Cox, 2008;
Ellis et al., 2009; Law et al., 2018; Meachen-Samuels and van Valkenburgh, 2009;
Sacco and Van Valkenburgh, 2004; Sicuro and Oliveira, 2011, 2002; Timm-Davis et
al., 2015) and are presented in Tables 2 and 3.

Table 2. Skull measurements (measurements are depicted in Figs. 271 4).

Abbreviation Measurement Definition
SKL Total skull length Distance from prosthion to inion
BCL Braincase length Maximum braincase length from the apex of
the nuchal crest to the postorbital constriction
BCW Braincase width Maximum braincase width perpendicular to
BCL
CBL Condylobasal length Distance from the apex of the occipital
condyle to the anterior of the premaxilla
RL Rostrum length Distance between the anterior of the
infraorbital foramens to the edge of the
premaxilla
IOD Interorbital distance Distance between the exterior borders of the
postorbital processes
PL Palatal length Maximum length of the palatal from tip of
alveol to choane
PW Palatal width Maximum width of the palate across the
lingual borders of the M1
RWC Rostral width at canine Maximum width of rostrum at the buccal
margin of the canines
RWM Rostral width at molars Maximum width of the rostrum at the buccal
margin of the first molars
PP Paroccipital process width Maximum distance across the paroccipital
processes
OSA Occlusal surface area Maximum occlusal surface of the postcanine
toothrow
MSW Maximum squamosal Maximum zygomatic width (from the exterior
width border)
yAY Zygoma width Maximum width of the zygomatic arch at the
jugal squamosal suture
ZFW Zygomatic fossa width Maximum width of zygomatic fossa
ZFL Zygomatic fossa length Maximum length of zygomatic fossa
perpendicular to ZFW
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CB Occipital width Distance between the exterior border of
occipital condyles
oD Orbital diameter Maximum orbital diameter from the upper
border to the lower
FD Frontal depth Maximum distance/depth between the apex of
the orbit to the tooth row
VRA Ventral rostral angle Angle between center of choane and middle
of M1
LRA Lateral rostral angle Angle between internasal suture and M1
SKH Skull Height Maximum height between the sagittal crest
and basion
TRL Tooth row length Distance between the 11 to the end of M1
TFL Temporal fossa length Distance from the posterior-most point of the
temporal fossa to the supraorbital process
POC Postorbital constriction Minimum distance across the top of the skull
posterior to the postorbital process
MW Mastoid width Maximum distance across the mastoid
processes
Table 3. Skull indices.
Abbreviation Index Definition
MI Mill erds index MSW*100/SKL
Ml & Mill erds index MSW*100/CBL
FR Facial ratio RL/SKL

Figure 2. Dorsal view of the Meles cranium. Red lines indicate the skull measurements from

the dorsal plane.
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Figure 3. Ventral view of the Meles cranium. Red lines indicate the skull measurements from
the ventral plane while blue highlights the angles measured.

Figure 4. Lateral view of the Meles cranium. Red lines indicate the measurements from the
lateral plane.

Mandibular measurements and indices

Mandibular measurements (Figs 517 6) and indices indicative of functional behavior
were computed using methods applied in several of studies (Christiansen and
Adolfssen, 2005; Friscia et al.,, 2007; Kieser, 1995; Meachen-Samuels and van
Valkenburgh, 2009; Meloro, 2011; Radinsky, 1981; Sacco and Van Valkenburgh,
2004; Sicuro and Oliveira, 2011, 2002; Timm-Davis et al., 2015; Zhang et al., 2007).
The measurements and calculated indices, as well as their definition, are presented in
Tables 4 and 5.
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Table 4. Mandibular measurements and indices (measurements are depicted in Figs 5-6).

Abbreviation

Measurement

Definition

Dyp3p4 Dentary depth at the p3/p4 Maximum dentary height at the
junction p3/p4 interdental gap
Dymimz2 Dentary depth at the m1/m2 Maximum dentary height at the
junction m1/m2 interdental gap
MAT Moment of arm of the Distance between the apex of the
temporalis coronoid process and the exterior
dorsal border of the mandibular
process
MAM/JAPr Moment of arm of the Distance between the anterior
anterior masseter border of the angular process and
the exterior part of the mandibular
process
OLCm1l Outer lever moment arm at m1  Distance between the posterior
most border of the mandibular
process to the most posterior point
of ml
OLCcl Outer lever moment arm at c1  Distance between the posterior
most border of the mandibular
process to the most posterior point
of cl
DL Dentary length Distance from the anterior tip of
mandibular symphysis to posterior
edge of mandibular condyle
MRH Mandibular ramus height Maximum height of ramus from
apex of coronoid process to
deepest point of masseteric fossa
MRW Mandibular ramus width Maximum width of ramus from
interior condyle process to edge of
coronoid process
MFL Maximum masseteric fossa Maximum length of masseteric
length fossa
JDC1 Jaw depth under the c1 Maximum jaw depth under c1
JDM1 Jaw depth at p4/m1 junction Maximum jaw depth under the
p4/m1 junction
SYML Symphysis length Maximum symphysis length at
anteroventral margin
WSLA Working side lever arm Distance between edge of angular
process to anterior border of m1
BSLA Balancing side lever arm Distance between apex of

coronoid process and jaw line

CPr elevation

Coronoid process elevation

Distance between apex of
coronoid process and jaw line

JAPr angle

Angle created by ventral border of
angular process, point at corpus
below the junction of p4/m1 and
condylar process
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Table 5. Mandibular indices.

Abbreviation

Index

Definition

Z bt Mandibular bluntness index Ratio of JW/JL

MATg Estimator of mechanical advantage =~ MAT/DL
of temporalis (general)

MAMg Estimator of mechanical advantage = MAM/DL
of masseter (general)

MAmasseterml Mechanical advantage of masseter MAM/OLCm1
atml

MAtemporalism1 Mechanical advantage of temporalis MAT/OLCm1
atml

MAmassetercl Mechanical advantage of masseter MAM/OLCc1l
atcl

MAtemporaliscl Mechanical advantage of temporalis MAT/OLCcl
atcl

IXP4 Bending strength at p3/p4 junction, MOML, where
second moment area of the dentary  |x=(" Dxp3p4*Dyp3p4"3)/64
at the interdental gap between p3
and p4 relative to dentary length
(DL)

IXM2 Resistance of dentary to bending as  |)/OML, where

measured by the second moment of
area at the interdental gap between
m1l and m2

Ix=(" Dxm1m2*Dym1m2.3)/64

Figure 5. Lateral view of the Meles mandible. Red lines indicate the mandibular measurements
of the lateral plane and blue the angles measured.

28



Figure 6. Dorsal view of the Meles mandible. Red lines indicate the mandibular measurements
on the dorsal plane.

Dental measurements and indices

Dental measurements (Figs 7 i 8) and calculated indices, indicative of functional
behavior, were based on those from a number of ecomorphological studies (Ely,
2019; Friscia et al., 2007; Friscia and Van Valkenburgh, 2010; Gittleman, 1986;
Meachen-Samuels and van Valkenburgh, 2009; Meloro, 2011; Popowics, 2003;
Romaniuk, 2018; Sacco and Van Valkenburgh, 2004). The dental measurements and
the indices are presented in Tables 6 and 7, respectively. Measured length refers to
the anteroposterior diameter of the tooth and width to the mediolateral diameter.

Table 6. Dental measurements (measurements are depicted in Figs 77 8).

Measurement Definition
Upper dentition Canine ClL Length of C1
ciw Width of C1
Premolars P3L Length of P3
P3wW Width of P3
P4L Length of P4
PAW Width of P4
(across the
protocone)
P4C1 Distance from P4
to C1
Molars M1L Length of M1
M1w Width of M1
Mla M1 area
Lower dentition Canine clL Length of c1
clw Width of c1
Premolars p2L Length of p2
p3L Length of p3
p3wW Width of p3
p4aL Length of p4
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p4wW Width of p4

Molars milL Length of m1
miw Width of m1
m2L Length of m2
m2W Width of m2
mlLtal Talonid length of
ml
m1Ltrig Trigonid length of
ml
pr Length of lower
premolar row
mr Length of lower
molar row
m2a m2 area
mla m1l area
Table 7. Dental indices.
Abbreviation Index Definition
Cs Upper canine shape Ratio of mediolateral width
to anteroposterior length,
C1w/C1L
P4P Upper carnassial shape Ratio of P4 width to P4
length, PAW/P4L
UGR Relative upper molar Ratio of the squared root of
grinding area the sum of M1 and M2 areas

to the dentary length,

da(Mla+M2a)/ DL
M1BS Carnassial (m1) blade size Ratio of the length of the

trigonid of m1 to the total

dentary length, m1Ltrig/DL
M2S Relative size of m2 Ratio of the squared root of

m2 area to the dentary

|l ength, am2al/l

P4S Lower premolar shape Ratio of p4 width to p4
length, p4L/p4W
PMZ Relative total length of Ratio of the sum of lengths
premolars of p2, p3, p4 to the m1 area,
(p2L+p3L+p4dL)/mla
P4z Relative length of p4 Ratio of p4 length to the m1
area, p4L/mla
LGR Relative lower molar Ratio of squared root of the
grinding area sum of m1l and m2 areas to

the dentary length,
d(mla+m2a)/ DL
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Figure 7. Occlusal view of the Meles upper dentition. Width and length of the teeth are
highlighted with red. Blue area indicates the occlusal surface of M1.

Figure 8. Occlusal view of the Meles lower dentition. Width and length of the teeth are
highlighted with red. Blue areas indicates the occlusal surfaces of m1 and m2 while blue lines
indicate the length of the talonid and trigonid.

HSB structures

Hunter i Schreger Bands (HSB) were examined under a stereoscope (KONUS
Crystal-45) with a digital camera (KONUS#5830, software SCMOS). HSB are
formations of the enamel existing in the teeth of living organisms and are presented as
alternations of light and dark bands on the teeth, under laterally placed light (Ferretti,
2007). This method is nondestructive, as the teeth can be examined without
undergoing any damage. A total amount of 10 measurements was taken from each
specimen and the average score was computed.

The HSB structures are considered as an adaptation to withstanding loads, forces and
wear induced on the teeth usually during mastication and processing of food (Ferretti,
2007, 1999). There are three different types of HSB structures (Fig. 9) depending on
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how folded the bands appear to be. First there is the undulating HSB, with angles
exceeding 140°. Second is the acute angled HSB, where the angles are between 70-
140°. Lastly there is the zigzag HSB, where angles are between 50-70°.

Figure 9. HSB structures. A. undulating HSB, B. acute angled HSB, C. zigzag HSB (adapted
from Stefen 1999).

The more acute the angles created, the harder the food processed and consumed by
the different taxa. The first category includes a wider variety of dietary groups
(insectivorous, frugivorous, carnivorous, piscivorous) while the third is mainly
comprised of taxa consuming bones (hyaenas). The second category is intermediate
between the two, showing possibly a transitional stage from softer to harder food
material (Stefen, 1997).

Dry skull method, computation of bite force and endocranial volume

Bite force is an important component that can be estimated in samples without the
application of gross/wet methods (dissection of deceased individuals and measuring
of the muscles for the computation of PCSA). This is quite useful as bite force can
therefore be estimated even in fossil specimens and compared to extant taxa.
Thomason, (1991) was the first one to apply the dry skull method with which he
estimated the bite force of an animal solely from skull measurements, computing the
physiological cross i sectional area of temporalis and masseter.

Since then, an abundance of studies has been conducted (e.g., Christiansen and
Adolfssen, 2005; Christiansen and Wroe, 2007; Damasceno et al., 2013; Sakamoto et
al.,, 2010) and many additions or corrections have been proposed. Moreover,

Thomasonos initial me t h o dwesvalees) so0 he oreateceas u |

corrective formula that many researchers currently apply. Additionally, for the sole
study of bite force unaffected by body mass, a quotient was introduced (BFQ). There
are two methods with which it can be computed so that comparisons between taxa of
different size be valid. Christiansen and Wroe (2007) introduced the first method which
considers the actual body mass (g) of the animals. Such data can only be acquired
with certainty from extant specimens while in fossil specimens, body mass has to be
computed with other methods which often under- or overestimate the actual values
resulting in a greater amount of error. Damasceno et al. (2013) as well as Sakamoto
et al. (2010) computed the bite force quotient with a different method that could
possibly give better results when fossil samples, or samples whose body mass is
unknown, are examined, as it does not include the variable of body mass. These are
the methods which will be followed in this analysis, as specimens with unknown initial
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body masses are used. The skull measurements involved in these methods are
illustrated in Fig. 10.

Damas c eamad sS a k amethddoaiesb ased on Thhowaewisspegifics
alterations have been made. The initial formula used for the calculation of the bite force
is:

¢z 'Q4z D zomumd & QE "Yz o TUT ©
W
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where, M and T are the muscle areas computed in ImageJ by digital photos as seen
in Fig. 10. These areas are multiplied by the estimated mammalian muscle force (Weijs
& Hillen, 1985) of 300KPa; dm and dt corresponds to the distance between the
centroids of each area and the temporomandibular joint and ¢ corresponds to the
moment s ar m shoevais kigr 10.d heasimated mammalian muscle force
is a controversial part of the analysis as Christiansen and Wroe (2007) suggest that it
led to slightly lower forces and was altered to 370KPa.

—— - - - - -
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Figure 10. Skull measurements taken for the computation of bite force by the dry skull method,
source (adapted from Damasceno et al., 2013)
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Damasceno applied this method in the Canidae while Sakamoto in the Felidae. Both
methods were applied here as there is no similar research concerning the Mustelidae.
Furthermore, a regression analysis (created by Damasceno and Sakamoto based on
their data for the computation of bite force) in order to find a new function better
adapted to the Mustelidae could not be accomplished as the matrix does not contain
an adequate number of specimens. The two methods differ in the part where BFQ is
computed, as Damasceno uses the length of the skull while Sakamoto uses the width.
That is to say that the actual numbers of bite force are the same for each method and
only the computation of the quotient changes. Nonetheless, BFQ is only used as a
comparison variable and not as an actual value of bite force, where body size influence
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is nonexistent (Sakamoto et al. 2010). Both of these methods were applied, as
Mustelidae are phylogenetically closer to the Canidae (Caniformia), but their killing
method is closer to that of the Felidae.

I n Damas c e n o desforcemwas batculated ased on skull length in order to
correct the results due to the influence from body size as it was deemed a better proxy
for body mass:

no p _’_[8 z 8
The bite force quotient was calculated in order to compare the results of bite force of
the different species:
114 no’i‘ ’O
0 Ou —;
O
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Consequently, the BFQ is computed as:
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Brain volume was also computed using the method in Damasceno et al. (2013) and
Finarelli (2011). The components of skull height (H), length (L) and width (W) are
included (Fig. 10) as well as the natural logarithm:

0 ¢ g 80 pdt@gl I( mell pgxll7
In order for this number to be corrected without body size influence so as to compare

the specimens of different size with each other, a brain volume quotient (BVQ) was
computed:

. .. Q1 OUOEBH
6 W0 ——
@0

Where bViengh is computed by:
0€Q g P LTEMEQ CBTyY Y w

Body mass
Body mass was computed according to Van Valkenburgh (1990), based on skull length
by the following formula:

0 oP G A EPAYL D LA W
Myological analysis
For the myological study two completely preserved skulls were dissected. One of the
purposesof t hi s analysis was to create a 6muscl e
the main muscles participating in mastication and to estimate the maximum force

production of each muscle by the computation of the PCSA (Physiological Cross i
Sectional Area).
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The studied muscles belong to the group of skeletal muscles. Each one consists of an
origin, which is the least moveable part of the muscle, an insertion, which is the more
movable part, and a belly, which is the fleshy portion of the muscle. Muscles are
attached to bones or to other muscles by either a rod like tendon or a flattened like
aponeurosis. However, several muscles are attached directly to the bone (Evans and
DelLahunta, 2013). The studied skulls were dissected in order to observe the origins
and insertions of specific muscles as well as the area that each muscle occupies.

Muscles involved in mastication include the mm. temporalis, masseter, pterygoideus
and digastricus. These muscles are separated to an adductor and an abductor group.
The adductor group includes mm. temporalis, masseter, and pterygoideus and their
function is mainly that of closing the mouth. M. digastricus belongs to the abductor
group and its function is mainly to open the jaws. The cooperation of these muscles
results to the function of mastication, essential to food processing.

Many different suggestions have been made by various authors concerning the
division in more superficial and deeper parts of each muscle. No standard
nomenclature exists, and each researcher follows their preferable division of the
muscle parts. Temporalis and masseter are the muscles with the most complex
morphology, while medial, lateral pterygoid and digastricus are more simple. Druzinsky
et al. (2011) suggests that in the more primitive taxa, the temporalis is identified with
more subdivisions (suprazygomatic, superficial, deep) while many are lost in the more
derived forms and their anatomy is presented more simply. The masseter, an
extremely complex muscle, is a muscle with multiple layers which is most often
separated into three parts (superficial, middle and deep). Nonetheless, deep masseter
can usually be referred to as a different muscle called zygomaticomandibularis, further
separated into a superficial and a deep layer (Hartstone-Rose et al., 2019; Penrose,
2018 and references therein).

The temporalis is one of the main masticatory muscles and covers a significant part of
the skull. It arises laterally from the cranium and inserts on the coronoid process of the
mandible. It passes through the temporal fossa up to the sagittal crest and the interior
part of the mandible (Evans and DelLahunta, 2013; Hartstone-Rose et al., 2019;
Turnbull, 1970).

The masseter arises from the zygomatic arch and inserts onto the masseteric fossa as
well as on the lower margins of the mandible and angular process (Hartstone-Rose et
al., 2019; Penrose, 2018 and references therein). The temporalis intermingles with
masseter between the zygomatic arcs and the coronoid process (Evans and
DelLahunta, 2013).

The pterygoids are relatively smaller muscles related to the lateral movements of the
mandible when functioning along with the masseter (Penrose, 2018). Pterygoids are
usually considered a group consisting of the lateral pterygoid and the medial pterygoid.
Their origin is from the pterygoid structure of the skull (pterygopalatine fossa) and their
insertion is on the caudomedial part of the mandible. The lateral pterygoid is usually
extremely small and often considered insignificant, while sometimes it is regarded
along with the medial pterygoid.
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The digastricus, which opens the jaws, arises from the paroccipital process and part
of the mastoid process (Curtis and Santana, 2018; Hall, 1926) and its insertion is on
the caudal part of the mandible (Evans and DelLahunta, 2013). The digastricus also
plays a major role in the gape angle Longer digastricus muscles inserted in a more
anterior position of the mandible (as in felids) allow for a wider gape in order to deliver
a single lethal bite (Curtis and Santana, 2018). Wider gape is also connected to
consumption of larger prey or plant material fitted in the carnassials for processing.
Carnivores need a powerful and rapid opening of the jaws in order to capture prey, as
well as to disengage the teeth when biting on flesh (Scapino, 1976). Another example
is that of the aquatic species, where digastricus is more enhanced in order to open the
mandible more easily when underwater which is considered an adaptation to the
resistance from water (Scapino, 1976). Nonetheless, the placement and development
of digastricus varies among the different families (Curtis and Santana, 2018).

Dissection

Prior to dissection the samples were frozen after death and then preserved in
formaldehyde for a few weeks before the final dissection. The decision to work with
fixed specimens highly depended on the fact that the samples were mainly road Kkills,
So preservation of the tissues and minimization of the damage was necessary (Martin
et al., 2019). Fixation with formaldehyde however has certain drawbacks. According to
Martin et al. (2020 and references therein) the fixed material is subjected to certain
morphological changes such as a decrease in the mass and shrinkage of the fascicles.
Kikuchi and Kuraoka (2014) propose that a correction of 14% for muscle mass and 9
T 13% for fascicle length should be considered to correct the estimated numbers. The
first skull was dissected from both sides (right/left) and an average score was
computed. The second skull was too damaged from the hit that was deemed to be
fatal, that only the right side could be dissected which however was not preserved
intact and certain parts (lateral pterygoid) could not be observed.

PCSA (muscle volume, fascicle length, pennation angle)

PCSA requires three components to be estimated according to Gans and Bock (1965)

and Gans and de Vree (1987): muscle volume, fascicle length and pennation angle.
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Muscle volume

Muscle volume was estimated from muscle mass / muscle density, where muscle
density is the muscle density constant of 1.06 gcm= (simplified), determined by
Mendez and Keys (1960) and Murphy and Beardsley (1974).

Muscle mass was estimated using the dry muscle method (over the wet one) meaning
that muscles were dried after removal from the cranium and weighted afterwards. This
method aims to the least variation of hydration which would affect the muscle mass
otherwise (Martin et al., 2020). Consequently, by drying them, all muscles are set to
the same amount of hydration. The samples were left to dehydrate for two weeks and
then weighted.
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Fascicle length

Fascicle length was measured with the method of muscle belly length due to lack of
equipment for the application of other more accurate ones (Martin et al., 2020). The
length was considered as the length of the fascicles observed along the muscle belly.
Several fascicles were measured, and an average score was finally computed.

Pennation angle

The pennation angle of a muscle refers to the arrangement of each muscle fascicle
attaching to the muscle tendon. Greater angles indicate greater forces due to the
increase on the muscle fascicles accommodated in the area of a muscle (Martin et al.,
2020 and references therein).

The masticatory muscles however are particularly complex and similar analyses tend
to exclude the pennation angle from the equation for several reasons. Firstly, small
angles (usually below 30°) appear to be of little importance and have little effect on the
calculation of the force. Moreover, the pennation angle changes rapidly during
movements, thus the use of an estimated angle would not be indicative of the actual
used during the bite. Additionally, the majority of analyses concerning masticatory
muscles, seem to completely exclude the angle due to the fact that these specific
muscles are extremely complex and increase the error in the results (Martin et al.,
2020).

In order to estimate the actual produced force, PCSA was multiplied by the maximum
isometric stress of the mammalian muscles. There are two main suggestions as to
what this value is. The first and older one suggested a value of 300KPa. However, this
value was said to result in lower computed forces and was corrected to 370KPa
(Christiansen and Wroe, 2007).

37



RESULTS

Myological analysis
The dissection process of the two skulls of the taxon Meles meles resulted in the
creation of farthé speces Whch im@agsented below (Figs 201 27).

All muscles were removed from the most superficial layer to the deepest. The order of
detachment was from the digastricus to masseter (superficial, middle, deep), to
temporalis (superficial, suprazygomatic, deep) to medial and, finally, lateral pterygoid.

Digastricus

The digastricus (Fig. 11) is the main abductor muscle. It is a quite lengthened muscle
and originates from the caudoventral part of the cranium, at the curved surface created
between the paroccipital and mastoid process. It has a tendinous origin (Fig. 12). Its
insertion is at the caudoventral part of the mandible extending from the angular process
to approximately 1/3 of the dentary bone just below the end of the masseteric fossa
(prior to the beginning of the tooth row), laterally inserting at the interior part of the
mandible. The insertion is deemed fleshy. After removal of the digastricus, the muscle
scars where it was attached on the mandible were obvious. This trait was extremely
useful for the reconstruction of the position of the muscle on fossil specimens.
Digastricus is a single muscle which does not appear to be divided in multiple layers.
An anterior and posterior part can be recognized. The anterior part is more extended
and develops from the insertion to the end of the mandible. The posterior part
continues from the end of mandible (angular process) to the area of the origin
(paroccipital T mastoid process area). During opening of the mandible, part of the
anterior digastricus moves and contracts as it pulls the mandible to an open position
(Fig. 13). The overall shape of the digastricus is elliptical and elongated, with the fibers
stretched in parallel to the direction of the mandible.

Figure 11. Digastricus muscle of Meles meles indicated by the black arrow.
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Figure 12. Tendinous origin of the digastricus of Meles meles indicated by the black arrow.

Figure 13. Digastricus of Meles meles when mandible is closed (A) and when mandible is open
(B) indicated by the arrows.

Masseter

Masseter is one of the main adductor muscles used during mastication. It is quite a
complex muscle when compared to digastricus, including three layers which are not
always clearly distinguishable. The three layers are the superficial, middle, and deep
masseter (or zygomaticomandibularis). The muscle fibers have different directions in
each layer (Figs 14 7 15, 26 7 27). Moreover, the superficial and middle parts are
hardly separated from each other (mainly at the edges), while the deep masseter is
the most distinguishable. Superficial masseter is the larger of the layers followed by
the middle and lastly by deep masseter. The superficial layer originates at the
rostroventral part of the zygoma covering up to half of the zygomatic area. It has a
tendinous origin, while its insertion is partly tendinous and partly fleshy. It inserts on
the lower part of the mandible below the masseteric fossa (just after the beginning of
the fossa) with the fleshy part, and up to the angular process stopping at the area of
the mandibular condyle where a tendinous area exists. The part of the tendinous
insertion of the superficial masseter is in contact with the insertion of the medial
pterygoid which extends from the internal part of the mandible (Fig. 16). The muscle
fibers of the superficial masseter are diagonally placed. Middle masseter is the
intermediate layer, and it is not always differentiated from the superficial. It originates
at the caudoventral part of the zygoma with a fleshy origin and covers an extended
part on the posterior zygoma (approximately half). The insertion of the middle masseter
is tendinous and fleshy and is located on the trenchlike morphology of the external
caudolateral part of the mandible and continues around the outline of the masseteric
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fossa. The muscle fibers are directed almost perpendicular to the development of the
dentary bone. Deep masseter is the more internal part of the masseter muscle and
originates via a mainly tendinous origin at the posterior part of the zygomatic arch just
in front of the temporomandibular joint. The origin turns to fleshy as it proceeds more
anteriorly at the zygoma. The insertion is fleshy at its entirety and extends to the area
of the mandibular fossa below the tip of the coronoid process. Its fibers are directed
almost perpendicular to the fibers of the superficial masseter.

Figure 14. Superficial masseter of Meles meles indicated by the arrow.

Figure 15. Middle (A) and deep masseter (B) of Meles meles. Change of the direction of the
muscle fibers in each layer is apparent. B. black arrow indicates the origin of the deep masseter.

Pterygoids
The pterygoids are a group of adductor muscles consisting of the medial and lateral
pterygoid. Their function is to move the mandible laterally. The lateral pterygoid is the
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smaller of the two and is usually not taken into consideration due to its negligible size.
The medial pterygoid is the one to be noticed after extracting the digastricus (Figs 16
i 17). It has a tendinous (partly fleshy) origin which extends from the process of the
pterygoid bone to the lateral side of the ventral part of the palate. The medial pterygoid
inserts on the lingual caudal part of the mandible just above the angular process via a
mainly tendinous and partly fleshy insertion. The muscle fibers have a lateral direction
following the development of the muscle. The lateral pterygoid develops accordingly
with the medial and originates right above the pterygoid process at a fossa that exists,
with a fleshy origin. Its tendinous insertion is located on the lingual side of the mandible
just in front of the mandibular condyle. The muscle fibers are directed mediolaterally.

Figure 16. Medial pterygoid of Meles meles after extracting digastricus. Black arrow indicates
the medial pterygoid which develops lingually and the red arrow indicates the masseter which
develops buccally.

Figure 17. Medial pterygoid of Meles meles indicated by the black arrow.

Temporalis

Temporalis is the largest of the main adductor muscles and it is separated into various
layers. There is no standard division of the multiple layers and many different
separations have been proposed. In this analysis, three main layers were observed
(superficial, suprazygomatic and deep) (Fig. 18). The superficial is the largest layer
followed in size by the deep and lastly by the suprazygomatic temporalis. The
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superficial temporalis originates at the sagittal crest via fleshy parts and inserts onto
the internal part of the upper half of the zygomatic arch via tendinous parts, as well as
on the anterior and posterior part of the mandibular ramus, dorsal and ventral to the
tip of the coronoid process. The muscle fibers are directed diagonally but shift to a
more vertical position at the anterior part near the postobital constriction. The middle
layer, referred to as suprazygomatic, originates at the end of the sagittal crest with a
fleshy origin and inserts with a tendinous part to the tip of the coronoid process (Fig.
19), extending to the height of the zygomatics, as well as to the internal part of the
zygomatic (upper half) contacting the layers of the masseter. The muscle fibers are
more caudolaterally directed. Lastly, the deep temporalis is quite developed as a large
part of the muscle mass is concentrated there. It originates with a fleshy origin, at the
part of the braincase where width is maximum, extending to the front part of the
braincase below the postorbital constriction. Its insertion begins on the tendon of the
suprazygomatic temporalis and extends deep into the medial part of the mandible
covering all of the ramus, down to approximately the height of the mandibular condyle
(a few mm below), connecting to the tendon insertion of the lateral pterygoid. The
muscle fibers are directed perpendicularly.
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Figure 18. Layers of temporalis of Meles meles, differentiation shown in black lines.

Figure 19. Insertion of the zygomatic temporalis on the coronoid process of Meles meles.
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Muscle Map (Meles meles, Meles dimitrius)

‘Meles meles

Superficial temporalis
Suprazygomatic temporalis
Deep temporalis
Superficial masseter
Middle masseter

Deep masseter

Medial pterygoid

Lateral pterygoid
5cm

Digastricus

Figure 20. Muscle map, lateral view of the cranium of Meles meles, muscle area indicated at
the colored areas.

5cm

Figure 21. Muscle map, lateral view of the cranium and mandible of Meles meles, muscle area
indicated at the colored areas.

Figure 22. Muscle map, ventral view of cranium and mandible of Meles meles, muscle area
indicated at the colored areas.
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Figure 23. Muscle map, ventral view of cranium of Meles meles, muscle area indicated at the
colored areas.

Scm

Figure 24. Muscle map, buccal side of the mandible of Meles meles, muscle area indicated at
the colored areas.

Figure 25. Muscle map, lingual side of the mandible of Meles meles, muscle area indicated at
the colored areas.
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Figure 27. Direction of the muscle fibers (ventral view) on the skull of Meles meles.

Fossil species Meles dimitrius

After observing the muscle arrangement on the extant M. meles, a myological
reconstruction map (Figs 281 32) of the fossil species M. dimitrius, was created. It was
based on the muscle scars of the origins and insertions imprinted on the skull left by
the muscles which were also observed from the process of dissection.

In general, the muscle arrangement does not seem to differ significantly. Some specific
observations which stand out concern the development of certain muscle layers. In
detail, superficial temporalis seems to have a larger area of origin as an extra structure
related to the sagittal crest exists (Figs 28 i 29). Furthermore, the sagittal crest itself
appears extremely high and developed, starting just after the postorbital constriction.
The lingual side of the mandibular fossa is straighter in M. dimitrius than in M. meles,
where it is more concave. Thus, superficial temporalis could be more developed in M.
dimitrius than in the extant species (Figs 28 i 29) and deep temporalis could have a
different arrangement of the muscle mass in the extinct and extant taxa (Figs 28 1 30).
The angular process is more constricted in the fossils suggesting a more limited
attachment area for the superficial masseter (Fig. 31). The insertion area of the middle
masseter is more developed in the mainland group (M. meles, M. leucurus) than in the
insular and in M. dimitrius, indicating a more developed middle masseter of the first
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group (Fig. 31). The rest of the structures do not present any differences affecting the
relative placement of the muscles.

Superficial temporalis
Suprazygomatic temporalis
Deep temporalis
Superficial masseter
Middle masseter

Deep masseter

Medial pterygoid

Lateral pterygoid

Digastricus

Figure 28. Dorsal view of the cranium of Meles dimitrius, colored area indicates muscle area.

Figure 29. Lateral view of the cranium of Meles dimitrius, colored area indicates muscle area.

Figure 30. Ventral view of the cranium of Meles dimitrius, colored area indicates muscle area.
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5cm

Figure 31. Buccal side of the mandible of Meles dimitrius, colored area indicates muscle area.

Figure 32. Lingual side of the mandible of Meles dimitrius, colored area indicates muscle area.

Non-metric descriptive comparison of the fossil Meles dimitrius
and the extant Meles [Meles meles, Meles canescens (Crete), Meles
anakuma, Meles leucurus]

Cranium

When examining the specimens in more detail, a notable trait that is observed in M.
dimitrius, is the over i developed sagittal crest (Fig. 33), indicative of the insertion area
of the superficial temporalis muscle (Dumont et al., 2016). In M. dimitrius it is
developed as a whole structure (height and length) while in M. meles and M. leucurus,
it is less intense, and its beginning is more apparent a few mm after the postorbital
constriction. Meles anakuma as well as skulls of M. canescens (Crete) do not seem to
have such developed structures in their majority.
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Figure 33. Sagittal crest of the species, red boxes highlight the area. A. Meles dimitrius, B.
Meles canescens (Crete) (robust specimen Fc 1364), C. Meles leucurus, D. Meles meles, E.
Meles canescens (Crete), F. Meles anakuma. Not in scale.

An additional structure that differentiates the extant and extinct species is located on
the front part of the sagittal crest (Fig. 34) which also corresponds to the insertion of
the temporalis and specifically of the superficial layer, as observed during dissection.
In M. dimitrius, there is an extra extended part connected to the sagittal crest which is
absent from the rest of the species. The area on both sides of the postorbital
constriction appears more triangular in M. dimitrius referring to deeper muscle scars
than in the group of the extant Meles where the area is smoother and more spherical.
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Figure 34. Front area of the sagittal crest. A. Meles dimitrius, B. Meles meles, C. Meles
canescens (Crete) (robust specimen Fc 1364), D. Meles canescens (Crete), E. Meles leucurus,
F. Meles anakuma. Not in scale.

The nuchal crest of M. dimitrius also constitutes a more robust structure than that of
M. meles and M. leucurus, in which it seems to be more delicate but more protruding
(constituting a thin outward projection). This area corresponds to the attachment site
of muscles concerning neck movement. Meles anakuma and M. canescens (Crete)
have a restricted development of this trait.

The brain case of M. dimitrius appears to be wider than in M. meles and M. leucurus.
indicating a larger area for the insertion of the temporalis (Timm-Davis et al., 2015).
However, M. anakuma as well as the specimens of M. canescens (Crete) possess a
morphology of the brain case closer to that of M. dimitrius by having a wider than longer
structure especially in the caudal part and a more circular shape. The braincase is
where some layers of the temporalis (Ssuprazygomatic, deep) attach.

The pterygoid bone, specifically the area where the medial pterygoid originates, is well
T developed in M. canescens (Crete) when compared to M. meles. The area was
damaged in M. dimitrius and could not be examined.
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The caudoventral morphology of the skull also appears to differentiate the two groups
(fossil and extant). Firstly, the mastoid process of M. dimitrius is more circular at its tip
and larger as a structure than that of the group of extant Meles. Also, M. canescens
(Crete) has a more elongated mastoid process than M. meles. The mastoid process
was observed to be the origin area for the digastricus muscle as well as of certain neck
T related muscles. The paroccipital process of M. dimitrius is developed with a wider
angle in relation to the occipital condyle and the area correlates with the insertion of
the digastricus muscle as well. The occipital condyles of M. dimitrius are larger and
more spherical in contrast to extant Meles, which have a more triangular shape and
are more constricted, a trait related to attachment sites of the neck muscles.

The foramen magnum presents differences among the species correlated to
differentiation of head mobility (Fig. 35). Meles dimitrius, M. canescens (Crete) and M.
anakuma have quite a narrow opening which is more vertically placed when compared
to M. meles and M. leucurus.

Figure 35. Magnum foramen and auditory bulla of the species, red boxes indicate the magnum
foramen/occipital condyles and blue boxes the auditory bullae. A. Meles dimitrius, B. Meles
canescens (Crete) (robust specimen Fc 1364), C. Meles leucurus, D. Meles canescens (Crete),
E. Meles meles, F. Meles anakuma. Not in scale.
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The rostrum of M. dimitrius is wider than the rostrum of the extant Meles, referring to
overall induced forces and resistance. Observations in the rest of the extant group
species could not be detected with the naked eye and will be examined with
guantitative methods.

An additional distinguishing character is the morphology of the auditory bullae (Fig.
35). The main discrimination is between the group of mainland Meles (M. meles and
M. leucurus), and the insular group [M. canescens (Crete), M. anakuma]. The mainland
population possesses a flattened auditory bulla while the insular group has a more
spherical and inflated one. Meles dimitrius has a damaged auditory bulla and no certain
conclusions can be drawn concerning its shape. It could be closer to the M. canescens
(Crete) group, without any certainty. The morphology of the auditory bullae is quite
important as it is related to hearing.

Mandible

The mandible was examined with respect to structures related to certain muscular
attachments as well as to functional behavior. It is noted that the structures do not
appear to vary extremely, a fact which is confirmed by the subsequent PCAs. Insular
specimens appear somewhat smaller than the mainland group, however, a few other
observations can be noticed.

In the insular group [M. canescens (Crete), M. anakuma] and M. dimitrius the
masseteric fossa appears to be quite extended. This structure covers a larger area
than in the mainland group. However, the masseteric fossa of M. meles and M.
leucurus appears deeper, accomodating a large quantity of the muscle mass. This
structure constitutes the insertion area of the deep masseter. The lingual side of the
masseteric fossa in M. meles and M. canescens (Crete) appears more concave
whereas it has a straighter shape in M. dimitrius. This area corresponds to the insertion
of the deep temporalis indicating increased muscle mass in the former two species.

Buccally and beneath the masseteric fossa a concave trench can be noticed
developing in parallel to the lower border of the masseteric fossa (Fig. 36). #
corresponds to the insertion of the middle masseter. This structure appears more
pronounced in the extant M. meles and even more in M. leucurus than in the fossil M.
dimitrius and the insular M. canescens (Crete) and M. anakuma.

The coronoid process does not appear to be developed differently among the species
(Fig. 36). Meles leucurus and M. meles could possibly have a slightly less circular
shape than the rest of the species but this trait is not always apparent. In M. dimitrius,
M. canescens (Crete) and M. anakuma it appears more circular. The morphology of
the coronoid process is of great importance as the temporalis muscle (and specifically
the suprazygomatic temporalis) attaches to it. The angular process (Fig. 36) in M.
dimitrius is more confined and consists of an almost pointy tip that lacks the lateral
development as in the rest of the extant group of Meles. Meles meles, M. canescens
(Crete), M. leucurus and M. anakuma have much more developed caudal areas of the
angular process which is where the superficial masseter inserts.

The general construction of the mandible and specifically of the dentary bone, is
indicative of the forces induced while biting. No notable differences are observed
between the specimens.
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Figure 36. Insertion areas of the masseter, red lines indicate the masseteric fossa (deep
masseter), green the angular process (superficial masseter) and blue the concave trench
(middle masseter). A. Meles meles, B. Meles leucurus, C. Meles anakuma, D. Meles dimitrius,
E. Meles dimitrius, F. Meles canescens (Crete) (robust specimen Fc 1364), G. Meles
canescens (Crete). Not in scale.

Dentition
Upper dentition

The precarnassial dentition is reduced in size with smaller teeth, while extreme
emphasis is given in the fourth premolar but mostly in the first molar which presents a
rather peculiar morphology (Fig. 37). The canine shape of all the specimens seems
rather circular.

P4 is obviously smaller than M1 changing the allocation of the applied force and
consequently the overall produced forces. M1 is extremely developed with three
characteristic rows of cusps enhancing both the ability to crush and slice (Fig. 37). The
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area of M1 seems to slightly differentiate among the species. M1 appears to be wider
and more rectangular in M. meles, M. leucurus and M. dimitrius while it has a more
elongated talonid in M. anakuma and M. canescens (Crete). Meles leucurus is also
differentiated from the rest by having an extra cusp at the protocone of M1 and by a
more subquadrate shape.

P4 blade of M. dimitrius, M. anakuma and M. canescens (Crete) is more developed
while the protocone is more triangular than subquadrate as in the rest of the group of
extant Meles. Meles leucurus also has a more pronounced P4 protocone with larger
surfaces than M. meles.

It is also of importance to note the generally more blade-like and sharper tooth
morphology that seems to dominate in M. canescens (Crete).

Figure 37. Upper dentition of the species. Red boxes indicate M1. A. Meles canescens (Crete),
B. Meles leucurus, C. Meles canescens (Crete) (robust specimen Fc 1364), D. Meles meles,
E. Meles anakuma, F. Meles dimitrius. Not in scale.

Lower dentition

No specific remarks were noted concerning the lower dentition, except for the absence
of p1 and p2 in the Asian and Japanese badgers which is also one of their diagnostic
characters (Baryshnikov et al., 2003). The European badgers present a residual p1.
The relative placement of the lower canines appears to be in an outward direction in
all species in question, creating a hook like canine shape. Morphology of the lower
dentition (Fig. 38) is quite confusing when comparing the species between them, as
no obvious differentiation is observed in contrast to the upper dentition. The size of the
second molar (m2) is extremely reduced when compared to the first molar (m1), which
seems to be the main tooth for food processing. Moreover, the first lower molar (m1)
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of M. dimitrius is more elongated when compared to the rest of the species. Meles
anakuma appears to have a similar shape, while M. canescens (Crete) has a broader,
more robust m1, even from the mainland populations of M. meles and M. leucurus.

Figure 38. Lower dentition of the species. Red boxes show the m1. A. Meles dimitrius, B. Meles
canescens (Crete) (robust specimen Fc1364), C. Meles anakuma, D. Meles dimitrius, E. Meles
canescens (Crete), F. Meles leucurus, G. Meles meles. Not in scale.

HSB structures

The teeth of M. meles, M. canescens (Crete) and the fossil M. dimitrius were analyzed.
HSB structures were traced on the majority of the teeth (c1, p2, p3, p4) however they
were not always easily observed. They were most often noticed near the parts of the
teeth which have been damaged or broken. Canines were the teeth where HSB were
most often and clearly observed. Results of measurements from the canine are given
in Table 8 and HSB structures are shown in Fig. 39.

Table 8. HSB angles of Meles canescens (Crete), Meles meles and Meles dimitrius.

Genus Species Angle (®)
Meles canescens (Crete) 143¢
Meles meles 1448
Meles dimitrius 138¢
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Figure 39. HSB of Meles canescens (Crete) (A), Meles meles (B) and Meles dimitrius (C).

The HSB seem to create wide angles for the genus Meles with a narrow range between
the species (138° 1 144°). No particular differentiation can be noticed between the
different species, and all would be categorized as having undulating HSB with a
tendency to the acute angled category. The extant species M. canescens (Crete) and
M. meles have almost identical HSB with angles exceeding 140° only by a few degrees
(143° and 144¢ accordingly). Meles dimitrius creates more acute angles (138¢) but still
remains very close to 140°.

Metric comparisons

PCAs
Four different PCAs were performed separately concerning the cranium, the mandible,
the upper and the lower dentition.
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PCA Cranium

The PCA of the cranium was based on twenty-five normalized variables given in Table
9 along with the Eigenvalues and %variances. A plot for PC1 1 PC2 (Fig 40) explains
64.55% of the total variance. PC1 explains 41.61% of the total variance, PC2 explains
22.9% and PC3 axis explains only a weak percentage of 7.29%. The badger is an
omnivorous animal with no preference in a specific type of food so intense
diversification was not expected, however, results of the PCA analysis indicate certain
differences among the various species (Fig. 40).
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Figure 40. PCA of the cranium of Meles.

PC1 (variance 41.61%) differentiates the mainland [M. meles, M. canescens (Iran) and
M. leucurus] as well as the fossils M. thorali and M. m. atavus from the insular
specimens [M. canescens (Crete) and M. anakuma] and M. dimitrius. The PC1 reflects
a clustering based on differences mostly in the TFL, SKH, and SKL and secondarily in
TRL, BCW, 10D, MSW and MW (Table 9). This suggests that mainland taxa have
shorter temporal fossae (TFL) and skulls (SKL, which could be related to the shortened
TFL) compared to the insular ones. Additionally, insular taxa and M. dimitrius have a
more developed tooth row length (TRL), braincase width (BCW), maximum squamosal
width (MSW) and interorbital distance (IOD) compared to the mainland taxa. However,
it should be noted that an overlap between M. meles and M. canescens (Crete) exists.
This could be partly explained by the origin of the specimens. Samples of M. meles
are mainly from mainland Greece and neighboring Bulgaria. Consequently, M.
canescens (Crete) and the studied samples of M. meles could be overlapping due to
their close geographical range. European badgers of more Northwestern origin could
differ from these. Moreover, specimens which seem to overlap, are either males of M.
canescens (Crete) (Fc34, Fc26) or females of M. meles (1009) so sexual dimorphism
could play a role in the arrangement.

Two groups are also distinguished along PC2 (variance 22.94%): one including M.
meles, M. canescens (Crete), M. thorali and M. dimitrius and a second one including
M. canescens (Iran), M. m. atavus, M. leucurus and M. anakuma. Hence, PC2
differentiates taxa of European origin [M. meles, M. canescens (Crete), M. canescens
(Iran), M. m. atavus, M. thorali and M. dimitrius] from those of Asian (M. leucurus and
M. anakuma). PC2 is mainly affected by BCL, TRL, MW, PL (Table 9) and secondarily
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by PP, CB, and PW. This suggests that European taxa are characterized by increased
palate length (PL), reduced braincased length (BCL), reduced mastoid width (MW),
reduced palate width (PW) and reduced distance of the paroccipital processes (PP)

compared to the Asian ones.

Table 9. Normalized variables of the PCA of the cranium. Scores of the most influential
measurements of the cranium are given in bold.

PC1
Eigenvalue 0.00630059
% variance 41.61

PC2
Eigenvalue 0.00347368
% variance 22.941

SKL 0.33945 0.041986
BCL 0.29516 -0.40781
BCW 0.17878 -0.0081151
RL 0.047852 0.10096
10D 0.1873 0.12543
PL 0.033302 0.3293

PW 0.062253 -0.2495
RwWC 0.03424 0.1244
RWM 0.053595 -0.0070374
PP 0.052845 -0.30894
OSA -0.014296 0.17549
MSW 0.22686 0.20242
yAY 0.010768 0.036297
ZFW 0.12278 0.17177
ZFL -0.022487 0.13802
CB 0.067266 -0.26876
oD 0.072149 0.13039
FD 0.27922 -0.079334
VRA 0.0034332 -0.0017553
LRA 0.0026415 0.0011983
SKH 0.34032 -0.15887
TRL 0.30538 0.36078
TFL 0.55187 0.10587
POC 0.11924 0.12819
MW 0.18322 -0.35223

Univariate analyses concerning the most influential parameters of both PC1 and PC2
are presented below. Skull length (SKL) (Fig. 41) was not found statistically important
(p>0.05) in contrast to the rest of the examined measurements (p<0.05). It also shows
a great overlap of the species.
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Figure 41. Boxplot of SKL of Meles.

Skull height (SKH) (Fig. 42) shows a great overlap as well, where mainly M. anakuma
and M. m. atavus seem to differentiate with slightly increased values and M. leucurus

which shows lower values.
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Figure 42. Boxplot of SKH of Meles.

Temporal fossa length (TFL) (Fig. 43) shows increased values for M. dimitrius, M.
canescens (Crete) and M. anakuma while the mainland group (M. meles, M. leucurus
and M. m. atavus) has lower values. This trait is connected with the development of
temporalis. TFL along with POC (distance of postorbital constriction) define the area

of this muscle.
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Figure 43. Boxplot of TFL of Meles.
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MSW, BCW and IOD, though secondarily most influential variables on PCA, show a
grouping of the insular and the mainland species (Figs 44 7 46).
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Figure 44. Boxplot of MSW of Meles.
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Figure 46. Boxplot of IOD of Meles.

Tooth row length (TRL) (Fig. 47) does not show extreme diversification among the
species. Meles leucurus is the only taxon which seems to have quite lowered values,
something that could be attributed to the limited number of specimens that were
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available or even to the digital measurement of the specimens. Meles m. atavus also
has a tendency for lower values.
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Figure 47. Boxplot of TRL of Meles.

Braincase length (BCL), mastoid width (MW) and palate length (PL) (Figs 48 i 50)
separate European from Asian species. Values of the insular specimens were
compared with the analogous mainland ones (from the same continent) and a pattern
was observed separating mainland from insular. BCL (Fig. 48) was found with
increased values in the insular specimens of both continents when compared to their
equivalent mainland, while Asian species (as a whole) have increased lengths when
compared to the European. Mastoid width (MW) was also increased in insular
specimens, however M. dimitrius (European) seems to have a widened area of the
mastoid corresponding better to the values of M. anakuma (Asian) rather than M.
canescens from Crete. Palate dimensions (length and width) (PL, PW) (Figs 50 i 51)
were also increased in insular specimens while, European taxa have generally
increased lengths and decreased widths. PL is increased in European species while
PW is increased in Asian species. Meles canescens (Iran) seems to group with the
Asian species in this case. Insular species present increased dimensions of the palate.
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Figure 48. Boxplot of BCL of Meles.
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Figure 51. Boxplot of PW of Meles.

INDICES

Indices concerning the skull morphology were also computed, where there was
adequate data. Facial ratio (FR) (Fig. 52), which indicates the length of the rostrum to
the overall skull length, shows reduced values for M. leucurus and M. thorali, while M.
m. atavus shows the highest. The rest of the species present intermediate values.
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increased values for M. dimitrius, M. canescens (Crete), M. anakuma and M. thorali.
Meles meles, M. leucurus and M. m. atavus have lower values. In general, the skulls
of the mainland M. meles and M. leucurus appear somewhat longer than wider when
compared to M. dimitrius, M. canescens (Crete) and M. anakuma, a trait which affects

the overall forces and velocity of the bite.
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Figure 52. Boxplot of FR of Meles.
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PCA Mandible

The PCA of the mandible was based on seventeen normalized variables given in Table
10 along with the Eigenvalues and %variances. A plot for PC1- PC2 (Fig. 55) explains
81.27% of the total variance. PC1 explains 75.56% of the total variance, PC2 explains
a weak percentage of variance 5.71% and PC3 axis explains 4.98%. The analysis of
the mandible does not show extreme differences among the species and there is a
great overlap (Fig. 55).
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Figure 55. PCA of the mandible of Meles.

The main separation (Fig. 55) is noticed in PC2 (variance 5.71%), while in PC1
(variance 75.56%) there is a great overlap of the taxa.

PC1 shows that M. canescens (Crete), M. dimitrius and M. m. atavus are on average
smaller than M. meles, M. thorali and M. anakuma however there is no clear
discrimination. Meles leucurus overlaps with all of the taxa. The measurements that
are most influential in PC1 are DL, OLCm1, OLCcl1 and WSLA. MAT, MRH, MRW and
CPr elevation affect the grouping at a lesser extent.

PC2 groups M. dimitrius, M. anakuma and M. thorali on the one hand and M.
canescens (Iran), M. leucurs, M. canescens (Crete) and M. meles on the other. Meles
thorali has increased values in all of the parameters indicating more developed
characteristics. PC2 is mainly affected by MRH, MFL and CPr elevation and
secondarily by DL (Table 10). This suggests that the group of M. dimitrius, M. m.
atavus, M. anakuma and M. thorali have more developed mandibular fossa and
reduced height of mandibular ramus and coronoid process, compared to M. meles, M.
leucurus, and M. canescens (Iran). Most of the specimens of Meles canescens (Crete)
is placed on the upper left part of the diagram differentiating from M. meles and is
characterized by decreased height of mandibular ramus and coronoid process. Meles
anakuma and M. thorali also have longer dentary bone (DL).

Certain traits appear to group together M. dimitius and M. canescens (Crete).
Specifically, DL, OLCm1, OLCcl, WSLA and MAT have lower values compared to M.
meles, M. leucurus and M. anakuma. Meles anakuma is close to M. canescens (Crete)
and M. dimitrius in small/lower values concerning MRH, CPr elevation, JDc1, JDm1
and Dyp3p4. Lastly, M. dimitrius and M. anakuma have increased values of MFL.
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Table 10. Normalized variables of the PCA of the mandible. Scores of the most influential
measurements-are given in bold.

PC1
Eigenvalue 0.400513
% variance 75.566

PC2
Eigenvalue 0.0302683
% variance 5.7108

DL 0.49955 -0.33261
Dyp3p4 0.088357 0.28189
Dym1m2 0.071242 0.23987
JDm1 0.078887 0.273
MAT 0.18977 -0.066418
MAM 0.078312 -0.17521
OLCm1 0.33486 0.096806
OLCcl 0.49002 -0.2158
MRH 0.24087 0.41365
MRW 0.2123 0.074791
MFL 0.16273 -0.34359
JDcl 0.092684 0.24978
SYML 0.15667 0.23828
WSLA 0.3356 0.012538
BSLA 0.16615 0.008376
CPr elevation 0.18436 0.4155
JAPr angle 0.0030045 -0.0023711

Univariate analyses concerning the most influential parameters on both PC1 and PC2
are presented below. When tested statistically (ANOVA and Kruskal i Wallis tests)
only MFL was found statistically important (p > 0.05). Despite the obvious overlap, M.
dimitrius and M. canescens (Crete) seem to have similar tendencies of increasing or
decreasing the values of the variables while M. anakuma does not always follow the
same allocation.

The dentary length (DL) (Fig. 56) is elongated in M. meles, M. leucurus, M. anakuma,
M. thorali and shortened in the rest of the species. DL relates to the overall bite forces
and bite velocity.
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Figure 56. Boxplot of DL of Meles.
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Values of the outer lever moment arm at m1 and c1 (OLCm1, OLCc1l) (Figs 57 1 58)
are similar between all of the species with the exception of M. thorali and M. canescens
(Iran). Meles dimitrius and M. canescens (Crete) do appear to have a tendency for
lower values, nonetheless, M. canescens (Crete) has wide ranges. Increased values
are noted in the former and decreased in the latter.
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Figure 57. Boxplot of OLCm1 of Meles.
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Figure 58. Boxplot of OLCc1 of Meles.

Working side lever arm (WSLA) (Fig. 59) shows no intense diversification. The mean
values of each species show a tendency to lower values in M. dimitrius and M.
canescens (Crete) as well as M. canescens (Iran) and M. m. atavus. Increased values
are observed in M. meles, M. leucurus, M. anakuma and M. thorali.
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Figure 59. Boxplot of WSLA of Meles.

Mandibular height (MRH) (Fig. 60) and elevation of the coronoid process (CPr
elevation) (Fig. 61) appear to have similar allocation for the species of the genus.
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Meles meles, M. leucurus and M. anakuma have increased values contrary to the rest
specimens which have have lower values the rest lower. Meles anakuma appears very
close to the group of M. dimitrius i M. canescens (Crete) as well.
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Figure 60. Boxplot of MRH of Meles.
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Figure 61. Boxplot of CPr elevation of Meles.

Mandibular fossa length (MFL) (Fig. 62) shows some differentiation among the
species. Meles thorali presents the higher values while M. meles and surprisingly M.
canescens (Crete) the lower. The rest of the species have intermediate values.
Development of the mandibular fossa correlates with the development of the masseter.
However, its length is not the only parameter that should be concerned. Overall size
and depth of the mandibular fossa should be examined nonetheless this was not a

possible in our case.
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Figure 62. Boxplot of MFL of Meles.
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INDICES

The vast majority of mandibular indices concern the mechanical advantage of the
masseter and temporalis, while other examine the bending stresses of the mandible.

Mechanical advantage (Figs 631 66) is increased in M. dimitrius, M. canescens (Crete)
and M. anakuma. M. canescens (Iran) and M. thorali also appear to have increased
values in both masseter and temporalis. However due to the lack of specimens, their
placement was not considered indicative. These results were expected as the moment
arm was increased (MATg, MAMg) (Figs 67 i 68) and the area where force was
applied reduced (OLC).
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Figure 63. Boxplot of MAmasseterml of Meles.
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Figure 68. Boxplot of MATg of Meles.

The resistance of dentary to bending shows a wide range of values in M. dimitrius and
partly in M. canescens (Crete), but more constricted range in the rest of the species.
Resistance to dentary bending in the junction of m1 and m2 (IXM2) (Fig. 69) is
increased in M. thorali, M. leucurus and M. canescens (Crete). Meles dimitrius has an
extremely wide range of values while its mean value appears lower than the rest. Meles
meles has reduced values and M. anakuma has even lower. The resistance of dentary
bending at p4 (IXP4) (Fig.70) is increased in M. thorali and lower in the rest of the
specimens. Meles leucurus has low values while M. dimitrius preserves its wide range.
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PCA dentition
The shape and size, especially of the carnassials, was used to make inferences about
the preferable food resources of the examined specimens.

PCA Upper dentition

The PCA of the upper dentition was based on 9 normalized variables given in Table
11 along with the Eigenvalues and %variances. A plot for PC17 PC2 (Fig. 71) explains
99.3% of the total variance. PC1 explains 98.86% almost all of the total variance and
PC2 explains only a weak percentage of 0.44%. The PCA shows a certain grouping of
the different species (Fig. 71). Once more, an overlap of the species exists noticed
more profoundly in M. canescens (Crete) which has an extremely wide range of values.
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Figure 71. PCA of the upper dentition of Meles.
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The area of the first molar (M1a) seems to have the most influential role in PC1 while
the rest measurements have a supplementary role (Table 11). PC2 is mainly
influenced by M1L and P4W. Meles dimitrius shows low values of M1a, a trait which
groups it together with M. anakuma and some specimens of M. canescens (Crete).
Meles meles, M. m. atavus, M. thorali, M. leucurus as well as a few specimens of M.
canescnes (Crete) have increased values of Mla. Meles thorali and M. leucurus
discriminate from the rest of the taxa in PC2 by having lower values of M1L and P4W.

Table 11. Scores of the most influential measurements of the upper dentition (bold).

PC1 PC2
Eigenvalue 0.0250781 Eigenvalue 0.000113239
% variance 98.862 % variance 0.44641
CiL 0.0096782 0.14573
ciw 0.0037504 0.235547
P3W 0.0039469 0.11533
P3L -0.005915 0.30911
P4L 0.019376 0.12036
P4W 0.0081233 0.54071
M1L 0.042727 0.61286
Miw 0.019751 0.36096
Mla 0.99859 -0.041018

When examined with univariate methods, M1 area (Mla) (Fig. 72) does not show
significant differentiation among the species (p>0.05). A tendency for increased Mla
is noticed in M. m. atavus and M. thorali. The lowest values are noted in M. dimitrius
and M. anakuma, while M. canescens (Crete) has a wide range but possibly a
tendency to higher mean value. Meles meles and M. leucurus have increased values.
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Figure 72. Boxplot of M1a of Meles.

Length of M1 (M1L) (Fig. 73) is found statistically important (p<0.05). Meles dimitrius
and M. thorali show lower values. Meles anakuma shows lower mean values but a
wide range. Meles meles, M. leucurus and M. m. atavus have increased values and
M. canescens (Crete) shows an increased mean value but a wide size range.
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Width of P4 (P4W) (Fig. 74) is also statistically important (p<0.05). Its values are
increased in M. dimitrius, M. meles, M. canescens (Crete) and M. m. atavus. Meles
anakuma, M. thorali and M. leucurus have decreased values.
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Figure 74. Boxplot of PAW of Meles.

INDICES

The indices computed concerning the upper dentition are presented below. The canine
shape (CS) (Fig. 75) shows no obvious differentiation (except for decreased values for
Z . dimitrius and z . thorali, indicating longer than wider canines). The relative upper
grinding area (UGR) (Fig. 76) appears decreased in M. dimitrius, while the rest of the
species seem to have intermediate values. Shape of P4 (P4P) (Fig. 77) appears
increased in the insular specimens [M. canescens (Crete), M. anakuma] as well as in
M. dimitrius and decreased in the rest. This indicates slightly wider P4 for the former
species which could correspond to more developed P4.
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Figure 77. Boxplot of P4P of Meles.

PCA Lower dentition

The PCA of the lower dentition was based on sixteen normalized variables given in
Table 12 along with the Eigenvalues and %variances. A plot for PC1 1 PC2 (Fig. 78)
explains 93.56% of the total variance. PC1 explains 64.32% and PC2 explains 29.24%.
PC3 explains only a weak percentage of 2.91%.
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A discrimination can be noticed along PC1, despite the apparent overlap, while PC2
does not discriminate the taxa (Fig. 78). Based on PC1, a main group appears to be
that of M. anakuma and M. dimitrius, and a second one that of M. meles, M. canescens
(Crete), M. m. atavus and M. thorali. Once more, areas of m1 and m2 appear to be the
most influential measurements (Table 12) for PC1. Meles dimitrius and M. anakuma
have the smaller areas of m1 and m2 when compared to the second group which has
increased values.

Table 12. Scores of the most influential measurements of the lower dentition (bold).

PC1
Eigenvalue 0.233971
% variance 64.324

PC2
Eigenvalue 0.106375
% variance 29.245

clL 0.017317 -0.05422
clw 0.01991 0.038604
p2L 0.026545 -0.0098752
p3L 0.015243 -0.012184
p3W -0.0050368 -0.011612
p4L -0.0081078 -0.009237
p4AW 0.005795 0.0040433
miw 0.037617 -0.039238
m2L 0.040693 0.041587
m2wW 0.04532 0.14711
mlLtal -0.015192 -0.026637
m1Ltrig 0.018576 0.018376
pr -0.090559 -0.11573
mr 0.027053 -0.044083
m2a 0.35676 0.90515
mla 0.92538 -0.36675

Univariate analyses of the most influential measurements (Figs 79 7 80) show
decreased values (for both mla and m2a) in M. dimitrius and M. anakuma.
Interestingly, M. canescens (Crete), an insular representative, presents similar values
to mainland representatives with increased areas of m1 and m2.
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Figure 80. Boxplot of m2a of Meles.

INDICES

The dental indices concerning the lower dentition are presented below. The lower
grinding area (LGR) (Fig. 81) is extremely increased in M. canescens (Crete) and M.
m. atavus, while lower in M. meles, M. leucurus and at a lesser extent M. dimitrius and

M. anakuma.
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The relative size of m2 (M2S) (Fig. 82) has the same allocation as m2a (Fig. 80) where
M. canescens (Crete) has the highest values. Carnassial blade size (M1BS) (Fig. 83)
is shown increased in M. canescens (Crete) and M. m. atavus, lower in M. meles and
M. leucurus and slightly higher than the mainland group in M. dimitrius and M.
anakuma.
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Figure 83. Boxplot of M1BS of Meles.
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As far as premolars are concerned, M. dimitrius and M. anakuma show more
developed and elongated teeth than the rest of the species (PMZ) (Fig. 84), the relative
length of p4 (P42) (Fig. 85) is also increased in these two taxa (however in different
extent) while M. canescens (Crete) has the lowest values. Shape of p4, which is the
ratio of width to length (P4S) (Fig. 86), is increased in M. canescens (Crete) and M.
meles indicating wider than longer p4.
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Dry skull method; Bite force and Endocranial volume

The computed bite forces are presented below (Table 13). The two methods resulted
in different bite force quotients (BFQ) as different variables were used to normalize the
size effect based on the methods of Damasceno et al. (2013) and Sakamoto et al.
(2010). Nonetheless, the analogies remained the same as far as to which species have
increased bite forces and which lowered.

When examining the raw uncorrected data, the mainland forms of M. meles have
increased bite forces which could be linked to their bigger size. Thus, the brain volume
guotient is necessary to compare the results. When minimizing the effect of size, the
smaller species appear to have the relative higher values. The first method
(Damasceno et al. 2013) (Fig. 87) shows that the bite forces of the taxa are all in the
same range. Meles anakuma overlaps with the rest of the taxa. The mean values of
M. meles are placed lower and the mean values of M. anakuma are placed higher. The
value of APL T 546 (M. dimitrius) is placed within the range of all the species however,
it is closer to the mean value of M. canescens (Crete). The second method (Sakamoto
et al. 2010) (Fig. 87) shows, as before, that all species are in the same wider range of
values. Meles anakuma overlaps with the values of the rest of the taxa, however, its
mean values are placed high. Meles meles also has a wide range but its mean values
are placed lower than the rest of the taxa. Meles dimitrius exceeds the values of the
mainland M. meles and is clearly within the range of M. canescens (Crete) and closer
to the mean values of M. anakuma. Unfortunately, there were not enough data to
compute bite force and brain volume for M. leucurus.

Table 13. Computed bite forces, bite force quotients and brain volume quotients,

Damascenob6s met hod, Sakamotods met hod.
Species Specimen Fcorr BFQ BFQ BVQ
Damasceno Sakamoto

Meles dimitrius APL 544 357.248 35.338 129.642 156.377
Meles meles K1 342.458 31.463 135.141 117.390
Meles meles B2 341.063 30.042 102.909 163.510
Meles meles H3 363.608 35.651 - 144.878
Meles meles G5 421.087 38.818 120.353 160.734
Meles meles 1009 345.802 31.809 121.262 138.608
Meles meles 1010 330.357 29.972 112.308 127.729
Meles meles 1011 251.681 27.360 105.788 143.052
Meles canescens T4 325.914 35.282 130.429 191.665
(Crete)

Meles canescens Fc3802 301.495 34.240 123.731 125.950
(Crete)

Meles canescens Fc22898 277.623 33.487 117.494 125.660
(Crete)

Meles canescens Fc2702 341.786 46.935 147.500 163.286
(Crete)

Meles canescens Fc4685 283.405 34.817 123.684 136.074
(Crete)

Meles canescens Fcl364 334.615 37.813 121.115 156.091
(Crete)

Meles anakuma PRI 177 271.264 41.794 149.953 136.709
Meles anakuma PRI 1846  297.062 40.049 126.934 157.348
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Meles anakuma PRI 1847 229.848 37.971 127.523 146.359
Meles anakuma J1 239.386 24.520 101.352 163.200
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Figure 87. Bite force quotients of Meles( Damascenods met hod) .
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Figure 88. Bite force quotients of Meles (Sakamoto's method).

As far as braincase volume is concerned (Fig. 89), the species are placed in the same
range. Meles canescens (Crete) overlaps with all of the taxa but with mean values
closer to M. anakuma. The mean values of M. meles are placed lower than the insular
species however they are extremely close, and the difference is not extreme. Meles
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dimitrius is placed within the range of M. canescens (Crete) and M. anakuma closer to
the mean values of M. anakuma (Fig. 89). A slight tendency for increased braincase
volume based on the mean values, is noticed in the insular species and in M. dimitrius
just as in the computation of bite force. Kargopoulos (2019) has also computed a bite
force and brain volume value for M. dimitrius (without however eliminating the size
effect). His results differ from those of our study (which are relatively lower when
compared with bite force and higher when compared with brain volume), possibly due
to the slight differences of the used methodology.
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Figure 89. Braincase volume quotients of Meles based on Damasceno et al. (2013)
estimation method.

Muscle accommodation

Percentages of mass of the adductor muscles (Table 14) as well as percentages of
the Physiological Cross Sectional Area (PCSA) (Table 15) were computed showing
the relative accommodation of each muscle. The PCSA percentages were compared
with results from Ito and Endo (2016) containing a list of carnivorous species (Table
16) (Figs 90 1 93). The relative variance of each muscle of the different species is
presented in Figs 901 91, while Mustelidae are isolated in Figs 921 93.

What can be inferred from the percentages of mass (Table 14) and PCSA (Table 15)
is that the dominant muscle is the temporalis followed by the masseter and lastly by
the pterygoids (medial and lateral). Specifically, temporalis is by far the largest muscle,
approximately 3/4 of the total muscle mass and 2/3 of total PCSA of adductors. The
pterygoids have the smaller percentage while masseter is less than 1/3 of the total
mass and PCSA.

Table 14. Percentages of the mass of the adductor muscles of the dissected skulls of Meles
meles.

Masseter (%) Pterygoids Temporalis
(%) (%)

Whole  Superficial Middle Deep
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Cranium 1(s) 17.35 9.58 4.45 3.29 4.64 78.05
Cranium 2/(I) = '17.06 8.65 5.11 291 5.07 77.86
Mean values 17.21 9.12 4.78 3.1 4.86 77.96

Table 15. Percentages of the PCSA of the adductor muscles of the dissected skulls of Meles
meles.

Masseter (%) Pterygoids Temporalis
(%) (%)
Whole  Superficial Middle Deep
Cranium 1 (s) 25.04 9.41 9.09 6.55 10.58 64.38
Cranium 2 () 21.58 8.42 8.11 5.04 10.59 67.82
Mean values 23.31 8.92 8.60 5.80 10.59 66.1

Interestingly, the layers of the masseter in Meles differentiate in their development
when compared to other taxa (Table 16) (Figs 91, 93). The superficial is the largest
layer. The middle masseter is the second largest layer and the deep masseter the
smallest, differentiating the genus Meles from the majority of the species where the
deep layer seems to dominate over the middle (Ito and Endo, 2019; Penrose et al.,
2016).

PCSA data computed from the dissection of M. meles as well as PCSA data by Ito and
Endo (2016) (Table 16) were plotted on ternary diagrams (Figs 901 91). Meles meles
groups with the rest of the Mustelidae clade. The groups that are observed are mainly
differentiated based on the diet preferences of each species which therefore affect the
overall development of the different muscle groups. Species from the same family also
appear to group together, a case most apparent in the Mustelidae. Certain species
(Martes melampus Aonyx cinera, Potos flavus and Canis lupus familiars) are placed
further from the representatives of their clade.

Table 16.Percentages of the PCSA of the adductor muscles. Data from Ito and Endo, 2016.
Meles meles data (bold) calculated from the dissected skulls.

Family Species Temporalis Pterygoid Masseter Layers of masseter (%)
Whole Superficial Middle Deep
Felidae Puma concolot 38.85 16.48 44.7 48.7 24.88 26.42
Felis catus 42.59 10.64 46.76 55.71 20.42  23.12
Panthera uncia 4547 14.26 40.27 56.25 18.25 255
Viverridae Paguma larvata 48.15 12.27 39.59 54.36 16.7 29.17
Mustelidae Aonyx capensis 62.65 9.71 27.64 32.34 24.02  43.63
Aonyx cinerea 54.31 14.09 31.6 47.37 25.63  26.99
Enhydra lutris 64.89 7.22 27.88 41.75 21.74  36.51
Neovison vison 64.82 9.32 25.86 49.46 32.52 18.06
Mustela itatsi 70.37 8.24 21.39 35.62 38.1 34.46
Martes melampus  45.02 9.85 4513 23.38 34.66 41.95
Meles anakuma 68.05 7.37 24.58 47.72 38.89 13.38
Meles meles 66.10 10.59 23.31 38.27 36.89 24.88
Procyonidae = Nasua nasua 54.7 13.45 31.85 50.77 12.72 36.51
Procyon lotor 49.87 13.55 36.58 41.09 23.84  35.07
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Potos flavus 61.66 8.84 29.5 44.95 30.68 24.34

Phocidae Phoca largha 51.17 13.56 35.27 43.78 35.21 21.01
Canidae Canis lupus 52.54 18.98 28.47 42.01 2515 32.84
familiaris
Nyctereutes 47.26 14.77 37.97 53.07 2157 26.02
procyonoides
Vulpes vulpes 48.98 11.39 39.64 50.45 2094  28.61
japonica

Compared with other carnivores, the relative allocation of the PCSA of the muscles
appears to be the same (Fig. 90). The temporalis represents the majority of the
adductor muscular system, the masseter is the second largest and the pterygoids are
last. In some specific taxa (Martes melampus, Felis catus and Puma concolor), the
masseter seems to be equal or even larger than the temporalis. As far as the PCSA of
the different layers of the masseter are concerned (Fig. 91), Meles has a developed
middle layer rather than deep in contrast with most of the representatives of the Felidae
and Canidae.
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Figure 90. Ternary plot of percentages of PCSA of the adductor muscles of various carnivores
(data for Meles meles computed from the dissection and data concerning the rest of the taxa
adapted from Ito & Endo, 2016).
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Figure 91. Ternary plot of percentages of PCSA of the layers of masseter of various carnivores
(data for Meles meles computed from the dissection and data concerning the rest of the taxa
adapted from Ito & Endo, 2016).

When isolating the mustelids, M. meles and M. anakuma present some differences.
They mainly seem to differentiate at the pterygoids (Fig. 92) which are more developed
in M. meles, while M. anakuma has slightly more developed temporalis. Martes
melampus is the only mustelid which is distinctive from the rest with an increased
masseter percentage. Furthermore, in M. anakuma the deep masseter appears more
restricted (Fig. 93), when compared to the slightly more developed in M. meles.
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Mustela itatsi
Martes melampus
Meles anakuma
Meles meles

Figure 92. Percentages of PCSA of the adductor muscles of mustelids (data for Meles meles
computed from the dissection and data concerning the rest of the taxa adapted from Ito & Endo,
2016).
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Figure 93. Percentages of PCSA of the layers of masseter of mustelids (data for Meles meles
computed from the dissection and data concerning the rest of the taxa adapted from Ito & Endo,
2016).

PCSA, Bite force and comparison of wet and gross method

The PCSA of the muscles of the two dissected skulls was computed using the values
of muscle mass (g) (from which the overall volume was computed along with muscle
density) and fascicle length (cm) (Table 17). The overall produced force that the
masticatory muscles can exert was computed by PCSA as well as by the dry skull
method (Table 18). Moreover, bite force was estimated using the data inferred from
the computation of the actual PCSA. Also, bite force of the same two dissected skulls
was computed by the dry skull method in order to compare the results and observe the
differences of these two methods (Table 19). The masseter was the only muscle where
the layers were computed separately and added up in the end as the fascicles had a
notably different direction. Data for the digastricus muscles are also available, however
they are not used in the computation of bite force as only the adduction is of interest
here.

As expected, the temporalis showed the largest values of PCSA, followed by the
masseter and the pterygoids. The total forces that can be exerted from the muscles,
present differences when the two methods (dry and PCSA) are used. The larger
cranium presented increased forces in the gross method and the small cranium
presented increased forces in the dry method even though the gross method considers
the pterygoids as well, and better depicts the actual development of the muscles (Table
18). Computation of bite force using the formula of the dry method and correcting the
area of masseter and temporalis using values from the PCSA, showed similar results
with the computation of the total force. The gross method overestimated the force of
the large cranium and underestimated that of the smaller cranium (Table 19).
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Table 17. Mass, fascicle length, and PCSA of the masticatory muscles of the two dissected
skulls-of Meles meles:.

Masseter Temporalis Pterygoids Digastricus
Mass Fl PCSA Mass Fl PCSA Mass Fl PCSA Mass Fl PCSA
(9) (cm) (cm2) (9) (cm) (cm2) (9) (mm) (cm2) (9) (cm)  (cm2)
Cranium Superficial 3.6005 3.836 0.885
1(s) Middle 1673 1.846 0855 29.344 4571 6.056 1.7445 1.654 0.995 5.721 4.086 1.321
Deep 1.2365 1.895 0.616
Total 2.356
Cranium Superficial 6.423 4.233 1.431
2 Middle 4095 2801 1379 57.85 4.735 11526 3.768 1.975 1.800 7.655 5.327 1.356
Deep 2.16 2.377 0.857

Total

3.667

Table 18. Total force computed with data from the dry method and the dissection of Meles
meles.

Total force of masseter and Total force of masseter, temporalis
temporalis from dry skull (N)  and pterygoid from PCSA (N)
Cranium 1 (s) 425.961 348.057

Cranium 2 (1) 496.978 628.771

Table 19. Bite force computed by dry and gross method of Meles meles.

Dry method bite force (N) Gross method bite force (N)
cranium 1 (s) 316.55 227.03
cranium 2 (1) 433.08 472.93

Body mass

The estimation of body mass according to Van Valkenburgh (1990) is presented in Fig.
94. Meles meles has a range of approximately 9kg to 13kg, M. canescens (Crete) of
5.6kg to 8kg with a single exception of a specimen which weighs 10.5kg. Meles
anakuma ranges between 4.9kg to 10kg and M. leucurus from 10kg to 14kg. The
mainland species appear to be larger (M. meles, M. leucurus) than the insular ones.
Meles dimitrius is close to the range of M. meles with a weight of 10.8kg. However, the
species is represented by a single specimen which cannot be considered
representative, as there is considerable variation, even in small insular populations,
like that of M. canescens (Crete). The fact that the insular specimens have a notably
reduced size should be noted. While M. meles and M. leucurus appear to be similar in
size, M. canescens from Crete and M. anakuma from Japan are smaller, with the latter
being the smallest of all. Meles dimitrius has an intermediate size placed between the
mainland and insular specimens, not far from the single value estimated for M. m.
atavus and significantly smaller than that of M thorali. Meles dimitrius (specimen APL
T 544) was found to have a weight of 10.8kg, a result which seems to be near the
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minimum of the body mass range estimated for M. dimitrius by Kargopoulos (2019)
(~11-17kg).

BM

M. dimitrius
M. meles

M. canescens
M. leucurus
M. anakuma
M. m. atavus
M. thorali

(Crete)

Figure 94. Body mass of Meles based on Van Valkenburgh (1990) estimation method.
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DISCUSSION

The purpose of the study was to investigate the ecomorphology of the genus Meles by
examining the extant European [M. meles, M. canescens (Crete)] and Asian (M.
leucurus, M. anakuma) species, as well as the fossil representative, Meles dimitrius
from Greece. Comparisons were made in order to infer whether different ecomorphs
exist.

The observation of the masticatory system by dissecting two skulls of M. meles lead
to the creation of a muscle map for both the extant M. meles and extinct M. dimitrius.
The relative accommodation of the muscles was also examined, and temporalis was
found to be the dominant adductor muscle. No significant differences were found in
the extinct M. dimitrius, except for a possibly more enhanced superficial temporalis
and a less developed superficial and middle masseter. Quantitative analyses (PCA,
boxplots, computation of bite force by the dry skull method, PCSA by gross method,
endocranial volume and body mass) supplemented by non i metric descriptive
comparisons of extant and extinct species, show common traits between M. dimitrius
and the insular badgers [M. canescens (Crete), M. anakuma] in distinction from the
mainland group (M. meles, M. leucurus).

The main traits characterizing the insular group and M. dimitrius concern the temporalis
muscle, the computed bite force and the brain volume, which show increased
development when compared to the mainland species. Additionally, increased
interorbital distances, well T developed digastricus and dentition with enhanced blade
morphology of the carnassials are also common features in these species. Meles
dimitrius differentiates from the extant insular species by a larger size and having an
enhanced neck musculature, as attachment sites of neck muscles (nuchal crest,
mastoid process) are well-developed.

PCA, Non i metric descriptive and Myological remarks

Results of PCA along with descriptive osteological and myological observations
support some inferences about the functional morphology of the examined species. A
grouping of a more mainland ecomorph (M. meles, M. leucurus) and a second more
isolated/insular [M. canescens (Crete), M. anakuma, M. dimitrius] is apparent. A
secondary grouping of the European [M. meles, M. canescens (Crete), M. dimitrius]
and the Asian (M. anakuma, M. leucurus) species is also obvious and could possibly
be attributed to phylogenetic factors. The insular/isolated species seem to share some
characteristics which differentiate them from the mainland population. However,
insular carnivores do not present specific adaptations which would be considered as a
rule for insular endemism worldwide (Lyras et al., 2010). On the contrary certain
adaptations differ even from island to island (Nanova et al., 2017).

Cranium

One discriminative parameter among the two main groups of insular and mainland, is
the length of the temporal fossa, which is indicative of the size and accommodation of
the temporalis muscle (Anyonge and Baker, 2006; Radinsky, 1981). Therefore,
increased values [as noted in M. dimitrius, M. canescencs (Crete) and M. anakuma]
suggest increased areas of attachment for the temporalis muscle which would lead to
increased forces for these species. Temporal fossa length alone is not adequate to
indicate increased areas of temporalis. This variable is usually examined in
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combination with post orbital constriction (Sicuro and Oliveira, 2011) which along with
temporal fossa length define the area of the muscle. Measurements of postorbital
constriction show increased values in M. canescencs (Crete) and M. anakuma (data
for M. dimitrius were not available), which do not agree with the increased development
of temporalis. However, it could be of lesser importance as the overall forces computed
are increased in the isolated/insular species and other morphologies (mentioned
below) could compensate for this trait. Nonetheless, another variable that should be
considered when examining the development of temporalis is the maximum zygomatic
width as the masseter arises from the lower part of the arch and temporalis passes
through it. Widened zygomatic area is indicative of a more robust temporalis (Anyonge
and Baker, 2006; Penrose et al.,, 2016; Sicuro and Oliveira, 2011, 2002; Van
Valkenburgh, 2007). Meles dimitrius, M. canescens (Crete) and M. anakuma all seem
to share this character. Meles thorali also appears close to this group with increased
zygomatic breadth. Nanova et al. (2017) and Nanov a a n(2D17)Pcorhpared
mainland and insular foxes and found that insular ones possessed wider zygomatics.
The more lateral placement of the zygomatic arches is indicative of larger cross-
sectional areas and therefore greater forces of the temporalis muscle. Also, it could be
an indicator to better withstanding induced forces as zygomatic arches placed more
laterally have lower strains induced on them. As far as the masseter is concerned,
wider zygomatics allow a more ventral placement of these muscles. Consequently,
weaker forces of the masseter are apparent while force of temporalis would be
increased (Hartstone-Rose et al., 2014). This adaptation could correlate with more
extensive use of the temporalis rather than the masseter, which is characteristic in
more carnivorous ani mal s. rasediintthe maularigroup
supporting a wider zygomatic arch than in the mainland species. Mi | | er 6 s
supports the non i metric observation of wider skulls for M. dimitrius, M. canescens
(Crete) and M. anakuma. Meles meles and M. leucurus show a more elongated shape
according t o sMgebtihgeskusswhichdasiog kiting velocity rather than
biting strength (Timm-Davis et al., 2015).

Braincase width is increased in M. dimitrius, M. canescens (Crete) and M. anakuma,
a trait which correlates with the more widened than lengthened skull of these species.
Wider braincases allow increased insertion areas for the temporalis muscle and
therefore a more developed muscle (Timm-Dauvis et al., 2015; Tseng and Flynn, 2015).
Braincase width is also combined with braincase length suggesting a larger overall
braincase, which also differentiates European from Asian species, as the Asian ones
present a more lengthened braincase than the European. Braincase size is also
indicative of the endocranial volume which was computed with the dry skull method,
according to Damasceno et al. (2013). The results indicate increased values for M.
dimitrius, M. canescens (Crete) and M. anakuma when compared to the equivalent
mainland species, which agrees with the increased values of braincase width. If these
traits are combined, a compensation for the increased postorbital constriction could
occur, favoring the development of the temporalis muscle. Additionally, when bite force
was computed with the dry skull method, it was found that the insular species have
slightly increased values, supporting the hypothesis of a more developed muscular
system of mastication.

Non i metric observations on the examined skulls show a well i developed superficial
layer of temporalis for M. dimitrius. The enhanced sagittal crest along with the extra
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structure in the front part of it, suggest larger origin areas for the superficial temporalis.
As far as neck strength and locomotion is concerned, the nuchal crest, mastoid
process, occipital condyles, and magnum foramen provide some information. Non i
metric observations related to the nuchal crest suggest larger attachment areas for
neck muscles (Law, 2019; Van Valkenburgh, 2007) in M. dimitrius and therefore
stronger neck musculature, medium in M. meles and M. leucurus and reduced in M.
canescens (Crete) and M. anakuma. The structure of the mastoid process in M.
dimitrius would also correspond to a more enhanced neck musculature as well as that
of the occipital condyles. More robust occipital condyles indicate increased neck and
head musculature and therefore stability, especially when the head moves in a lateral
direction in order to capture and kill prey. Increased stability is needed so that
dislocation is avoided (Dumont et al., 2016). The foramen magnum differentiates M.
dimitrius, M. canescens (Crete) and M. anakuma from the mainland group. The
narrower and more dorsoventrally developed opening could indicate increased head
mobility as less constricted areas of the atlanto-occipital joint are possibly linked to
more carnivorous diet preferences so that a wider range of movement is allowed in
contrast to more herbivorous forms which do not require a broadened range (Vander
Linden et al., 2019).

Structures related to the digastricus muscle include the mastoid and paroccipital
process which are the areas where it originates. These structures in M. canescens
(Crete) and M. dimitrius correspond to a more developed digastricus which would
indicate powerful and wide opening of the mandible, a trait specifically useful for
carnivores (Scapino, 1976).

The pterygoid bone structure related to the origin site of the pterygoid muscles and
specifically of the medial pterygoid is better developed in M. canescens (Crete) rather
than in M. meles. The medial pterygoid pulls the mandible medially (Ito and Endo,
2016), thus, a larger origin area could indicate a more developed medial pterygoid for
M. canescens (Crete) and possibly a tendency to perform lateral movements of the
mandible at an increased rate. The area of the pterygoids could not be observed in M.
dimitrius as it was damaged.

Meles dimitrius presents a wider rostrum, a morphofunctional adaptation to decrease
torsion during struggling with prey and consequently lessen the possibility of mandible
dislocation (Meachen-Samuels and van Valkenburgh, 2009). The PCA analysis
showed that M. canescens (Crete), as well as M. anakuma, also exhibit wide rostra,
like M. dimitrius.

Another characteristic, which seems to similarly develop in the insular specimens, is
interorbital distance which corresponds to the distance between the eye sockets. It is
suggested that the eyes of nocturnal animals are placed closer to each other rather
than those which are more diurnal, where they are placed wider apart (Dumont et al.,
2016). Nocturnal animals exhibit such a behavior usually in order to avoid predators
and danger. Since M. dimitrius, M. canescens (Crete) and M. anakuma have increased
interorbital distance they could be characterized as less nocturnal, an adaptation which
could be connected with the decreased competition and presence of predators on the
islands. For example, M. canescens (Crete) is the largest predator on the island
(Sfenthourakis and Triantis, 2017) so it would be less dangerous to search for food
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and wander around during the day. Additionally, Sleeman et al. (2009) reports that
insular badgers of British islands also feed during the day. This trait raises some
interesting questions for M. dimitrius. Both the faunas of Apollonia and Gerakarou
include possible predators and so a diurnal behavior due to their absence as in other
insular environments cannot be supported. Could M. dimitrius possess a specific
defense mechanism that allowed its activity during the day? Could it be that those
predators did not prefer to hunt badgers neither as a food resource nor as a way to
eliminate competition as their preys might not have overlapped or is it that this trait is
connected to something else entirely?

Regarding the morphology of the auditory bullae, more developed structures (more
inflated) are connected with better hearing and are usually present in animals residing
in more open environments (Hunt, 1974). Furthermore, larger auditory bullae are a
better adaptation to fossorial animals as low frequency sounds are received enhancing
their hearing ability (Squarcia et al., 2007 and references therein). Badgers being semi
fossorial and living in burrows as well as hunting down small prey in their burrows,
require such a trait. Meles canescens (Crete) and M. anakuma could therefore,
possess a better sense of hearing. The auditory bullae of M. dimitrius were damaged
and could not be observed.

Other characteristics were found to differentiate the various species of Meles not
always agreeing with the mainland/insular grouping. This is not unexpected as insular
species from different islands are deemed to have disimilarities from each other
(Nanova et al., 2017). This seems to be the case for M. canescens (Crete) and M.
anakuma (Japan). If we consider the fact that the former is of European orgin and the
later of Asian we may expect such differences of likely phylogenetic inheritance. Thus,
certain measurements (braincase length, palate length, palate width, mastoid width)
separate European from Asian species as well as mainland from insular. Values of the
insular specimens were compared with the analogous mainland ones (from the same
continent). Insular species present increased dimensions of the palate (palate length,
palate width), which suggest larger areas for the prossecing of food, an adaptation
possibly related to consumption of mixed or larger prey (Meachen-Samuels and van
Valkenburgh, 2009). Furthermore a larger palatine is also related to mammals where
the temporalis is the dominant masticatory muscle (Cox, 2008). Consumption of larger
prey is also related to the increased tooth row length which corresponds to the
functional bite space of an organism (Sicuro and Oliveira, 2011). Increased tooth row
length could be connected with increased rostrum length. Tooth row length was found
to correlate well with rostrum length (r=0.59641, r?=0.35571, p=0.0065). Increased
values were noted in M. dimitrius, M. canescens (Crete) and M. anakuma, compared
to their mainland congeners (M. meles and M. leucurus accordingly). A possible
suggestion is that the lengthened rostrum could be related to the semi fossorial
behavior of the species, where it is used for digging and acquiring food. Consequently,
a lengthened rostrum could indicate extensive use of this behavior.

Mastoid width is also increased at the insular specimens when compared with their
mainland ones. The mastoid region is where the digastricus muscles originate and so
increased areas correspond to more vertically placed muscles. Increased mastoid
width values correspond to consumption of larger prey as well as increased bite forces
(Law et al., 2018; Prevosti et al., 2012). Additionally, Ercoli et al. (2013) suggest that
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animals which prefer larger prey are characterized by wider and more laterally placed
mastoid processes. This arrangement of the mastoids allows increased mechanical
advantage especially for lateral movements of the cranium. Paroccipital process area
is also an origin area of the digastricus muscles. Thus, variation in their arrangement
could correspond to differences in mandible opening (Echarri et al., 2017).
Nonetheless, the results do not show extreme differentiation. Similar results are noted
in the development of condylar breadth but with more obvious differentiation, with M.
dimitrius, M. leucurus and M. anakuma showing increased values. Increased condylar
breadth indicates increased lateral stability of the cranium useful when dealing with
struggling prey. Lower values indicate increased head mobility (Dumont et al., 2016
and refereces therein). Furthermore, animals which prefer mixed prey are
characterized by narrower condylar breadth (Meachen-Samuels and van Valkenburgh,
2009).

Ercoli et al. (2017) suggest that lower skull height and lengthened palate and rostrum
indicate a preference in chasing down prey in burrows. Meles canescens (Crete) and
M. dimitrius seem to combine these characters corresponding to an increased
preference to this particular hunting behavior.

Mandible

The mandible of the genus Meles appears quite robust as a structure, indicative of the
high bite forces applied. g¢he working side lever arm is increased in all the species
while the balancing side lever arm decreased, indicating a greater development of the
part of the mandible closer to the temporomandibular joint which would correspond to
generally increased forces. Biknevicius and Ruff (1992) suggest that shorter balancing
side lever arm is related with greater contribution of contralateral masticatory muscle
forces to hard material processing (bone cracking) and bite forces shifting at the
working side premolars.

Outer lever moment arm appears decreased in M. dimitrius and M. canescens (Crete).
Outer lever moment arm is indicative of the distance where force is applied during
mastication but should always be considered in relation to the moment arm of the
muscles (moment arm of temporalis, moment arm of masseter) which apply the force.
If increased outer lever moment arm is not paralleled with increased moment arms of
the muscles, lower mechanical advantage occurs as the load is moved further away
from the fulcrum (temporomandibular joint in this case). Lower outer lever moment arm
values and increased moment arms indicate increased mechanical advantage and
therefore increased or better applicable forces (Grossnickle, 2020; Penrose et al.,
2020). Indeed, mechanical advantage is increased in M. canescens (Crete), M.
dimitrius and M. anakuma. Increased mechanical advantage correlates to increased
bite forces (Figueirido et al., 2013) which seems to agree with the forces computed for
M. dimitrius, M. canescens (Crete) and M. anakuma by the dry skull method. thcreased
mechanical advantage is related to higher forces. On the contrary decreased
mechanical advantage is related to increased jaw velocity and faster opening and
closing of the mouth for capturing fast moving prey (Timm-Dauvis et al., 2015).

Dentary length is also important, and short jaws as in M. dimitrius, and M. canescens
(Crete) are better adapted to cope with increased forces and loads. On the contrary,
longer mandibles indicate reduced force but increased velocities for capturing fast
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moving prey (Romaniuk, 2018; Timm-Davis et al., 2015). Shorter mandibles relate to
higher bite forces as the tooth row (and specifically the carnassials where the crushing
and slicing of food takes place) moves closer to the temporomandibular joint increasing
the bite force of the teeth closer to it contrary to those placed further away (Timm-Davis
etal., 2015 and references therein). This is due to the increased mechanical advantage
when closest to the temporomandibular joint.

The increased mandible depth (jaw depth at c1, jaw depth at m1, dentary depth at the
junction p3p4) could indicate greater forces induced at these specific parts of the
mandible (Meloro, 2011). Regarding the indices of the dentary bending at p3/p4
junction and m1/m2 junction (IXP4, IXM2) no conclusive observations can be made,
except for M. thorali, which has increased resistance. The range of values of M.
dimitrius is extensive. Meles meles and M. canescens (Crete) have similar values.
Meles leucurus has increased resistance in the junction of m1 7 m2 and reduced in
the junction p3 1 p4. The opposite (reduced IXM2 and increased 1XP4) is noticed in M.
anakuma. This could indicate an extensive use of the molar teeth (m1 i m2) in M.
leucurus where increased forces would be induced and a preferable use of the
premolar teeth (p4) at M. anakuma shifting the bite force more anteriorly.

Non T metric observations concerning structures related to the masseter and the
mandible indicate that the angular process, which is the insertion area of the superficial
masseter, is quite restricted in M. dimitrius, corresponding to smaller attachment areas
and therefore to a weaker superficial layer. The superficial masseter pulls the mandible
forward (Ewer, 1986). The middle masseter is more developed in the mainland group,
as its insertion area appears more enhanced than in the rest of the species. The middle
masseter contributes to basic closing action (Ewer, 1986). The masseteric fossa,
where the deep masseter attaches, has a different arrangement in M. dimitrius and the
insular species when compared with the mainland ones. This arrangement could
correspond to the same quantity of the deep masseter accommodated differently and
being placed at a wider area at the insular species and to a more constricted space at
the mainland ones without changing the total muscle mass.

In general, a tendency for more developed structures concerning the masseter and the
mandible is marked in the mainland species. Higher mandibular ramus and coronoid
process elevation suggest increased moment arm of the masseter and pterygoids and
therefore induced forces in the vertical plane (Timm-Davis et al., 2015). Wider
mandibular ramus also corresponds to more developed masseter. These observations
could possibly indicate a preference in the development of the masseter rather than
temporalis in the more mainland species, which could correspond to more herbivorous
trends (Sicuro and Oliveira, 2011).

Dentition

Increased surfaces of the molars rather than of the premolars indicate a greater
adaptation to omnivory or herbivory (Popowics, 2003), as the function of grinding is
favored. The dentition of the genus Meles is indicative of an omnivorous diet. Badgers
show a peculiar adaptation of the first upper and lower molar which are developed in
such a way so as to allow them to slice (three rows of cusps at M1) as well as to grind
(enlarged area) efficiently. Blunter dentition with increased surfaces could correspond
to increased consumption of plant material. A smaller premolar carnassial P4, shifts

91



the bite force at the back of the tooth row thus increasing bite force as mastication is
moved backwards in the toothrow and closer to the temporomandibular joint (Timm-
Davis et al., 2015).

Concerning the upper dentition, the area of M1 (M1a) is reduced in M. dimitrius, M.
anakuma and possibly M. canescens (Crete) which shows a great range of values
indicating a rather variable character. Relative upper grinding area (UGR) is decreased
in M. dimitrius, intermediate in M. anakuma and again highly variable in M. canescens
(Crete). Reduced Mla and UGR indicate teeth better adapted to processing meat.
Upper carnassial shape (P4P) is increased in the insular group as well as M. dimitrius.
This trait corresponds to a more developed P4 used in processing meat (Friscia et al.,
2007; Sacco and Van Valkenburgh, 2004). Non i metric observations suggest a more
triangular shape of P4 for M. canescens (Crete), M. anakuma and M. dimitrius in
contrast to the more subquadrate shape of M. meles and M. leucurus. M1 is more
elongated in M. anakuma and M. canescens (Crete). Additionally, Meles canescens
(Crete) has a notably sharper dentition. Considering these traits, M. dimitrius could be
better adapted to processing meat and possibly M. anakuma and M. canescens
(Crete). The latter taxon also has the trait of the sharper dentition which could be
attributed to a more carnivorous or even insectivorous diet (Ungar & Sues, 2019; Ewer,
1986).

Evidence from the lower dentition does not fully support the previous suggestion.
Meles dimitrius and M. anakuma preserve the less developed areas of m1 and m2
which indicate a better adaptation to meat consumption rather than plant material.
However, M. canescens (Crete) appears to have increased areas more comparable to
the mainland group. The same trend is noted at the index of relative lower molar
grinding area (LGR). Increased values correspond to teeth better adapted to grinding
(Friscia et al., 2007; Sacco and Van Valkenburgh, 2004). However, M1BS, which
corresponds to the development of the blade of m1 appears extremely increased in M.
canescens (Crete), probably compensating for the increased relative lower molar
grinding area. Possibly an adaptation to efficient processing of both meat and plant
material for M. canescens (Crete) could be suggested or a compensation due to the
blade like morphology.

These specific traits could possibly indicate an increased carnivorous preference for
the insular species [M. canescens (Crete) and M. anakuma] and M. dimitrius, while the
mainland M. meles and M. leucurus could have an increased preference to omnivory.
Meles canescens (Crete) shows some mixed characters and an adaptation to better
processing of meat cannot be fully supported.

Despite the fact that some possible differentiation concerning the dentition could exist,
the generalist feeding ecology of the genus is still apparent and no distinction in food
consumption among species could be inferred by HSB. The variety of the food
consumed does not favor a specific development of HSB indicating mainly soft and
medium hardness of preferred food. Only M. dimitrius slightly differentiates from the
extant species, but with no significance. This could only be an indication that M.
dimitrius consumed slightly harder material than the extant species. However, the
difference in values is extremely small [138° in M. dimitrius and 144° in M. canescens
(Crete), 143° in M. meles] despite the fact that the values of M. dimitrius place it at the
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second category of HSB of acute angles (70° i 140°) and not in the first category of
undulating HSB (>140°). What should be noted is that Stefen (1997) suggests that
along with feeding preferences, phylogeny could also play an important role in the
development of HSB. This is supported by the fact that the mustelid Gulo gulo presents
the same amount of bone consumption as the Hyena. However, the HSB of Gulo gulo
appear less acute when compared to the HSB of Hyaena which has an extremely
zigzagged structure. This case could explain why the species of Meles which are all
part of the same genus show no significant differences of the HSB even if some did
consume harder food material.

All things considered, the main differences detected concern cranial variables.
Mandible and dentition present an overlap and discrimination is not always apparent.
Meles is a generalist and adapts with relation to the available food resources and
environmental conditions so increased overlap is rather expected. Some species
present large ranges which could be attributed to sexual dimorphism. Nonetheless
some inferences could be made supporting different ecologies mainly discriminating
insular and mainland populations. The fossil taxon M. dimitrius was found to share
certain features with the insular group but it also presents some unique traits.

Dry skull method / Endocranial volume

Our results indicated that insular forms have a slight tendency to be stronger in bite
force than mainland ones. Damasceno et al. (2013) found that the species which
present the most increased bite forces (bite force quotient) are more carnivorous, and
also possess the more developed brain volumes (brain volume quotient). This
suggests that adaptations of the skull concerning carnivory also influence the total
brain volume. These assumptions are supported by our analysis, where the insular
species, characterized by increased bite force quotient also possessed the increased
brain volume quotient. Additionally, Penrose et al. (2016) support that increased
braincase areas as well as wider zygomatic arches, correspond to an adaptation for
accommodating increased temporalis muscles and thus increased bite forces.

Dissection / Muscle accommodation
As dissection was restricted to the mainland M. meles, there were not comparisons
with different taxa and especially the insular M. canescens (Crete).

The muscle scars of the extant of M. meles and their identification by analogy on the
fossil cranium of M. dimitrius do not show great differences, so a relatively reliable
assumption of the muscle accommaodation of the fossil specimen could be made.

Comparing our results with data from Ito and Endo (2016), the PCA grouped families
together (Mustelidae, Canidae, Felidae) with only some specimens placed further
away, probably because of their adaptations to specific killing strategies and related
muscular correlates. Ito and Endo (2016) proposed that further specialization occurs
to gain more precise carnassial biting aided by the masseter (which is also noticed
more developed in these taxa). Meles meles does not appear to have such an obvious
specialization, as it is placed within the generalist Mustelidae group. Moreover, in
Meles, the middle masseter is the second largest layer, whereas in the majority of the
Felidae and the Canidae, the deep masseter dominates. The superficial and deep
masseters aid in the more lateral movements of the mandible, while the middle
performs more vertical movements (Ewer, 1986; Ito and Endo, 2016).
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When confined to the Mustelids, M. meles and M. anakuma show certain differences.
The main distinction is the slightly more developed pterygoids of M. meles, which along
with the more developed deep layer of masseter, could indicate a better adaptation to
lateral sliding of the M. meles mandible than in M. anakuma. However, the more
developed pterygoids of M. meles may be related to the inclusion of both lateral and
medial in the analysis, contrary to Ito and Endo (2016), who used solely the medial
pterygoid. Concerning the layers of the masseter, M. anakuma possesses a larger
superficial layer while M. meles a more developed deep layer, which relates to the
backward movement of the mandible (Ewer, 1986).

PCSA Bite Forces / Comparison of dry method and PCSA (gross)
method

Computed PCSA showed increased values for the temporalis followed by the masseter
and lastly by the group of pterygoids indicating an extensive development of the
temporalis. The increased differences in the computed total force by dry method and
gross method of the muscles is expected (see also Penrose et al., 2020) as the first
one is based exclusively on cranial measurements and the second one uses the actual
muscle mass. Increased values are found in the larger skull when using the gross
method and lower values when using the dry method, while the small skull showed the
opposite trend. This could be attributed to the fact that the smaller cranium belonged
to a young adult individual. Thus, the muscle mass might not have fully developed
because of the young age of the individual. On the contrary, when using the dry skull
method, which is based on cranial measurements alone, increased values would be
expected as cranial features could be more developed in order to accommodate the
muscle that would be developed. Law et al. (2016) also mention that muscle mass is
more important than theoretical computation of bite force. In general, the dry method
seems to underestimate the bite force as muscle volume and fascicle length is not
accounted for. However, when dealing with a young individual the opposite trend is
observed as the relative development and muscle volume plays a crucial role.

Synthesis / Conclusion

The genus Meles is an omnivorous/generalist mustelid carnivoran, currently
represented by four different extant taxa. This study aimed at identifying cranial
differences between those taxa that could be functionally related to specific dietary
preferences and use them to infer the paleoecology of the Greek fossil taxon M.
dimitrius. After examining the skulls of the different species via various analyses, an
ecological profile was reconstructed. Although, no extreme differences were expected
within a generalist group, some interesting characters have been traced.

Meles canescens (Crete), the Greek insular representative of the genus, was found to
be a species with developed masticatory musculature system and increased bite
forces even though it is one of the smallest Meles species (estimated mass: 5-10 kg).
The temporalis, in particular, appears strengthened, especially the suprazygomatic
and deep layers, while the less developed superficial layer does not seem to severely
affect the overall produced forces (if it is supposed that sagittal crests affect the
attachment area of superficial temporalis at such extent). Brain volume had a tendency
for higher values. Meles canescens (Crete) displayed resistance to torsion when
dealing with struggling prey, while it is adapted to mixed or even larger prey
consumption. Evidence of a more diurnal behavior (possibly due to limited presence
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of predators) and a better hearing are apparent, as well as a possible inclination to
chasing down prey in burrows. As far as dietary preferences are concerned, an
omnivorous and opportunistic character is obvious, while there could be some better
adaptation to meat or even insect consumption. Nonetheless, a clearly carnivorous
diet cannot be supported as the results concerning the dental traits are controversial.
Blade i like morphology and grinding areas especially of the lower dentition are
developed. On the contrary the overall sharper and more elongated outline of the
dentition would support better processing of meat rather than plant material. The more
developed temporalis when compared to masseter, found in more carnivorous taxa,
could be an extra evidence for increased carnivory. Additionally, the more developed
digastricus could indicate a powerful abduction of the mandible, crucial when hunting
and consuming prey.

Meles anakuma, the Asian insular representative, is quite similar to M. canescens from
Crete. Besides its small size and body mass (4-10 kg), high bite forces are also
apparent. The temporalis and brain volume are well developed. Meles anakuma also
presents increased resistance to torsion, more diurnal behavior, enhanced hearing,
and a preference to mixed or large prey. Concerning the diet, M. anakuma shows some
evidence of a better adaptation to processing meat (LGR, M1BS), indicating a well-
developed blade morphology and more constricted grinding areas.

Meles meles, the European mainland representative, is characterized by traits which
differentiate it from the insular species. It has a slightly less developed masticatory
system than the insular representatives, with smaller computed bite forces, but with
increased biting velocity. It is one of the largest species, with body mass ranging
between 9-13 kg. It possibly prefers smaller and faster prey than the insular species
as denoted by its adaptation to a rapid but not strong bite. Brain volume was also the
smallest in the genus. It retains a rather developed masseter than temporalis and has
constricted neck mobility which limits the range of head movements. No specific diet
preferences are noted, and the generalist nature is extremely enhanced. The dental
traits do not indicate a specific type of food preference. On the contrary, omnivory is
greatly supported with slightly decreased percentage of meat material as the blade like
morphology is not as apparent as in the insular species.

Meles leucurus, the Asian mainland representative, is not greatly differentiated from
M. meles. Bite forces and brain volume could not be computed but the rest of the
features indicate similarities with M. meles. Body mass ranges from 10 to 14kg. The
more elongated skulls and the dentition suggest lowered forces but increased biting
velocity. Increased lateral stability of the head could also be one of its adaptations.
Finally, the dentition suggests an omnivorous diet with increased grinding areas and
no tendency to more efficient processing of meat. Diurnal activity and enhanced
hearing are not evident, and neither is a specialized hunting behavior.

Meles dimitrius, the fossil representative from the Early Pleistocene of Greece, is
marked by a set of traits which seem to place it closer to the insular group. It is
characterized by increased strength and a quite developed temporalis as well as neck
musculature, while the masseter appears to be less favored (superficial layer). The
brain volume is rather high, and the body mass was estimated near 10 kg. As in insular
species, it shows good resistance to torsion when dealing with struggling prey. Mixed
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or larger prey may have been consumed, while it possesses a good adaptation to
hunting prey in burrows and has a powerful opening of the mandible due to the
developed digastricus. As in the Japanese and the Cretan badger, a more diurnal
behavioris assumed as well. Concerning the dietary preferences, dental traits possibly
support more carnivorous trends when compared to the rest of the species without
suggesting that M. dimitrius was mainly carnivorous. The omnivorous / generalist
character is still highly present. HSB structures could indicate processing of slightly
harder food material as the teeth were better adapted to endure high forces.

In this study, we identified a set of characters that groups together the insular species,
differentiating them from the mainland ones. Thes e 6 i nraitsl inay rrepresent
adaptations to more isolated environments (islands in this case). The particular
unbalanced ecosystems of the islands may have affected badgers in a specific way.
The restricted space, limited food resources, and absence of predators could play an
important role in the overall development of the organisms. Smaller size (due to the
island rule), diurnal behavior (due to the absence of predators), increased bite forces,
consumption of larger or mixed prey (due to the island rule where small taxa increase
in size) as well as better hearing could all represent adaptations to a more isolated
environment, despite the fact that no standard pattern is observed in insular carnivores.

Hypothesis for the fossil Meles dimitrius
When all data are considered, M. dimitrius seems to share more traits in common with
the insular than with the mainland extant representatives of the genus.

On the one hand, one possible explanation could be that M. dimitrius resembles the
insular species in many characters which are related to an increased musculature
system and head/neck movements, as well as with a good adaptation in processing
meat material. Thus, the reason for this resemblance could be due to the more
extensive use of the temporalis muscle with some evidence of increased carnivory but
for different reasons in each species. For the case of M. dimitrius the increased
biodiversity of the area at that time and the consequent increased competition could
play an important role. The still primitive M. dimitrius compared to the extant Meles,
would not be so specialized in the processing of plant material and this would lead it
to be a more active predator. Consequently, it would have to antagonize other medium
sized carnivores and the enhanced musculature system as well as the more active
head movements would be essential for fighting and defense.

On the other hand, another possible explanation could be that M. dimitrius might have
represented an isolated population,f ol | owi ng si mi | argicalpaths.ul ar 6 ec
Despite the fact that APL T 544 is not one of the smallest specimens, M. dimitrius could
still represent an endemic form, as the shared characters with the insular badgers
remain, but could present an increased size as a certain adaptation created by the
special environmental conditions. The fauna of Apollonia includes several other
predators and so M. dimitrius would have faced severe competition, unlike its insular
congeners. Thus, size could be affected by factors related to the rest of the present
taxa as competition would hinder size reduction. This case poses the question whether
this fossil representative of the extant badger was part of a more isolated population
in the Greek Epivillafranchian and thus presenting characteristics found in insular
badgers. Could the palaeogeography of Mygdonia Basin or the wider Northern Greece
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during the Epivillafrachian, create locally isolated groups leading to a form of
endemism? Could the tectonic activity of the Middle Pleistocene and the drainage of
the large Mygdonia lake (Koufos et al., 1995 and references therein) allow the creation
of such isolated areas? Further research of the palaeogeography and fauna of the
Northern Greece could shed light on these questions. Other taxa of the Apollonia
locality could be examined in order to concur whether such isolated systems existed,
creating a form of local endemism and if other species were also affected.
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APPENDIX

Table 1. Most important examined characters

M. dimitrius M. canescens M. meles M. anakuma M. leucurus
(Crete)
Sagittal crest overdeveloped underdeveloped medium underdeveloped medium
Structure connected  present absent absent absent absent
to sagittal crest
Nuchal crest overdeveloped underdeveloped medium underdeveloped medium
Foramen magnum narrow, more narrow, more wider, more narrow, more wider, more
vertically placed vertically placed horizontally vertically placed  horizontally
placed placed
Auditory bullae - inflated flattened inflated flattened

Insertion of middle
masseter

underdeveloped

underdeveloped

well developed

underdeveloped

well developed

Angular process

underdeveloped

well developed

well developed

well developed

well developed

M1 shape wider, more more elongated  wider, more more elongated  wider, more
rectangular talonid rectangular talonid rectangular
P4 blade well developed well developed underdeveloped well developed underdeveloped
m1l shape constricted wider constricted constricted constricted
HSB acute undulating undulating - -
TFL increased increased constricted increased constricted
BCW increased increased constricted increased constricted
MSW increased increased constricted increased constricted
I0D increased increased constricted increased constricted
BCL increased increased constricted increased increased
PL increased increased increased constricted constricted
PW constricted constricted constricted increased increased
RW increased increased constricted increased constricted
Ml & MI' wider wider longer wider longer
DL short short elongated elongated elongated
MRH constricted constricted increased increased increased
CPr elevation constricted constricted increased increased increased
Mechanical increased increased decreased increased decreased
advantage
Mla constricted medium (wide increased constricted increased
ranges)
UGR constricted wide ranges increased medium medium
P4 shape wider wider medium values medium values  wide ranges
mla constricted increased increased constricted increased
m2a constricted wide ranges increased constricted increased
LGR constricted increased medium constricted medium
m1 blade increased increased medium increased medium
Body mass increased increased smaller - increased
Bite force increased increased lower - increased
Endocranial volume increased increased smaller - increased

Temporalis muscle

well developed

well developed

less developed

well developed

less developed

Pterygoid muscle

well developed

underdeveloped

Masseter muscle

less developed

less developed

well developed

less developed

well developed

Digastricus muscle

well developed

well developed

less developed
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Plate |. Meles dimitrius

(1) Cranium (APL T 544)

A. Dorsal view

B. Ventral view

C. Lateral view
(1) Partial premaxilla, sin (APL 545)

D. Ventral view

E. Lateral view

F. Dorsal view
(2) Mandible
Lateral view external, sin (APL T 772)
Dorsal view, sin (APL T 772)
Lateral view external, dex (APL T 546)
Dorsal view, dex (APL T 546)
Lateral view internal, dex (APL T 546)
Lateral view external, sin (APL T 15)
Dorsal view, sin (APL T 15)
. Lateral view internal, sin (APL T 15)
(3) Mandible
Dorsal view, sin (GER T 161)
Lateral view external, sin (GER i 161)
Lateral view internal, sin (GER i 161)
Dorsal view (GER T 162)
Lateral view external, sin (GER T 162)
Lateral view external, sin (GER i 162)
(4) A. Partial Cranium (GER i 164)

B. Upper Canine (GER i 163)

C. Partial premaxilla (GER 1 160)
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