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ABSTRACT

The present thesis studies the newly excavated Nyctereutes material from Dafnero, as
well as the functional morphology of the skull in fossil and extant Nyctereutes. The new
material includes two complete skulls, one partially preserved skull and two
hemimandibles. Nyctereutes has been previously documented in various sites of
Greece with the presence of N. megamastoides and N. tingi. The findings of Dafnero
extend the presence of N. tingi in Europe until the middle Villafranchian. Moreover, the
co-existence of N. tingi and N. megamastoides is reported for the first time in Europe.
Furthermore, the metric data of N. tingi from Dafnero, imply a relation between N. tingi
and N. vulpinus as supported by previous studies. The morpho-functional study
includes the analysis of endocranial volume and bite force variation, the geometric
morphometric examination of the skull, and the HSB structure of Nyctereutes dentition.
The endocranial volume variation indicates the development of a bigger temporalis
muscle in the more carnivorous species, N. tingi and N. donnezani. The geometric
morphometric analysis revealed differences in the crania of Nyctereutes, with the more
omnivorous species possessing a more horizontally aligned craniun, and the more
carnivorous a more vertically aligned one. Larger bite forces were estimated for the
larger species, but no specialized bony structures, aiming to increase bite force, were
observed. The Hunter Schreger Bands structure is similar in all Nyctereutes species,
suggesting equal bone consumption. The dietary plasticity of Nyctereutes allowed it to
co-exist with larger and similar sized carnivores.
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NEPIAHWYH

H Trapolca epyacia peAerd 10 véo UAIKO Nyctereutes ammd tnv 8éon Aagvepd, ammo
OUCTNPOTIKA dTToYn, KOBWGS Kal TV OIKOPOP@OAOYIKA avaAucn Tou Kpaviou 1600
atmoAIBwuévou 600 Kal Tou cuyxpovou Nyctereutes. To vEo UAIKO atToTeAgiTal atmo dUo
OAGKANpa Kpavia, £va PepIKwG diatnpnuévo Kpavio kal dUo nuiyvabous. H trapoucia
Tou Nyctereutes £xel KOTAypaQPEi TTPONYOUPEVWG O€ dldpopeg Béoelg oTov EANADIKO
XWPO Kupiwg pe 1o €idog N. megamastoides kai N. tingi. Ta euprpaTta Tou Aagvepou
MapTupouv Tnv Trapoucia tou N. tingi otnv Eupwtrn péxpl 10 gECO BIAA@PAyKEIO.
EmmpdoBera, decixvouv Tnv cuvotmapén Tou N. tingi kai Tou N. megamastoides otnv
Eupwtrn yia TpwTn @opd. EmiTAéoy, Ta YeTPIKA dedopéva Twv delypdTwy N. tingi atmd
10 Aa@vepd TTpoTEivouv pia oxéon PeTagu Tou N. tingi kal Tou N. vulpinus OTTwG £Xel
TTpoTabei 0TO TTAPEABOV aATTO TTPONYOUUEVOUG £peuvNTEG. H HOP@OAEITOUPYIKA avAaAuon
mepINaPBavel PeAETN TNG dloKUPAVONG €VOOKPAVIOKOU OyKou Kal TnG Ouvapng
OAYKWHATOG, TNG YEWMETPIKAG HOPPOMETPIKAS avAAUCNC TwV Kpaviwy d1a@dpwy 10wV
Nyctereutes kal Tng doung Twv HSB ypaupwyv otnv odovTtooTolxia Tou Nyctereutes. H
OlaKkUuvaon Tou &vOOKPAVIOKOU OYKOU TIPOTEIVEI TTWG O KPOTOQPIKOG HUG ATAV
MEYOAUTEPOG OTIG TTIO oapKOPAyes HopPES, N. tingi kai N. donnezani. H yewueTPIKN
Hop@OUETPIKA avaAuon avadelkvuel dlagopés oTa Kpavia Twv Nyctereutes, Ue TIG TTIO
TTOUPAYEG HOPPEG va €Xouv Eva opICOVTIWG TTPOCAVATOANICHEVO Kpavio, €V OI TTIO
OAPKOPAYES HOPPES VA £XOUV £Va TTI0 KABETA TTpOoavVaATOAIoHEVO Kpavio. MeyaAUTepeg
OUVAMEIC KOTA TO DAYKWHG TTEPIMEVOUUE OTIG TTIO EUPWOTEG HOPPEG, XWPIG va €XOuV
TTapatnEnBei eCEIBIKEUPEVEC HOPQPOAOYIKEC TTPOCOPHOYEC TTPOG TNV Evioxuon Tou
daykwpaTog. H dounl Twv Hunter Schreger Bands cival rapéuola oe OAa 1a €idn
Nyctereutes. To peydAo €Upog dIaTpo@IkwyY €TTIAOYWY Tou Nyctereutes Tou €TTETPEYE
VO OUVUTTAPEE! e PeEYaAUTEPQ 1] KAl ICOUEYEDBN CapKo@Aya.
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1. INTRODUCTION

The genus Nyctereutes belongs to the family Canidae. The clade of Canidae originates
back in the Eocene with the first representatives of Canini dated to the late Miocene of
North America (Tedford et al., 2009). Around 7 Ma canids migrated from North America
to Eurasia via the Beringian land bridge (Tedford et al., 2009). There, one of these canid
immigrants diversified giving rise to the first representatives of the genus Nyctereutes.
It not clear yet which is the ancestor of Nyctereutes. The oldest fossils of Nyctereutes
in both Europe (France, Spain) and Asia (Yushe basin in China) are considered to date
from the early Pliocene (Ruscinian) and they are referred to the species N. donnezani
and N. tingi respectively (Lucenti, 2018).

The European descendant of this radiation is considered to be the extinct species N.
megamastoides, a form which is similar to the Asiatic N. sinensis (Bartolini Lucenti,
2017; Ward and Wurster-Hill, 1990). The European taxon disappeared by the end of
the Pliocene, while the Asiatic form survived and decreased in body size to the point of
the extant raccoon dog, N. procynoides (Ward and Wurster-Hill, 1990). Based on recent
studies, 8 to 10 fossil species are recognized and related to the extant Nyctereutes
procyonoides (Daguenet and Sen, 2019). The oldest species with the most primitive
features, is Nyctereutes tingi (Lucenti et al., 2018). The Asian fossil record includes
Nyctereutes tingi (Late Miocene to Middle Pliocene) and N. sinensis (Middle Pliocene
to Middle Pleistocene) (Asahara et al., 2015). According to Lucenti (2017), N. sinensis
is considered as the closest phylogenetic relative to the extant Nyctereutes
procyonoides, but further research must be done on this topic. In Europe three fosill
species are known: N. donnezani from Western Europe (Ruscinian) (Lucenti, 2017)
and Turkey (Daguenet and Sen, 2019), N. tingi known from Greece (Bartolini Lucenti,
2018; Koufos, 1997) but also from Bulgaria with N. cf. tingi (Monguillon et al., 2004;
Spassov, 2003, 1997), N. vulpinus from St. Vallier, France (Monguillon et al., 2004) and
N. megamastoides from the middle-late Villafranchian faunas of Italy, France, Georgia,
Greece and Hungary (Koufos, 1993; Lucenti, 2018, 2017). Regarding the European
fossil record, the origins of N. megamastoides has been attributed into N. donnezani
lineage (Lucenti, 2017), while the relations of N. vulpinus with the rest of the known
fossil species are yet unclear. The newly excavated material from Dafnero comes to
aid further information regarding the presence of N. tingi and the systematic status of
N. vulpinus in the European region.

Extant Nyctereutes is thought to be a small fox-like canid with omnivorous diet and
distinct opportunistic behaviour (Asahara and Takai, 2017; Kauhala et al., 1998). This
dietary plasticity of Nyctereutes has been highlighted in its fossil representatives by
previous studies mainly by the study of m2/m1 area of the lower dentition (Asahara and
Takai, 2017; Bartolini Lucenti, 2019; Lucenti et al., 2018). Over the years specific
morphological adaptations in Nyctereutes have been associated in response to specific
diet preferences, such as the more triangular shaped molars or the development of the
subangular lobe (Asahara and Takai, 2017; Bartolini Lucenti, 2019; Monguillon et al.,
2004). It is believed that the more primitive Nyctereutes species (N. tingi, N. donnezani)
were adapted to a more carnivorous diet in comparison with the more derived species
such as N. megamastoides and N. sinensis (Bartolini Lucenti, 2019). Nevertheless, the
variation of Nyctereutes skull morphology regarding its diet preferences has not been
fully explored yet.
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1.1 Aims of Study

This study has two main goals. Firstly, to identify the newly excavated material from
Dafnero site and provide additional information regarding the presence of Nyctereutes
in Europe. Moreover, we attempt to investigate the possible affinities between the
primitive N. tingi and the more derived N. megamastoides and N. vulpinus (Monguillon
et al., 2004). Nyctereutes tingi in Asia co-occurred with its successor N. sinensis
(Farjand et al., 2020). In Europe, N. tingi is represented by two skulls of Pliocene age
from Megalo Emvolo (Koufos and Kostopoulos, 1997), while Spassov (2003) mentions
an early Pleistocene presence of N. cf. tingi from the locality of Varshets in Bulgaria. It
has been previously suggested that N. vulpinus may have originated by a possible
European clade of N. tingi (Monguillon et al., 2004). Two N. megamastoides skulls have
been previously described from Dafnero (Koufos, 1993). The recent finding of a robust
skull with distinct cranial characters raised different questions regarding its taxonomy.
Secondly, we attempt to clarify the functional morphology of the skull of Nyctereutes. A
shift towards more omnivorous diet in the more derived species has been suggested
by different authors (Asahara & Takai, 2017, 2019; Lucenti, 2019). The gradient
development of the subangular lobe in Nyctereutes has been associated with an
increased ability for mastication (Bartolini Lucenti, 2019; Curtis and Santana, 2018;
Daguenet and Sen, 2019; Ewer, 1973). Here we attempt to investigate any structural
differences between the more carnivorous and the more omnivorous Nyctereutes
species and their functional importance. Studies have revealed that the different skull
morphology of the Carnivorans affects the accommodation of the adductor muscles
within the cranium (Penrose et al., 2016), but also their mechanical advantage
(Figueirido et al., 2010; Penrose, 2018). Differences in the mastication ability related
with variation of temporalis muscle size in canids have been previously addressed by
other studies, as that of the skull morphology in a red fox population of Hokkaido
(Amaike et al., 2015). We hypothesize that the more omnivorous species will invest
towards enhancing the masseter muscle which is the primary muscle in transverse
chewing as observed in the herbivores (Popowics and Herring, 2006). On the contrary,
the more carnivorous species may have opted for the enhancement of the temporalis
muscle which is mainly utilized for the infliction of a lethal bite (Van Valkenburgh, 2007).
To test our hypothesis, specific skull characters will be studied: (a) we expect lower
brain-volumes in the more carnivorous species while the Miller's index is constant,
allowing the more carnivorous species to accommodate a bigger temporalis.
Contrariwise, the more omnivorous species will be probably characterized by skull
structures providing more available attachment surface area for the masseter, such as
the subangular lobe; (b) greater mechanical advantage for the temporalis is expected
in the more carnivorous species by the more vertical aligned crania, and on the other
hand for the masseter in the more omnivorous species with a horizontally aligned crania
or the elevation of the zygomatic arches; and (c) a shorter rostrum is expected in the
more carnivorous species increasing the strength of the bite force, while the more
omnivorous species will probably exhibit a more elongated muzzle able for rapid
chewing.
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1.2 Presence of Nyctereutes in Greece and fauna assemblage in Greek
Nyctereutes fossil sites

Fossil Nyctereutes is reported in Greece by two species that of N. tingi and N.
megamastoides (Koufos, 2013), while the extant N. procyonoides has not yet been
reported in the Greek landscape. The localities with Nyctereutes in Greece are depicted
in Fig. 1 and in Table 1.

Fig. 1. Geographic map indicating the positions of the Nyctereutes presence in Greece.

Table 1. List of Nyctereutes fossil species from Greek sites.

Species Locality Age
Nyctereutes tingi Megalo Emvolo (MEV) MN-15
Nyctereutes megamastoides Dafnero 1-3 (DFN1-3) MN-17
Nyctereutes megamastoides Sesklon (SES) MN-17
Nyctereutes megamastoides Volax (VOL) MN-17
Nyctereutes megamastoides Vatera- F (VAT F) MN-17
Nyctereutes cf. megamastoides Vatera- E (VAT E) MN-17

14



During this study, the newly excavated material of Nyctereutes from Dafnero-3 (DFN3)
site will be examined. Dafnero has provided Nyctereutes material previously with the
discovery of two well preserved N. megamastoides skulls (DFN-17 and DFN-20) and a
hemimandible (DFN-23) from DFNL1 site (Koufos, 1993).

The fauna of Dafnero includes numerous carnivores: Homotherium latidens,
Chasmaporthetes lunensis, Baranogale cf. helbingi, Nyctereutes megamastoides,
Vulpes alopecoides, Ursus cf. etruscus, whereas the herbivorous species are:
Paradolichopithecus aff. arvernensis Equus stenonis cf. vireti, Palaeotragus
inexspectatus, Metacervoceros ex gr. rhenanus, Eucladoceros tegulensis, Gallogoral
meneghinii, Gazella bouvraine and Gazellospira torticonis (Hermier et al., 2020;
Kostopoulos et al., 2019). The faunal assemblage of Dafnero is similar to that of Sesklo,
Vatera and Volakas from Greece and Saint Vallier from France and La Puebla from
Spain ( Koufos and Kostopoulos, 1997; Kostopoulos et al., 2019). Paleoenvironmental
reconstructions show a relatively dry and open habitat with the presence of giraffids
and various bovid species like Gazelospira along with Equus stenonis and on the same
time the absence of suids (Athanassiou, 1996; de Vos et al., 2002). Typically, the
existence of a deer (Eucladoceros) indicates the presence of forest or a closed habitat.
In this case this may not be true as Eucladoceros was a browser that could feed with
herbaceous monocotyledons and thus could survive in open wooded habitats (Berlioz
et al., 2018). In summary, the paleoenvironment of Dafnero area must have been a
mosaic of open landscapes with parts of wooded areas with dry climate.

The Megalo Emvolo fossil area is situated in Thermaikos bay, 20 Km southwest of
Thessaloniki (Boev and Koufos, 2000; George D. Koufos et al., 1991). The Megalo
Emvolo site has yielded two Nyctereutes skulls, referred to as N. tingi (Koufos, 1997).
Three fossiliferous sites have been discovered, “Megalo Emvolo 17, “Megalo Emvolo
2” and “Megalo Emvolo 3”. The geological formation consist of sedimentary rocks like
sands, gravels, silts, sand-silts, and sandstones with calcitic concretions (Boev and
Koufos, 2000). According to Koufos (2006), the fauna assemblage of Megalo Emvolo
includes: Testudo cf. graeca, Testudo sp., Pavo bravardi, Dolicopithecus ruscinensis,
Trischizolagus dumitrescuae, Trischizolagus cf. maritsae, Oryctolagus cf. laynensis,
Microspalax odessanus, Hipparion longipes, Sus minor, Parabos, macedoniae, Gazella
borbonica, Koufotragus bailloudi and the only carnivoran found Nyctereutes tingi. This
site has been dated to late Ruscinian (MN 15) (Koufos, 2013).

Sesklon is a village 15km west of Volos. This fossil area is situated in a basin consisted
of Mesozoic metamorphic rocks filled with clay (Athanassiou, 2002). The carnivores
reported in Sesklon are: Nyctereutes megamastoides, Vulpes cf. alopecoides, Ursus
cf. etruscus, Pliohyaena perrieri, Homotherium crenatidens, cf. Homotherium
crenatidens (Athanassiou, 2002; Koufos, 2013). The presence of herbivores is also
abdudant. The majority of the herbivore taxa belong to Equus stenonis, Gazellospira
torticornis. Gazella bouvrainae, Gazella borbonica, and Euthyceros thessalicus
(Athanassiou, 2002). The fauna is also consisted by many cervids such as
Croizetoceros ramosus, Eucladoceros ctenoides and Metacervoceros aff. rhenanus
(Koufos, 2013). The presence of Anancus arvernensis and Mammuthus meridionalis
has also been reported. The Sesklon locality is dated in MN17 (Lower Pleistocene)
(Koufos, 2013).
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Volax fossil site is located in Drama basin, in Macedonia Greece close to the Falakro
Mountain. The fauna of Volax locality is consisted by several carnivores, including:
Nyctereutes megamastoides, Vulpes praecorsac, Bosdagius felinus, Megantereon
megantereon and ?Lynx issiodorensis, a single Equidae and Giraffidae, Equus
stenonis cf. vireti and Mitilanotherium martinii respectively, numerous bovids: cf.
Leptobos, Gazellospira cf. torticornis, Gallogoral meneghinii sickenbergi, Gazella sp.,
?Procamptoceras sp. and some cervids like Eucladoceros ctenoides, Metacervoceros
rhenanus, Croizetoceros ramosus. The fossil site is dated in MN17 (Lower Pleistocene)
(Koufos, 2013).

Vatera locality is located in the southern parts of Lesvos island (Lyras and van der
Geer, 2007). Numerous fossil sites have been found in Vatera, with the presence of
Nyctereutes been recorded in VTR-F and VTR-E. Overall Vatera fauna includes:
Paradolichopithecus arvernensis, Nyctereutes megamastoides, Meles thorali, Anancus
cf. arvernensis, Equus cf. stenonis, Equus sp., Metacervoceros cf. rhenanus,
Mitilanotherium cf. inexpectatum, Gazella aff. borbonica, Gazella cf. bouvrainae,
Gazellospira cf. torticornis, cf. Leptobos sp., Antilopinae indet. A. and Antilopinae indet.
D, Mammuthus cf. meridionalis, Stephanorhinus cf. etruscus, Machairodontinae indet.
and Testudo sp.. Vatera fauna is dated around ~2 Ma (Lower Plesitocene) (Lyras and
van der Geer, 2007).

This study involves fossil Nyctereutes material from Megalo Emvolo and Dafnero sites.

1.3 Geological background of Dafnero fossil site
The fossiliferous site of Dafnero is located near Dafnero Village of Western Macedonia,
Greece, close to the Aliakmon river, on the southwest slopes of Mt. Vourinos (Fig. 2).

{Benammi et al_, 2020)
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Fig. 2. Geological and geographic setting for Dafnero fossil site. A: Simplified geological map of
the examined area, B: Stratigraphic composition of Dafnero sedimentological sequence, C:
Local sedimentological setting as indicated by the fossil accumulation of DFN3, D:
Palaeomagnetic sampling and correlation of the two sampled sections of Dafnero area (from:
Benammi et al., 2020).
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The Dafnero site was first discovered in the 1990s yielding important but scarce Early
Pleistocene mammal fossils (Benammi et al., 2020; Koufos, 1993). More systematic
field campaigns took place from 2010 on improving the fossil assemblage of Dafnero
site and revealing two additional sites (Dafnero-2, DFN2; Dafnero-3, DFN3) (Benammi
et al., 2020; Koufos et al., 2020). The finding of a nearly intact cercopithecid cranium,
upgraded the importance of Dafnero site, to a primate-bearing locality (Kostopoulos et
al., 2018). Dafnero is located near the eastern margins of the Mesohellenic Basin
(MHB) (Benammi et al., 2020). In the studied area fossiliferous deposits overlay
Tsiotylion formation which is represented by a lithostratigraphic unit (LUO) of
approximately 30m, consisting of gray-green conglomerates with siltstone and
sandstone intercalations (Benammi et al., 2020) (Fig. 4).

A ~60m thick unit of sands, gravels conglomerates and clays of fluvio - terrestrial origin
is placed uncomforambly on LUO (Koufos et al., 1991; Benammi et al. 2020). This unit
is subdivided in three separate subunits (LU1-3; Benammi et al. 2020). The fossiliferous
sites (DFN, DFN2, DFN3) are situated at the very base of LU2. DFN and DFN3 sites
are on the the same fossiliferous layer at the opposite slopes of a hill (Kostopoulos et
al. 2018). The majority of fossil specimens found in DFN3 were subjected to
deformation. Initial biochronological data from DFN1 suggested a middle Villafranchian
age (Koufos et al., 1991), but recent magnetostratigraphic results estimate a 2.3 Ma
age for Dafnero fauna (Benammi et al., 2020).

2. The extant Nyctereutes procyonoides

2.1 Morphology of the extant raccoon dog Nyctereutes procyonoides

Nyctereutes procyonoides is a small fox-like canid that originated in Asia (Fig. 3)
(Japan, Vietnam, Korea, eastern Siberia) (Kauhala and Kowalczyk, 2011; Naderi et al.,
2020; Sheldon, 1992). A distinguished feature of the species is a facial black mask,
resembling the appearance of a raccoon (Procyon lotor). It has a short and pointy
muzzle, typical of a canid and small, rounded ears (Ward and Wurster-Hill, 1990). Its
tail is about 1/3 of its total body length. It is generally a small animal, with body mass
varying from 4 to 5 kg (Ward and Wurster-Hill, 1990), with a total length of about 60-68
cm (Sheldon, 1992) while the height at the tip of its shoulders can reach a maximum of
50 cm (Naderi et al., 2020). Considering its small size, Nyctereutes has a stout
structure, distinguishable post-cranial skeleton, consisted of hefty cervical vertebrae
and stout appendicular bones, characteristics that do not match those of a typical
cursorial canid like Canis lupus or Canis latrans (Ward and Wurster-Hill, 1990).
Nyctereutes is not considered an agile swift canid. Thick fur covers its body, giving it
the appearance of a robust animal. Depending on the climate, fur thickness changes.
Its fur operates as thermal insulation and helps to control its body temperature (Ward
and Wurster-Hill, 1990). In cold climates it is dense and soft, giving the impression that
the animal’s legs are extremely short. During summer, or in the southern range of the
species distribution with warmer climates, its fur is thinner (Ward and Wurster-Hill,
1990). Nyctereutes can also alter its metabolism to endure colder climates (Ward and
Wurster-Hill, 1990). It is the only canid reported to hibernate (Naderi et al., 2020). Its
teeth are generally small, with the carnassial blade being reduced compared to that of
a typical canid. On the contrary, its upper molars are large and in some occasions an
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extra molar has been observed giving a different dental formula: I/1 3/3, C/c 1/1, P/p
4/4, M/m 2-3/3 and not the usual of canids with M/m: 2/3. Nyctereutes procyonoides
depends basically on its olfaction, as its sight is not very reliable (Ward, 1959). It is
characterized as a nocturnal animal, whereas during the day it spends most of its time
in its den (Abe et al., 2006; Ward, 1959). On some occasions it can be active during
daytime if it feels threatened or hungry.

Fig. 3. Nyctereutes procyonoides, from Hanover, Germany. Photo taken by Michael Gébler.

2.2 Extant varieties

The single living representative of Nyctereutes, N. procyonoides includes several
subspecies based on phenotypic, craniometric and behavioral differences (Castelld,
2018). According to Asahara et al. (2015) there are six geographically separated
subspecies:

¢ N. p. procyonoides (West southwest China and north Indonesia)

e N. p. orestes (Gansu, Guizhou, Shaanxi, Sichuan, and Yunnan provinces in
China)

¢ N. p. ussuriensis (southeast Russia, northeast China, east Mongolia)

¢ N. p. koreensis (Korea)

¢ N.v. viverrinus (Japan except Hokkaido)

¢ N.v. albus (Hokkaido, Japan)
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2.3 Dispersal

Raccoon dog originally comes from Asia, South eastern Siberia and China (Sheldon,
1992). It was introduced to Europe after 9,000 individuals were released in the western
areas of the former Soviet Union, in order to exploit its fur (Drygala et al., 2010; Kauhala,
Kaarina, Kowalczyk, 2012). The species is now found in most parts of Europe like
Finland, Sweden, Germany, parts of eastern Europe (Sheldon, 1992) even in the
Balkan region (Bulgaria) (Natchev, 2016), while recently, it was recorded in Turkey
(Naderi et al., 2020). Its ability to withstand most of the climate conditions alongside
with its omnivorous opportunistic diet allows Nyctereutes to disperse easily and
accommodate in new habitats.

2.4 Range and Habitat

Nyctereutes procyonoides can live in a wide range of climates, from the subtropical
climate of Japan, Vietham and Indonesia to the arid continental climate of Siberia and
Mongolia with extremely cold winters (Kauhala and Kowalczyk, 2011) as it is the only
canid with the ability to hibernate (Naderi et al., 2020). Most of the time, it chooses as
habitat mixed or conifer forests with thick undergrowth that can be used as a cover,
river valleys, fields, meadows or marshlands (Kauhala, Kaarina, Kowalczyk, 2012;
Kauhala and Kowalczyk, 2011; Naderi et al., 2020; Sheldon, 1992) while sometimes it
also ranges in urban areas (Kauhala and Kowalczyk, 2011). Whenever feasible, it
chooses areas nearby to water, like river shores or lakes, as it can also dive into water
to flee from a potential threat. Furthermore water provides plenty of food sources like
fish or small amphibians (Mulder, 2012; Sheldon, 1992). It typically avoids dense
forests and areas with sparse undergrowth (Mulder, 2012). Raccoon dogs can manage
with most types of environments if they are given shelter and enough food (Sutor et al.,
2014).

2.5 Diet of extant and fossil Nyctereutes

Despite their name, Carnivorans exhibit a variety of food choices. Depending on their
preferences the representatives of the group are categorized into five groups:
hypercarnivorous (>70% diet with meat), mesocarnivorous (50-70% diet with meat),
hypocarnivorous (<50% diet with meat), omnivorous (diet based on insects, plant
material), and herbivorous. Nyctereutes is an omnivorous animal with a wide spectrum
of food preferences (Kauhala and Kowalczyk, 2012), contrary to its main competitor
the red fox (Vulpes vulpes) (Drygala et al., 2014). The main food sources of Nyctereutes
procyonoides are small mammals (basically rodents), plants (maize, fruits, berries and
human crops like potatoes), carrion, small amphibians and sometimes fish and birds
(Hirasawa et al., 2006; Mulder, 2012). The absolute absence of prey like hares (Lepus
spp.) and rabbits (Oryctolagus cuniculus) is noticeable, as speed and strength is
required for their capture, reflecting the inability of Nyctereutes procyonoides to hunt
them, as it lacks on agility and speed and shows lack of predatory expertise (Mulder,
2012). The diet of Nyctereutes procyonoides varies depending on spatial and seasonal
food availability. Data from studies of Nyctereutes procyonoides stomach remains and
feces show the seasonal variation of raccoon’s dog diet (Fig. 4).
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Fig. 4. Nyctereutes procyonoides diet variation during each season (from: Kauhala,
Kowalczyk, 2012).

During spring, the main food source comes from plants like leaves and fruits while the
main prey is insects. In summer, it is similar to that of spring, with the difference that
more amphibians and insects are available for hunting. In autumn, N. procyonoides
depends basically on different fruits and plants and small mammals. In winter plants
are difficult to find, so raccoon dogs depend mostly on predation of small mammals and
the detection of carcasses and carrion.

The diet of the raccoon dog also depends on the area. During the winter N.
procyonoides feeds mostly on carrion in Northern Germany, during the winter, (Drygala
et al., 2014), while in Japan, where plant is abundant due to better climate conditions,
it consumes more fruits, berries, and crops (Hirasawa et al., 2006). Both seasonal and
spatial diet variation highlight the opportunistic behavior of this animal (Mulder, 2012).

2.6 Physical competitors and threats

Nyctereutes procyonoides is a medium sized canid. Its main competitors are other
medium sized omnivores like badgers, foxes (Kauhala, Kaarina, Kowalczyk, 2012), and
in Japan the invasive raccoon Procyon lotor (Matsuo and Ochiai, 2009). The fact that
these animals have a wide variety of food choices allows the coexistence of these
species with no potential population decrease in either species (Drygala et al., 2014;
Kauhala, Kaarina, Kowalczyk, 2012). However, the lack of muscularity and speed in
raccoon dogs make them vulnerable to predators. There are many occasions where
Nyctereutes pups have been killed by badgers or foxes, because raccoon dogs nest in
burrows or dens, where they have easy access, or by bigger predators, such as lynx or
wolves and bears, when in lairs built in the undergrowth (Mulder, 2012). During the
winter, when finding prey is scarce, many predators habitually scavenge for carcasses.
This may result in lethal attacks from other larger predators like wolf, lynxes or even
eagles (Kowalczyk et al., 2009). It is clear that N. procyonoides is unable to compete in
brute strength or agility with other carnivorans, even the ones of similar size. In this
way, raccoon dogs adopt a strategy of remaining undetected rather than engaging in
fights with them.
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3 Materials and Methods:

3.1 Studied specimens and comparative sample:

The present study examines the fossil material of Nyctereutes from the fossiliferous site
DFN3 in Western Macedonia, Greece. The fossil material is housed in the Museum of
Geology-Palaeontology-Palaeoanthropology, School of Geology, Aristotle University of
Thessaloniki (LGPUT). Fossil specimens from the sites of DFN1 and Megalo Emvolo,
along with two extant skulls of N. procyonoides from Bulgaria, kindly provided by Prof.
Nicolai Spassov, were used as comparative material. Moreover, additional published
material of Nyctereutes was also used for quantitative comparative analyses. The
studied cranial material is shown in Table 1. The complete list of material along with
photos from the rest Greek fossil Nyctereutes used in this thesis is presented in the
Appendix (Table 20-22) (Fig. 35-42) and Table 2.

Table 2. List of examined crania material used in this study.

Specimens Species Age Source Location

Bulgaria 1 N. procyonoides modern = NMNHS Bulgaria

Bulgaria 2 N. procyonoides modern = NMNHS Latvia

DFN3-155 N. megamastoides 2.3Ma LGPUT Dafnero

DFN-17 N. megamastoides 2.3Ma LGPUT Dafnero

DFN-20 N. megamastoides 2.3Ma LGPUT Dafnero

MG 29-2013/457 N. megamastoides 3.07 GNM Kvabebi

(K220) Ma

MG 29-2013/581 N. megamastoides 3.07 GNM Kvabebi

(K219) Ma

MNHN.F.ACA 291 N. donnezani 4.2-3.2  MNHN Calta
Ma

MNHN.F.ACA 292 N. donnezani 4.2-3.2  MNHN Calta
Ma

MNCN63662 N. donnezani 3.91 MNCN Layna
Ma

DFN3-154 N. tingi 2.3Ma LGPUT Dafnero

MEL-1 N. tingi 4.2-3.2 LGPUT Megalo
Ma Emvolo

MEL-2 N. tingi 4.2-3.2 LGPUT Megalo
Ma Emvolo

Institutional Abbreviations:

NMNHS: National Museum of Natural History, Sofia (Bulgaria), MNHN: Natural History
Museum of Paris, (France), GNM: Georgian Natural Museum, Thilisi (Georgia), MNCN:
Museo Nacional de Ciencias Naturales-CSIC, Madrid (Spain),

3.2 Measurements and statistical analyses

Photos of the physical samples were taken using a digital camera Nikon D5200 in order
to take the essential measurements for the estimation of bite force and brain volume
with the dry skull method following Damasceno et al. (2013) and Finarelli (2006) as well
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as for the geometric morphometric analysis and the computation of the HSB angles.
Digital measurements were computed with the software ImageJ (Schneider et al.,
2010). Physical measurements of the cranium, dentition and mandible were taken using
a digital caliper to the nearest of 0.1 mm following von den Driesch’s (1976) method.
All measurements are displayed in Fig. 5-8. The abbreviations and full descriptions of
the measurements used in this analysis are given in Table 3.

In order to examine the importance of specific morphologies in distinguishing the
different functional properties in Nyctereutes, an analysis of variance one-way ANOVA
was conducted in specific measurements inferred from the available literature.
Differences between the various Nyctereutes species were tested with Tukey’s post
hoc tests. The differences of specific morphologies between Nyctereutes were shown
with boxplots constructed by specific measurements highlighted by ANOVA. For all
statistical analyses we used the PAST software ver. 3.26b (Hammer et al., 2001).

The dental nomenclature for the upper dentition used in this study follows Farjand et
al., 2020 (Fig. 9). The nomenclature for the lower dentition was based on Tedford et
al., 2009 (Fig. 10). The osteological and muscle nomenclature is according to Howard
& de Lahunta, 2013; Penrose, 2018.

Complete measurements of various Nyctereutes specimens skull, upper and lower
dentition are provided in the Appendix in Tables 20-22.

Table 3. Skull and dental measurements used in this study (measurements are displayed in
Fig. 5-8).

Abbreviation Measurement Definition
SKL Total skull length Distance from prosthion to inion
MSW Maximum squamosal Maximum width of the zygomatic

width

arch (from the exterior border)

BCL Braincase length Apex of nuchal crest to postorbital
E, constriction
n BCW Braincase width Maximum width across the braincase
posterior to zygomatic arches and
dorsal to tympanic bullae
SKH Skull height Maximum height between the sagittal
crest and basion
P1L P1 length Anteroposterior distance of upper
first premolar
P1W P1 width Buccolingual width of the upper first
premolar
P2L P2 length Anteroposterior distance of upper
S second premolar
% P2W P2 width Buccolingual width of the upper
2 second premolar
= P3L P3 length Anteroposterior distance of upper
‘é third premolar
) P3W P3 width Buccolingual width of the upper third
premolar
P4AL P4 length Anteroposterior distance of upper
fourth premolar
PAW P4 width Buccolingual width of the upper
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Lower Dentition

M1L
M1W
M2L
M2W
p2L
p2W
p3L
p3W
p4L
p4WwW
mlL
miw
m2L

m2wW

M1 length
M1 width
M2 length
M2 width
p2 length
p2 width
p3 length
p3 width
p4 length
p4 width
m1 length
m1 width
m2 length

m2 width
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Anteroposterior distance of upper
first molar

Buccolingual width of the upper first
molar

Anteroposterior distance of upper
second molar

Buccolingual width of the upper
second molar

Anteroposterior distance of lower
second premolar

Buccolingual width of the lower
second premolar

Anteroposterior distance of lower
third premolar

Buccolingual width of the lower third
premolar

Anteroposterior distance of lower
fourth premolar

Buccolingual width of the lower
fourth premolar

Anteroposterior distance of lower
first molar

Buccolingual width of the lower
second molar

Anteroposterior distance of lower
second premolar

Buccolingual width of the lower
second molar



Fig. 5. Dorsal view of the Nyctereutes cranium. Red lines indicate the skull measurements taken
during this study.

Fig. 6. Rostral view of the Nyctereutes cranium. Red lines indicate the skull measurements
taken during this study.
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Fig. 7. Ventral view of the Nyctereutes cranium. Red lines upper dental measurements taken
during this study.

Fig. 8. Occlusal view of the Nyctereutes mandible. Red line indicated the lower dental
measurements taken for this study.
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Fig. 9. Occlusal view of the Nyctereutes skull. Nomenclature used for the upper dentition for the
current study.

Fig. 10. Occlusal view of the Nyctereutes lower mandible. Nomenclature for the lower molars
used for this study.

A Principal Component Analysis (PCA) was conducted using the measurements of the
upper and lower dentition of the studied Nyctereutes sample for the discrimination
between species (see Table 3).

26



3.3 Functional analysis

3.3.1 From carnivory towards herbivory

Exploiting their extreme ability to adapt in order to satisfy their energetic demands,
carnivorans are found almost in every possible ecological niche from tropical forest to
deserts across the globe (Meloro, 2008; Van Valkenburgh, 2007). This remarkable
ecological diversity is expressed through a variety of morphological changes, leading
to the linkage of various craniodental characteristics to specific dietary preferences
(Christiansen and Wroe, 2007; Davis, 2014; Figueirido et al., 2010; Meloro, 2011, 2008;
Palmquist et al., 2007; Sacco and Van Valkenburgh, 2004; Van Valkenburgh, 2007).
Dietary shifts in the carnivoran guild are not unusual, with the transition from carnivory
to a more plant based diet being the least frequent (Price et al., 2012). Typical examples
of such divergence in the extant carnivores can be found within the Ursidae family, with
the hypercarnivorous polar bear (Ursus maritimus) preying mainly on seals and its
Asian relative, the giant panda (Ailuropoda melanoleuca) feeding on bamboo (Sacco
and Van Valkenburgh, 2004). Hunting a live prey requires different mechanics than the
processing of plant food material, leading to different craniodental structures. Acquiring
its food is a more challenging process for a hypercarnivorous animal, but the processing
of the food is more demanding for a herbivorous animal instead, as plant food material
is tougher regarding its material properties. This led meat consumers to favor the
development of the temporalis muscle, responsible mostly for vertical jaw movements,
enhancing prey capture ability and the infliction of a lethal bite (Davis, 2014; Penrose,
2018; Popowics and Herring, 2006). On the other hand, herbivores have invested in
the masseter muscle, as they mainly utilize transverse jaw movements, especially
during chewing, which is associated with food grinding (Fig. 11) (Davis, 2014; Fraser
and Rybczynski, 2014).

(Popowics & Herring, 2006)

Fig.11. The increased mechanical properties of the masseter muscle as observed in sheep,
Ovis aries. The solid arrow represents the mechanical advantage of the masseter, while the
dashed line is the moment arm. Decreased and more horizontally aligned moment arm of
temporalis restricts its function mainly in posterior movements (open arrow). Photo taken by
(Popowics and Herring, 2006).
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In general, a set of various similar craniodental morphological adaptations can be
observed in herbivorous carnivorans, regarding food processing. Cheek teeth have
their surface flattened, specialized for grinding (Figueirido et al., 2010; Sacco and Van
Valkenburgh, 2004), while the temporomandibular joint (TMJ) is elevated above the
toothrow, increasing the mechanical advantage for masseter muscle (Figueirido et al.,
2010; Fraser and Rybczynski, 2014). Moreover, attachment areas for masseter have
been broadened, as observed in ruminants, highlighting its functional importance
(Figueirido et al., 2010; Fraser and Rybczynski, 2014). The rostrum is decreased and
the zygomatic arches are expanded, enhancing the mechanical properties of the
adductor muscles (decreasing the out lever distance) thus allowing high forces relative
to their body sizes exerted during biting or mastication (Christiansen and Wroe, 2007;
Figueirido et al., 2010). Herbivorous carnivorans have not developed a specialized
digestive system like ungulates, ruminants and other mammalian herbivores (Figueirido
et al.,, 2010), thus feeding on plant material is a challenging process. Efficient
mastication is essential, as it breaks down the food bolus and boosts the digestion
process (Davis, 2014). A study of the lower molar occlusal surface area revealed a
dietary transition in Nyctereutes species (Asahara and Takai, 2019, 2017; Bartolini
Lucenti, 2019). More precisely smaller ratios of m2/m1 areas are indicative for a more
carnivorous diet while bigger ratios suggest a more omnivorous diet (Asahara and
Takali, 2017). The more primitive fossil species N. tingi and N. donnezani present lower
scores indicating a more carnivorous diet than the more derived N. megamastoides
and representatives of N. sinensis from the Pliocene to the early Pleistocene (Asahara
& Takai, 2017, 2019; Lucenti, 2019). A transition to a more carnivorous diet is indicated
from early Pleistocene onwards in Asian N. sinensis, however it is not clear yet if later
specimens indeed belong to N. sinensis and not to N. procyonoides (Asahara and
Takai, 2019). Major morphological differences between the older and more recent
species of Nyctereutes are the presence of a pronounced subangular lobe, and broader
molars (Asahara and Takai, 2019; Bartolini Lucenti, 2019; Daguenet and Sen, 2019;
Lucenti et al., 2018; Monguillon et al., 2004; Tedford and Qiu, 1991). Broader molars
increase the occlusal surface area for grinding (Sacco and Van Valkenburgh, 2004;
Van Valkenburgh and Koepfli, 1993), while the subangular lobe increases the
attachment area for the masseter (Penrose, 2018) and the digastricus muscles (Curtis
and Santana, 2018; Scapino, 1976), adaptations that indicate the enhancing of
mastication (Berkovitz and Shellis, 2018; Miller and Fowler, 2015).

Mastication is a very important procedure. It is the beginning of food processing
produced by the rhythmic breakdown, called chewing, of food particles between the
occluding post-canine teeth (Davis, 2014). The grinding of the food particles before the
organism swallows them accelerates the duration of digestion (Davis, 2014). For this,
the different muscles involved in mastication need to cooperate to move the jaw and
finally the teeth. The physical properties of the temporomandibular joint, which is the
center of this whole operation, have crucial part during this process. High muscle forces
exerted during mastication are less favored by weak temporomandibular joints and may
result in dislocation of the jaw (Davis, 2014; Ito and Endo, 2019). Thus, strong
mastication muscles and robust jaw joints are essential elements for mastication. The
dominant mastication muscles are the temporalis, the masseter and the pterygoids
forming the adductor muscles, while the digastricus is the main abductor muscle
(Howard and de Lahunta, 2013).
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The temporalis is the largest of the mastication muscles (Howard and de Lahunta,
2013; Penrose et al., 2016). More precisely the temporalis is divided into three different
layers: the superficial part, the suprazygomatic and the deep temporalis (Penrose,
2018). The lateral surface of the cranium serves as an attachment site (origin) for the
temporalis with the combination of parts from the parietal, temporal, frontal and occipital
bones (Penrose et al., 2016). The coronoid process of the mandible along with the
medial side of the vertical ramus serve as an insertion point for temporalis (Penrose,
2018). The masseter is a complex muscle and is usually described as a multilayered
muscle consisted by three layers; superficial, middle and deep (Howard and de
Lahunta, 2013; Ito and Endo, 2016). There is a contradiction regarding the middle layer,
with  many authors supporting that it consists a separate muscle called
zygomaticomandibularis (Penrose, 2018). In this case, the masseter is composed of
three layers: the superficial, zygomaticomandibularis and the deep masseter (Penrose,
2018). The origin of the masseter is on the ventral aspect of the zygomatic arch and all
three layers insert of the caudal-lateral side of the masseteric fossa while the superficial
part inserts partially onto the pterygoid by a tendon, on the medial side of the mandible
at its ventral part (Penrose, 2018). The main function of the masseter is to close the
jaw while it can also cooperate with the pterygoid muscle in specific species in order to
move the jaw on the working side (Penrose, 2018). The pterygoid group is composed
of two muscles, the medial and lateral pterygoid. The medial pterygoid is much greater
in size in respect with the lateral pterygoid, so in most studies, they are considered as
a single muscle. The medial pterygoid arise from the medial side of the pterygoid plate
on the sphenoid bone and inserts on the lingual surface of the ascending ramus (Wall
and Smith, 2001). There is a consensus concerning the function of the medial pterygoid
among authors, that of an adductor muscle (Howard and de Lahunta, 2013; Penrose,
2018). It has been proposed that the insertion of the medial pterygoid and masseter on
the opposite sides of the jaw, enables the rotation of the mandibular body in different
directions around the long axis (Popowics and Herring, 2006). The function of the
lateral pterygoid is yet unclear, although is thought to also be an adductor muscle
(Howard and de Lahunta, 2013) cooperating with oral’s floor muscles the digastric and
geniohyoid, by pulling the jaw anteriorly and medially while the latter open the jaw with
ventral and caudal movements (Popowics and Herring, 2006). Due to its negligible size
the role of medial pterygoid is considered insignificant (Penrose, 2018).

During carnivoran biting, force apply occurs at all tooth points along the jaw. Greaves
(2012) tried to illustrate the forces in the carnivoran jaw during bite and described the
whole process as a third-class lever, where the two temporomandibular joints (TMJs)
and the bite point form a triangle. When the bite point’s distance is equal from both
TMJs and the forces applied are equal from both TMJs the force vector is placed at half
the distance of the fulcrums (TMJs) and the bite point along the midline (Penrose,
2018).However when a more caudal bites occurs the distances between each TMJ and
bite point are uneven, the force vector is situated outside the triangle of support, thus
the balancing side’s forces have to be reduced in order to avoid dislocation of the TMJ
(Penrose, 2018) (Fig. 12).
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Fig. 12. The jaw as a 3" class lever. The jaw joints (TMJ) are at the bottom left and right. Muscle
force (F) in half the distance from TMJs during bite at midline. Solid green area indicates the
triangle of support. Occlusal view of Nyctereutes lower jaw. Specimen is stored in Museum of
Zoology, University of Michigan-Ann Arbor, picture taken by Phil Myers.

3D simulations verified Greave’'s (2000) model predictions and showed that the
reduction of the forces on the balancing side prevent dislocation of the TMJ and have
minor effect on the resulting bite force (Clausen et al., 2008). The further the distance
is between the bite point and the TMJ the lesser is the bite force exerted, but on the
contrary a wider gape and a faster bite is facilitated.

Considering the importance of the previously mentioned morphological characters
specific analyses were selected in order to investigate the functional morphology of
Nyctereutes skull.

3.3.2 Methods

An analysis regarding the accommodation of the adductor muscles within fossil
Nyctereutes was attempted. Isometrical scaling of the adductor muscles relative to
body mass has been found in different Carnivoran groups (Mustelidae, Felidae)
(Hartstone-Rose et al., 2019, 2012) including Canidae (Penrose et al., 2016). That is,
as size increases the size of the muscle increases at a similar rate. Surprisingly in
Canidae, endocranial volume scales negatively with body size (Penrose, 2018).
Considering the above, Penrose (2018) found that the Canidae need to house an
isometrically scaling temporalis muscle into a negatively scaling cranium. The external
surface of the cranium and the sagittal crest serve as attachment areas for the
temporalis muscle. Dissection on various Canidae species withessed the presence of
a sagittal gap dorsally in the midline of the neurocranium and the absence of a sagittal
crest in species below 5 Kg, while in species varying from 5-10 Kg there is a weak or
absent sagittal crest. Species exceeding the 10 Kg limit displayed a pronounced sagittal
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crest. Nyctereutes procyonoides possesses a well-developed sagittal crest, while
displaying the smallest endocranial volume relative to body mass, leading to the
conclusion ultimately that the development of sagittal crest in Nyctereutes is controlled
by the temporalis requirements (Penrose et al., 2016). Regarding the muscle
accommodation issue it has been suggested that if the zygomatic arch width is constant
while the endocranial volume decreases, the extra space between the cranium and
zygomatic arches can be utilized to accommodate a positively scaling temporalis
muscle (Penrose, 2018; Radinsky, 1981).

We hypothesize that the less carnivorous Nyctereutes will display less space for the
accommodation of temporalis muscle, as temporalis is more tied with carnivory than
herbivory. To test the space for the accommodation of the temporalis muscle in
Nyctereutes, we used the function for the estimation of endocranial volume as given by
Finarelli (2006). Endocranial volume may not directly reflect the exterior surface of the
cranium utilized for the attachment of temporalis, but it is a reliable estimator. Finarelli
(2006) calculated the endocranial volume of extant and fossil species using only
external skull measurements and more precisely the height (H), length (L) and width
(W) as displayed in Fig. 13.

Finarelli, 2006
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Fig. 13. Measurements used for the computation of endocranial volume, source (Finarelli, 2006).

The previous measurements are used into Finarelli’s (2006) function for the calculation
of endocranial volume.

Finarelli's (2006) function: Ln(yrginper) = —6,23 + 1.06 * In(H) + 0.28 = In(L) + 1.27 *
In(W) (1)

Damasceno et al. (2013) created a regression function for the estimation of brain
volume solely based on skull length.

Brain volume function using skull length as given by Damasceno et al. (2013):
Log(brainvol.) = 1.7501 = log(skull length) — 2.0889 (2)
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Then they used the brain volume estimations based on skull length to create a brain
volume quotient (BVQ) which is the ratio of the estimated endocranial volumes through
external skull measurements (1) divided with the brain volume estimated via
Damasceno et al. (2013) function (2).

Ln(prainvol))

BVQ function as given by Damasceno et al. (2013): BVQ = =
length

Penrose et al. (2020), tested the efficiency of Finarelli's (2006) function and found it

reliable. The variance of endocranial volume in examined Nyctereutes sample was

tested using the brain volume quotient, BVQ as given by Damasceno et al. (2013).

To test the distribution of the zygomatic arch width in the studied sample, we used the
Miller's index, that is the ratio of the zygomatic arch width divided by the total skull

length as follows: M1 = MSW =100/ (Eliis et al., 2009).

Geometric morphometric analysis was conducted to infer the variation of the cranium
morphology between Nyctereutes species. At least one representative was used for
each of the studied species, resulting in equal weighting in the analysis. The software
TPSpic v. 2.31 (Rohlf, 2008) was used for the digitization of the landmarks used in this
analysis, inserted into high-resolution digital photographs and into a two-dimensional
Cartesian coordinates (x,y) of the studied crania in lateral view. The landmarks used in
this study emphasize on cranial structures related to the function of the main adductor
muscles, the temporalis and masseter, as pointed out by previous authors ( Figueirido
et al., 2010; Figueirido & Soibelzon, 2010). An investigation regarding the mechanical
advantage of temporalis and masseter muscle is attempted, as carnivorans rely more
on vertical oriented forces while herbivores utilize mostly transverse movements.
Therefore, the used landmarks are related with the mechanical properties of temporalis
and masseter muscle and are located mainly on the sagittal crest (origin of temporalis),
the zygomatic arches (insertion area for both temporalis and masseter) and the
temporomandibular joint of the studied sample, resembling the in-lever ratios for the
previous muscles. The out-lever ratios are reflected by landmarks positioned on the
carnassials and canines. The analytical list of landmarks used in this study is given in
Table 4). The landmarks used during the exact geometric morphometric analysis are
displayed in Fig. 14.

Table 4. Definitions of the Landmarks used in this study.

Landmark Definition

1(TMJ) At the edge of postglenoid process of
the temporomandibular joint (TMJ)

2 (Zygomaitic) Perpendicular to the landmark on TMJ
at the dorsal edge of zygomatic arch

3 (Mastoid process) At the margin of the mastoid process
with the paraoccipital bone

4 (Temporalis-nuchal crest) At the most distal part of nuchal crest

5 (Temporalis-sagittal crest) Perpendicular to the landmark on

mastoid at the dorsal margin
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6 (Temporalis-sagittal crest) Perpendicular to the TMJ and
zygomatic arch landmarks on the dorsal

margin
7 (Postorbital process) At the edge of the postorbital process
8 (M2) At the middle of the base of M2
9 (P4) At the middle of the base of P4
10 (Canine) At the base of canine
11 (Nasal cavity) At the dorsal margin of nasal cavity
12 (Zygomatic) Perpendicular to M2 landmark on the

dorsal margin of the zygomatic

Fig. 14. Lateral view of the skull. Landmarks used during present geometric morphometric
analysis of skull morphology.

The three-dimensional coordinates of the produced landmark set were imported into
MorphoJ v107.a (Klingenberg, 2011). Generalized least squares Procrustes fit analysis
was conducted to align and eliminate the effect of size in the studied specimens and
then they were projected to the tangent space. To visualize the distribution of the
chosen landmarks within the shape space, scatterplot of the principal component (PC)
scores was produced. The visualization of the mean shape variation along each
principal component axis was conducted using a wireframe graph produced by the
selection of important landmarks.

The estimation of the bite force in fossil and extant Nyctereutes crania was conducted
as it can prove a defining feature regarding its ecology. It is known that felids can
produce greatest bite forces amongst carnivorans (Christiansen and Adolfssen, 2005;
Ito and Endo, 2019) as they try to Kill their prey with a single lethal bite, targeting the
neck or abdomen (Turner and Antén, 1997). In contrast, canids have invested in rapid
jaw mobility instead of tremendous bite forces, as they try to severe multiple fatal
wounds to their prey until they can overpower them ( Van Valkenburgh & Koepfli, 1993).
Like their skeletal features, the muscles of the animals also present various
morphological differences. The structural elements of the muscles are: the muscle
fibers, repetitive layers of myosin and actin protein layers (sarcomeres) which are the
muscle contraction site, with the second element being the fascicle which is a structure
formed by multiple muscle fibers (Martin et al., 2020). The internal architecture of a
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muscle is an indicator for its properties, the maximum force that can be exerted and the
distance that a muscle can stretch for example. The number of fascicles, the angle of
the fascicles relative to the plane of the force applied (pennation angle) and the number
and length of the sarcomeres are the elements that consist the internal architecture of
a muscle, the quantification of these features is called Physiological Cross-sectional
Area (PCSA) of a muscle (Ito and Endo, 2016; Martin et al., 2020; Penrose, 2018). The
calculation type for the PCSA is:

Muscle mass (g)*(Pennation angle (cosf)

PCSA (sz) - Muscle density (g cm~3)xfascicle length (cm)

When the PCSA of a specific muscle is multiplied by the isometric stress produced by
the mammalian muscle, results in the maximum muscle force extracted from the muscle
(Martin et al., 2020). Until recently the amount of 30 N (or 300 KPa) was applied as an
estimator for the isometric stress produced by mammalian muscles (Thomason, 1991).
This resulted lower bite forces than expected when tested with actual data from muscle
dissections. Hence, the previous value was reviewed and corrected to 37 N (370 KPa)
by Christiansen & Wroe (2007).

When dealing with extant animals it is easy to take a specific specimen that interests
the researcher, dissect the muscles in the laboratory, and then calculate the PCSA for
the specific animal. When dealing with fossils, where no soft tissue is available the
estimation of the PSCA is not an option. So, what can be said about fossils in the end?
Thomasson (1991) managed to construct a method for calculating the bite forces
exerted by mammals using only external skull measurements and more precisely by
measuring the space (Cross-sectional Area) that the masticatory muscles occupy in the
skull. To do that he used photographs of crania from different animals in specific angles
and measured the area that the muscle would occupy (Thomason, 1991). Based on
Thomasson’s (1991) beam theory many researchers managed to calculate the biting
forces on mammals using only skull measurements (Christiansen and Adolfssen, 2005;
Christiansen and Wroe, 2007; Damasceno et al., 2013). In general the dry skull method
is simple, with no cost and can be easily applied to fossils (Penrose, 2018). The CSA
is estimated via skull photographs with specific angle and the result is multiplied by the
maximum isometric force for the mammalian muscles. However, this method includes
some disadvantages. The dry skull method does not consider the variation of the
extend of the muscle origin or insertion in many mammals. For instance, the origin of
the temporalis varies in canids depending on size. In small canids, below 5kg like
Vulpes corsac, the temporalis originates parasagittally, whereas in larger canids, like
Canis lupus, it originates from the midline (Penrose, 2018). Moreover, there is overlap
between the CSA of temporalis and masseter-pterygoid that may result in
miscalculation of the CSA and false estimation of the force (Penrose, 2018). Another
issue is the angle of the captured photos which varies depending on the method used
and increases the risk for a miscalculation. Lastly, although muscle length seems easy
to be counted, e.g. the distance between the origin and insertion of a muscle, there is
no clue regarding the internal architecture of the muscle in fossils (fiber length,
pennation angle etc.) (Perry and Prufrock, 2018).

For the estimation of bite force, we followed here the method used by Damasceno et
al., (2013) because it is simple and easy to apply on fossils. In order to eliminate, as
much as possible, the possibility for miscalculation of the CSA area, we preferred to
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use Damasceno et al. (2013) method, where the photos captured are at perpendicular
angle. For the estimation of the CSA of the temporalis and masseter-pterygoid complex
caudal and ventral photographs of the skull were taken at perpendicular angle. When
viewing the crania caudally, the area between the zygomatic arches and the frontal
bone, excluding the area anterior of the postorbital processes, represents the CSA for
the temporalis muscle (Damasceno et al., 2013). Additionally, in ventral view, the area
between the zygomatic arches and the palatine-pterygoid bones is considered the CSA
for the masseter-pterygoid complex (Damasceno et al.,, 2013). The specific
measurements used for the estimation of bite force are depicted in Fig. 15. Then the
CSA for the temporalis was multiplied with the distance between the centroid of the
temporalis area (T) with the TMJ (dt). Similarly, the CSA area for the masseter-
pterygoid complex was multiplied with the distance between the centroid of the
masseter-pterygoid complex with the TMJ (dm). Then both muscle areas were
multiplied by 300 KPa (maximum isometric force of mammalian muscles) and then both
products were summed together and multiplied by two, representing the force produced
by both mandibles. Finally, the previous product was derived by the distance between
the TMJ and the bite point representing the out-lever arm.

(a) dorsal (c) occlusal

(b) lateral

Damasceno et al. (2013)

Fig. 15. Measurements used for the estimation of bite force as given by Damasceno et al.
(2013). M: Cross-sectional area for masseter, T: Cross-sectional area for temporalis, dm:
distance between the centroid of masseter and temporomandibular joint (TMJ), dt: distance
between centroid of temporalis and TMJ, c: distance between TMJ and bite point (canine) after
Damasceno et al. (2013).

The previous calculations conclude to this type as given by Damasceno et al., (2013):

_ 2%(dmx(M*300KPa)+dt+(T+300KPa))
c

F
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Thomasson (1991), based on studies on opossums, noticed that the dry skull method
tends to underestimate bite forces derived in vivo and thus he created a correction
method for the dry skull estimations. Thomasson’s (1991) correction method, although
very helpful and practical, it was reluctantly used, because its precision on larger
specimens than opossums was not clear (Christiansen & Adolfssen, 2005; Wroe et al.,
2005; Christiansen & Wroe, 2007). Sakamoto et al. (2010) tested Thomasson'’s (1991)
correction method on a sample of felids, using zygomatic arch width, with size
significantly larger than opossums, and verified the application of the correction method
to larger carnivorans as it is below:

— 0.859+logF+0.559
Feorr = 10¢ g )

Due to the great size variation in canids, further correction of the bite force was needed.
Using skull length as a body mass estimator in canids (Van Valkenburgh, 1990),
Damasceno et al. (2013) managed to generate a reliable function that allows the
calculation of the bite force based solely on the skull length (F.) and noted that this
function must be used with the actual data:

FL — 10(1.95*lOgL—1.12)

The effect of body size on bite force is evident (Christiansen, 2007; Sakamoto et al.,
2010; Wroe et al., 2005), so the introduction of a function without the effect of size was
essential for the comparison of the bite force between different species based on their
ecology and not size. Damasceno et al. (2013) following Sakamoto’s (2010) notes,
calculated the bite force quotient (BFQ), which is the corrected bite force value (Fcor)
derived by the skull-based bite force (F., a quotient without the effect of body size.
Other authors calculated BFQs with the use of body mass instead of skull length in
order to eliminate size (Christiansen and Wroe, 2007). Because the actual body mass
of a fossil is not available and has to be estimated using a function, increasing error,
the use of Damasceno’s (2013) method is considered more secure.

Methods using external skull measurements for the estimation of bite force include
many limitations. For instance, it is not very safe to compare the force produced by the
temporalis or the masseter individually when estimated by CSA, and, the skull of the
studied specimen must be complete in order to estimate the bite force. It is very
common in paleontology the fossil material to be incomplete. Many fossil Nyctereutes
specimens from the studied sample lack the zygomatic arches, thus it is not possible
to estimate the bite forces for these specimens via the dry skull method. As it has been
previously stated, allometric relations in the Carnivoran guild remain a constant bother
within the scientific community. Correlation between bite force and body size in
Carnivorans has been previously highlighted (Damasceno et al., 2013), but size alone
is not the only factor influencing bite force, morphology and ecology play also some
role (Christiansen & Adolfssen, 2005; Wroe et al., 2005Hartstone-Rose et al., 2019).
Recent studies about the PCSA of the masticatory muscles in Carnivora noted the
relation between body size and the PCSA of the masticatory muscles, where
carnivorans of greater sizes possess also larger masticatory muscles (Ito and Endo,
2016). Carnivorans above the 20 kg threshold need to hunt large-sized preys in order
to cover their energetical needs (Carbone et al.,, 1999); thus a need for larger
masticatory muscles is evident for killing larger preys, leading to the assumption that
the correlation between size and masticatory PCSA value is connected with the feeding
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habits of the carnivorans. During their research I1to & Endo (2016) reported that the
PCSA highly correlates with jaw length, with r2= 91, r2= 87 and r?= 93 for the whole
masseter, temporalis, and medial pterygoid respectively, in their studied sample,
highlighting that larger body sizes possess higher PCSA values in Carnivorans. The
studied sample of Nyctereutes is scarce on complete lower jaws, so the proxy of the
lower jaw was not an option. Based on that, we used the skull length as a body size
estimator and then used ordinary least squares regression of the skull length against
the PCSA values for each adductor muscle individually of each specimen from Ito and
Endo’s (2016) research. The data used in RMA regression analysis as given by Ito &
Endo (2016) can be seen in Table 23 in the Appendix, while the produced functions are
presented in Table 5.

Table 5. Produced functions of regression analysis between skull length and PCSA.

Variable Ordinary LS Slope y-intercept R?

Temporalis 0.2022 -10.381 0.8098
Masseter 0.2009 -13.82 0.7905
Pterygoid 0.0745 -5.2724 0.7977

As it can be noticed there is a reliable correlation between the skull length and the
PCSA values in the studied sample, allowing the estimation of the PCSA of the
adductor muscles via the skull length and the comparison between the various
Nyctereutes fossil species.

The mechanical properties of the Nyctereutes dentition were tested investigating the
development of the Hunter-Schreger Bands pattern. Hunter-Schreger Bands are
patterns produced by the folding of the enamel at the outer surface of the tooth. When
the tooth is observed under a light microscope, HSB is reflected by a folding pattern of
white and black bands ( Stefen, 1999; Ferretti, 2007; Koenigswald et al., 2011). More
acute angles in the folding of the enamel on the outer surface of the tooth is thought to
increase its endurance, thus HSB patterns were related to diet preferences ( Stefen,
1999; Ferretti, 2007; Tseng, 2012).

There are three different HSB types observed, depending on how developed the folding
of the enamel is (Fig. 16):

¢ Undulating HSB with angles > 140°
e Acute angled HSB with angles between 140° and 70°
e Zigzag HSB with angles < 90°
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(A) Undulating (B) Acute-angled (C) Zig-zag

Fig. 16. Schematic drawing of the HSB pattern variation, (A): undulating, (B): acute-angled, (C):
zig-zag, (figure modified from Stefen, 1999).

For instance, Hyaenids and borophagine dogs, animals that have become specialized
in carcass utilization and bone consumption (Stefen, 1999; Tseng, 2012) show
exclusively zig-zag HSB patterns (Koenigswald and Sander, 1997). Less developed
angles are found in species that prefer softer diets. Therefore HSB pattern in carnivores
has been closely tied with the amount of bone consumption in each species diet
(Koenigswald and Sander, 1997). We expect that if any Nyctereutes species included
more bone in its diet, this would be reflected in its HSB pattern.

For the study of HSB patterns in Nyctereutes specimens, a electronical microscope
(KONUS Crystal-45) was used that was connected with a digital camera (KONUS
#5830), using the software SCMOS. Photos of the surface of the teeth of Nyctereutes
specimens were taken in three different heights of each tooth, at the base, the middle
and at the tip of each cusp wherever the HSB folding was visible. Then the various
angles of the HSB folding were measured using the software ImageJ (Schneider et al.,
2010).

Due to the established allometric relation between the energetic demands and the body
size of an animal, carnivorous predators prefer to specialize on specific prey sizes that
provide maximum energetic value while foraging (Schoener, 1969). That is smaller
animals spend a lot of time and energy foraging but choose preys that do not require
much of energy to capture but on the contrary provide a worthy energy supply such as
insects (Balisi et al., 2018). On the other hand larger predators may spend more energy
during predation of larger preys but at the same big-sized preys are rich in nutrients
(Carbone et al., 1999). The more carnivorous N. tingi and N. donnezani are thought to
be larger than the more omnivorous N. procyonoides and N. megamastoides. In order
to visualize the body size variation within Nyctereutes we attempted to estimate the
average body weight of Nyctereutes fossil species. Despite that skull length is
considered a reliable body size estimator (Van Valkenburgh, 1990), complete
preserved skulls are scarce in the fossil record thus minimizing the efficiency of the
estimation. We estimated the average body weights of Nyctereutes species using the
function constructed by Flower (2016). The predictive accuracy of estimation methods
was tested comparing the standard error of estimate (SEE), the percent of prediction
error (%PE) and the percent of standard error of estimate (%SEE). The %SEE indicates
the predictive precision of the estimation, highlighting how good the independent
variable is at predicting the dependent variable. The %SEE and %PE are computed as
follows:
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%SEE = 102+SEE — 100 and %PE = ["B";% % 100],

where Ogw and Pewm correspond to predicted body mass and observed body mass
respectively, as calculated by Van Valkenburgh (1990). Lower values of %SEE indicate
an equation with higher predictive ability. Van Vankenburgh (1990) notes that m1 length
has the least precision between the various skeletal and dental predictors for body
mass, however Flower’s (2016) function seems to be more accurate (%SEE = 25.75
and %PE = 17.41) against skull length and m1 length (%SEE=31%, %PE=21 and
%SEE = 44, %PE = 27) respectively. There is no isometric scaling between m1 length
and body mass, with the m1 length growing at a faster rate than the body mass (Flower,
2016), so the predicted values for body mass must be treated with caution as they can
be overestimated. Finally, we estimated the body weights of the available fossil
specimens, using Van Valkenburgh'’s (1990) skull length equation and Flower’s (2016)
m1 length equation and compared the results.

Secondly, the average prey size of the different Nyctereutes spp. was estimated using
the function provided by Carbone et al. (1999). Carbone et al. (1999), pointed out that
mostly all animals above the 21 kg threshold need to feed on prey of similar size or
larger than themselves to satisfy their energetic demands, whereas animals below this
limit mainly take prey that is about half their size. Carbone et al. (1999), managed to
create a function that estimates the maximum prey size for a carnivoran if its body mass
is known. This function is considered reliable and it has been used previously to
estimate the prey size of fossil canids ( Van Valkenburgh et al., 2003).
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4 Systematic Paleontology:

Order: Carnivora Bowditch, 1821

Suborder: Caniformia Kretzoi, 1943

Family: Canidae Fischer, 1817

Subfamily: Caninae Fischer, 1817

Tribe: Vulpini Hemprich and Ehrenberg, 1832

Genus: Nyctereutes Temminck, 1838

Nyctereutes megamastoides (Pomel, 1842)

Locality: «Dafnero-3», DFN3, Macedonia, Greece

Age: 2,3 Ma, Middle Villafranchian (Benammi et al., 2020)
Referred material: DNF3-155, DFN3-342

4.1 Descriptions

DFN3-155:
Cranium:

The DFN3-155 cranium is strongly compressed vertically and as a result its total height
has been decreased massively (Fig. 17-18). The incisors and canines are not
preserved. The right P2-P3 are also missing while the left P4 is damaged with the
protocone missing. The cranium presents the vulpine-like look, with lengthened snout
and elongated zygomatic arches. The extensive nasal bones form a shallow canal up
to the frontal bone in front of the orbits. The postorbital processes are well developed
and extend almost half the distance from the top of the orbit to the jugular bone. Moving
from the postorbital processes to the sagittal crest a massive V shaped temporal ridge
is formed. The fusion of the postorbital processes with the sagittal crest takes place at
the middle of the neurocranium. The distal part of the cranium is broken, so the point
where the sagittal meets the nuchal crest is missing. The braincase seems to be
globular despite the overall deformation of the cranium. The occipital condyles are
present although damaged, however the paraoccipital and mastoid processes are
missing. The auditory bullae are limited just above the glenoid processes, but this could
probably be due to the extensive deformation. The glenoid process seems to be well
structured with a medium angle, similar to that of DFN3-154.
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Table 6. Skull measurements for DFN3-155.

Character Measurement (mm)
SKL 147.23
BCL 58.33
BCW 57.01
MSW 82.33
SKH 32.21

A B
DFN3-155 \

DFN3-155

Fig. 17. DFN3-155 skull: A: dorsal view, B: ventral view, LGPUT

C
DFN3-155

Fig. 18. DFN3-155 lateral view, LGPUT.
Upper Teeth:

The P1-P3 are conical shaped while the size of each tooth increases moving from the
P1 to P3. No accessory cuspids are noticed on P1. A distal cingulum on P2-P3 forms
a cuspid-like structure. Small crista seems to descend from the tip of the protocone to
the distal part of the tooth on P3. The left P4 is generally shortened. The protocone is
well-developed, prominent, pointy, and it is placed anteriorly and lingually from the
mesial border of the tooth. The embayment between the protocone and the paracone
is deep and circular, similar to N. megamastoides from Perrier (Lucenti, 2017: Fig. 2,
Boule, 1889 PI.VII, Fig.2, F). A strong lingual cingulum is visible while the buccal one
is less developed. The metastylar blade is about the same length as the paracone. M1
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is roughly quadrangular shaped. The paracone and the metacone are equally large.
There is a small crista connecting the paracone with the protocone and a large
protoconule expanded at the mesial side. The metaconule is also well-developed but
smaller than the protocone. The hypocone is D-shaped and does not present a disto-
lingual curve like DFN3-154 or DFN3-8b. The lingual cingulum is robust, both at the
distal part where it reaches the limits of the metaconule but also at the mesial side
where a cuspid-like structure protrudes towards the P4. M2 is idem to M1 with
subquadrate shape and equally large paracone and metacone. The protocone is well-
developed. The metaconule is similar in structure with the protocone but far less
developed. The hypocone is small and slightly curves disto-lingually. The lingual
cingulum is very prominent, expands peripherally at the distal part of the tooth till it joins
the metacone. It forms a cuspid-like enlargement on the meso-lingual part of the tooth.

DFN3-342;
Mandible:

A left hemi-mandible is preserved almost intact, with all teeth present except for the
incisors and the canine (DFN3-342) (Fig. 19-21). The part of the right hemi-mandible
DFN3-342 preserves all teeth from pl to m3 except for p4. At DFN3-342, a well-
developed sub-angular lobe can be noticed at the point below the ascending ramus
and angular process, posterior to m3. The angle between the mandibular body and the
corpus is acute, almost vertical. The mandibular body is thin, and its depth increases
slightly from the anterior to the posterior part of ramus. The ventral margin of the
mandible is almost straight throughout its total length. The masseteric fossa is deep. A
small part of the bone seems to be missing at the base of the angular process.
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Fig. 19. DFN3-342 left mandible, A: buccal side, B: lingual side, LGPUT.
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Fig."20. DFN3-342 right mandible, A: lingual side, B: buccal side, LGPUT.
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Fig. 21. DFN3-342 occlusal view, A: left mandible, B: right mandible, LGPUT.
Lower Teeth:

All the lower premolars have a conical shape and their length and width is increasing
from plto p4. The plis small with no accessory cuspid (Fig 19-21). The p2 and p3 are
similar in morphology, with p3 slightly differentiating in having an anterior cuspid-like
cingulum. p4 possess a posterior accessory cuspid. The m1 in general is rather wider
than long. The anterior slope of the paraconid is vertical while the posterior one is
inclined smoothly backwards. The protoconid exceeds in growth when compared to the
rest of the cusps. The posterior slope of the protoconid is steeper than the anterior. The
talonid is flat, about the same size of the trigonid if not larger. There is a distinct
metaconid that reaches half the height of the protoconid but is not very pointy. The
hypoconid is similar in size and height with the entoconid. No accessory conulids are
present uniting the hypoconid with the entoconid. m2 is rounded and flat with a talonid
equally broadened with the trigonid. There is a strong cingulum anteriorly and buccally.
The protoconid and the metaconid are about the same size. The m3 is small and round
with at least two visible cusps.

Nyctereutes tingi (Tedford & Qiu, 1991)

DFN3-154:
Cranium:

The cranium DFN3-154 is almost fully preserved with a small posterior segment of the
right zygomatic arch missing (Fig. 22-23). Most teeth are present except for the right
and left 11, the right 12 and 13 and the left P1. Pressure has been applied laterally to the
cranium with direction from the right side to the left, causing some deformation,
resulting in a slight dorsoventral compaction. In general, the cranium presents typical
vulpine characteristics with narrow and elongated muzzle and strong zygomatic arches.
The width of the muzzle is increasing from the prosthion to the palate. When compared
with crania of Nyctereutes from Megalo Emvolo (N. tingi), the palate is wider. The nasal
bones are long and they form a relatively deep canal along their fusion line, starting
from the nasal cavity to the top of the frontal bone to the point of the postorbital
processes. The frontal bone seems inflated at the point of the frontal sinuses, probably
because of the deformation. The frontal sinuses seem to invade beneath the diverging
limbs of the parasagittal crests. The postorbital processes are pronounced leading to a
robust sagittal crest, forming a V shaped temporal ridge. The union of the postorbital
ridges with the sagittal crest occurs further caudally than the middle of the braincase.
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The nuchal crest is strong and it extends more caudally unlike the DFN-17 and DFN-
20 'crania, where the nuchal crest is not so pronounced. The mastoid processes of
DFN3-154 are flat and project laterally, unlike the rest of the DFN crania where the
mastoids are crest-like and positioned in a more vertical stance. The braincase of
DFN3-154 is globular, just like the DFN-1 crania.

Table 7. Skull measurements for DFN3-154.

Character Measurement (mm)
SKL 163.61
BCL 71.21
BCW 55.70
MSW 87.26
SKH 43.34
A B

DFN3-154

DFN3-154

DFN3-154

Fig. 23. DFN3-154 lateral view, LGPUT.

Upper Teeth:

The teeth of DFN3-154 cranium are preserved in good condition. P4 is large and
buccolingually developed. The protocone is positioned mesially and slightly lingually
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and it is not pronounced, with the protocone protruding slightly from the mesial border
of the tooth. Between the protocone and the paracone there is a mild straight
depression, forming a shallow valley. Across the middle part of the paracone, there is
a crest starting close to the tip of the paracone and continues vertically to the base of
the mesial border of the tooth. The anterior cingulum is not prominent. A moderate
lingual cingulum is visible, though not continuous from the protocone to the metastyle
blade, while the buccal cingulum appears weak as well. The metastyle blade is short.
M1 is larger buccolingually than mesiodistally, being lessened to that direction on the
lingual part. The occlusal surface shape of the teeth is close to that of a triangle in
contrast to DNF-17 and DNF3-155 where the lingual part of the teeth is wider than that
of DFN3-154, giving an overall more quadrangular shape. The paracone is larger than
the metacone and slightly taller. The protocone and the metaconule are distinct while
there is an evident protoconule. The buccal cingulum is strong. Lingually, both the
mesial and distal cingulum are well marked with the former one being more developed
and forming a cuspid like projection mesially. M2 is similar to M1, both to its general
proportions and its triangular shape. The difference between the size of the paracone
and the metacone is not so evident, due to the smaller size of M2 in comparison to M1
but still the paracone excels in growth versus the metacone. The protocone is well
developed but the metaconule is strongly reduced. There is a distinct lingual cingulum
especially in the mesial side of the tooth, again forming a slight cuspid-like projection.
The canines are straight and a mild crest-like structure can be observed on the anterior
lingual part of the tooth. 11 is small and straight and no accessory cusps are noticed. It
differs from DFN-17 where an extra cusp can be observed on the external side of the
tooth. 12 is also straight and a small cuspid can be noticed at the mesial side of the
tooth, unlike DFN-17 where two accessory cuspids are present, on the mesial and
external side of the tooth, respectively. I3 appears strong and straight. A slight bend is
observed at the tip of the tooth. No accessory cusps are noted, while in DFN-17 a small
accessory cuspid on the mesial side is apparent.

DFN3-8:

Upper Teeth:

The partial cranium DFN3-8 is badly preserved and highly deformed. It retains a part of
the palate with the right canine, P2-M2 right and P2-M1 left (Fig. 24). The canine lacks
its upper half, but is robust and does not seem to incline posteriorly. P2 and P3 have a
similar conical shape, with the length of the teeth exceling their width. The protocone is
high on both teeth and no accessory cuspids are noticed. P4 is elongated with the
protocone extending anterior and lingually from the anterior border of the tooth. The
valley between the protocone and the paracone is shallow and the border between the
two cusps is straight. The protocone is pointy. The paracone is large and inclined
slightly backwards. A mild crista is descending from the tip of the paracone at its mesial
side. The metastyle is about the same size as the paracone, and sharp as well. A lingual
cingulum can be traced at the metastyle but does not proceed to the protocone. M1 has
triangular shape, and the width of the tooth is decreasing from the buccal to the lingual
side. The hypocone gently curves posteriorly. The paracone is larger than the
metacone. The protocone is well formed and a small protoconule on the mesial side is
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visible. The metaconule is slightly smaller than the protoconule. The hypocone is
present at the lingual side of the tooth and gently curves to the distal part of the tooth.
Both the buccal and the lingual cingulum are well developed with the latter being
prominent in the mesial side. M2 is alike to M1, triangular shaped with its width
decreasing from the buccal to the lingual side. The protocone is well-formed with a tiny
protoconule on its mesial side. The paracone is larger than the metacone. The
metaconule is small and not particularly developed. The hypocone curves also gently
backwards as in M1. There is only a buccal cingulum.

Fig. 24. DFN3-8 skull, A: dorsal view, B: ventral view, LGPUT.

DFEN3-8a-b:
Mandible:

DFN3-8b is a part of the right hemimandible with p2 up to m3 still in place (Fig. 25).
The ascending ramus of the mandible is totally absent, without the angular process
preserved. The mandible is slender in built generally. A presence of a subangular lobe
is not evident, with the ventral border of the mandible being slightly curved and not
straight as DFN3-342 specimen. The DFN3-8b specimen resembles the primitive
condition of the subangular lobe seen in N. tingi. DFN3-8a is a small part of the left
hemimandible comprising only of the three latter premolars and the first lower molar.
m1 is broken with the paraconid and the protoconid only preserved.

A B
DFN3-8b

DFN3-8b

Fig. 25. DFN3-8b right hemimandible, A: buccal view, B: lingual view, LGPUT.
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Fig. 26. DFN3-8b right hemimandible, occlusal view, LGPUT.
Lower Teeth:

p2 and p3 are similar in size with conical shape, small, pointy with no accessory
cuspids. pw4 has similar structure with p2, p3 but is larger in size (Fig. 26). The anterior
part of the p4 base is broken. An accessory cuspid can be observed at its distal side.
The ml has slender built in general, unlike DFN3-342 specimen, which is more
buccolingually expanded, giving a slender appearance to this tooth compared to the
DFN3-342 specimen.

The anterior border of the paraconid is almost vertical, while it is flat on top. The
protoconid is the largest cusp. It is conical in shape with a pointy tip. The metaconid is
strong, larger than in DFN3-342, well-developed and pointy. No accessory cusps are
evident between the entoconid and metaconid, instead there is a deep V shaped valley.
The entoconid is similar to the metaconid, conical and pointy but shorter. A hypoconulid
is distinct in the most distal part of the tooth. The hypocone is not so prominent, less
pointy than the entoconid, but larger in area although shorter in height. A crista seems
to connect the protoconid with the hypoconid but not the entoconid with the hypoconid.
m2 is oval with its length increased than its width. The protoconid is the largest cusp. A
strong anterior-buccal cingulum is evident. The protoconid is connected with the
hypoconid with a crista. Accessory cuspulids posterior to the hypoconid occur. The
width of the talonid area is similar to that of the trigonid. m3 is small, circular with a
single cusp.

4.2 Metric Data

The PCA of the upper teeth of the studied sample is based on the length and width
measurements for the following teeth: P2, P3, P4, M1, and M2. A plot for PC2 against
PC1 axis is explaining 89.74% of the total variance. PC3 axis seems also important
explaining 5.24% of the studied sample. PC1 axis with 81.676% variance, discriminates
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the larger sized taxa from the smaller ones (Fig. 27). The Eigenvalues, %variances and

the measurements loadings for the first two PCs are presented in Table 8.

4

baw

P

2]
DFN3-154
THP\1020

V26277

F- AM 96757

"RV

1052

M v donnezani

[ I megamasloides

[ IV megamastoides DFN
B . sinensis

(¢ 8131 1
megamastoides —

529-20

M?\\ MW
b
ML -
o~
E OV 846
‘
5 ool
-10.0 -15 50
‘Bulgaria 2
FN-20
3 B -17
N. tingi
N. vulpinus N3-155

24

MNCNGIA2, sy o 14“1’7/
il Ui
PERRIEI int Vallier U
i
T PAlTaroya V-
2 wuarywas a 13

E¥5%5

20-2013/456 (K217)

3

50

ArEnsis

125

1P 136085

Component 1

Fig. 27. PCA plot of the upper dental measurements of different Nyctereutes samples.

The majority of N. sinensis specimens from the Nihewan Basin seem to be
distinguished from the rest of the taxa, probably due to their larger size (Farjand et al.
2020). More precisely, N. sinensis is mainly characterized by larger carnassials in both
proportions (length, width) than the rest of Nyctereutes species. A distinct group is
apparent in the middle of the plot, including the N. vulpinus, N. tingi and N. donnezani
samples, alongside with RV 30007 (N. sinensis) which seems to be a smaller individual
in comparison with the rest of N. sinensis known population from Nihewan Basin and
Zhoukoudian. This group displays greater teeth size than N. megamastoides and N.
procyonoides group, which is placed further lower and left on the graph. The DFN3
specimens, DFN3-8b and DFN3-154, are overlapping between the N. tingi and N.
vulpinus groups. The N. tingi specimen from Megalo Emvolo (MEL-1) is displaying more
similar teeth proportions with the N. donnezani specimens from Calta, but that is more
likely because both Calta specimens and MEL-1 lack P2 and P3, thus creating a bias.
As previously stated, N. megamastoides is characterized by smaller teeth dimensions
from the rest of Nyctereutes species except for the extant N. procyonoides that possess
smaller carnassials but similar in size P2 and P3 lengths. The DFN-1 and DFN3 N.
megamastoides specimens are placed closer to the N. megamastoides group but
displaying slightly smaller teeth proportions. The Dafnero specimens (DFN3-154 and
DFN3-8b) are placed closer to the N. vulpinus specimens from Saint-Vallier and the N.
tingi specimen THP 10299 from Nihewan Basin. The THP 10299 seems to be smaller
than the rest of the N. tingi specimens regarding all teeth size measurements except
for P3 and P2 lengths. P2L measurement loadings are noteworthy both in PC1 and
PC2 while P2W has a considerable impact only in PC2. The fact that DFN3-154 and
DFN3-8 are lacking P2 measurements seems to create a bias, resulting in grouping
these specimens with the ones from N. vulpinus species. Nonetheless, all N. tingi
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specimens seem to possess larger values of P2L and P3L measurements except MEL-
1.

Table 8. Eigenvalue, %variance and loadings of the measurements for the first three PCs of
the PCA.

PC1 PC2 PC3
Eigenvalue 19.4394 1.90559 1.24806
%variance 81.676 8.0065 5.2438
P2L 0.15006 0.5164 0.36435
P2wW 0.049459 0.19976 0.086102
P3L 0.2603 0.6998 -0.066415
P3W 0.08908 0.24995 -0.030193
P4L 0.69441 -0.20305 -0.37843
P4W 0.33541 0.044851 -0.29096
M1L 0.30676 -0.22709 0.19395
M1wW 0.39026 -0.13113 0.22623
M2L 0.1208 -0.14291 0.4831
M2wW 0.20892 -0.12803 0.55178

The N. megamastoides group is characterized by well-developed molars regarding
their overall body size. The specimens from Kvabebi (MG 29-2013/ (K220)- MG 29-
2013/456 (K217)), display a more robust built in comparison with the rest of the N.
megamastoides specimens, based on their molar measurements. Villaroya specimens
are more widespread within the N. megamastoides sample, containing both small sized
and larger individuals. The Dafnero N. megamastoides display smaller teeth
proportions, especially in P4 lengths, forming a distinct group placed further on the left
of the graph in regard with the rest N. megamastoides specimens.

Subsequently, a PCA was conducted on the lower teeth of Nyctereutes, using the
length and width of p2, p3, p4, m1 and m2. The plot of PC2 against PC1 axis explained
88.46% of total variance and discriminated quite successfully the studied species (Fig.
28). The Eigenvalues, %variance and the measurements loading for the first two PCs
are presented in Table 9.

49



MHN.F ACA-549

MNGRE ACA- 92 o
Saint Vall §'PT2

[ | Nyctereutes tingi
Nyctereutes sinensis
Nyctereutes vulpinus

W Nyclereutes donnezani

[ | Nyctereutes megamastoides

M DFN3-8b

Fig. 28. PCA plot of the lower teeth measurements of the different Nyctereutes samples.

Similar to the PCA for the upper dentition, the N. tingi group is placed further to the right
and it is characterized by greater tooth size, a trait also described previously. The N.
vulpinus group is positioned at the middle of the plot, presenting intermediate teeth size,
between N. tingi and N. megamastoides group, with lessened molar development and
greater premolars growth. Interestingly, DFN3-8b is placed closer to N. vulpinus and
not to N. tingi as was the case in the upper dentition. DFN3-8b is characterized by more
modest tooth size than the studied N. tingi, similar to those of the N. vulpinus group,
but with broader molars. The DFN3-342 specimen is placed within the range of N.
megamastoides group and is quite distinct from the other Nyctereutes groups. DFN3-
342 displays smaller teeth from the rest of the N. megamastoides specimens except
from Villaroya V-112.

Table 9. Eigenvalues, %variance and loadings of the lower teeth measurements for the first
three PCs of the PCA.

PC1 PC2 PC3
Eigenvalue 6.02888 0.555715 0.284981
%variance 81.016 7.4677 3.8296
p2L 0.33301 -0.07777 0.27411
p2wW 0.16793 0.024177 0.095008
p3L 0.39598 -0.28829 0.20586
p3W 0.18862 0.019781 0.1084
p4L 0.45661 -0.52554 -0.13991
p4wW 0.23182 -0.039368 -0.42541
mlL 0.55791 0.28982 -0.091207
miw 0.22499 0.39954 -0.26314
m2L 0.15497 0.38745 0.69709
m2w 0.14282 0.48824 -0.3125

50



4.3 Comparison
DFN3-155

Cranial features:

The muzzle of DFN3-155 is long but not at the level of N. donnezani from Calta
(Daguenet & Sen, 2019: fig. 1. A, fig. 2. A) and Layna (Lucenti et al., 2018: Fig. 2. A).
Instead, it is closer to the size/proportions of N. megamastoides from Kvabebi (Rook et
al., 2017: figure. 1. 1, 5) and Dafnero-1 specimens DFN-17, DFN-20 (Koufos, 1993)
where the snout is more massive and shortened. The braincase seems to be globular
and spherical similar to that of N. megamastoides from Kvabebi (Rook et al., 2017:
figure. 1. 1, 5) and the Dafnero-1 specimens (Koufos, 1993), as well as to N. donnezani
specimen from Calta, Turkey (Daguenet & Sen, 2019: fig. 1. A, fig. 2. A). The postorbital
processes of DFN3-155 are well-developed and dense identical to N. donnezani,
(MNHN.FACA 291, Calta Turkey) and N. megamastoides from Kvabebi but also to the
Dafnero-1 specimens (DFN-17 and DFN-20). The fusion of the postorbital processes
with the sagittal crest, occurs in the middle of the braincase in DFN3-155 as in N.
megamastoides (Kvabebi, Dafnero), and N. tingi from Megalo Emvolo (MEL-1, MEL-2;
Koufos 1997) and unlike those of N. donnezani from Calta, and Layna where the fusion
of the postorbital processes with the sagittal crest is displayed more posteriorly.

Dental features:

According to the morphological traits marked by Sen & Daugenet (2019) and Lucenti
(2017) the morphology of P4 varies among the Nyctereutes species. In N. tingi the
protocone is small and placed close to the paracone, limiting the mesial border of the
tooth to a straight line (Daguenet and Sen, 2019). Unlike N. tingi, in N. megamastoides
the placement of the protocone is extended more antero-lingually while in N. donnezani
from Turkey it does not exceed the limit of the anterior side of the paracone (Daguenet
and Sen, 2019). The P4 protocone in DFN3-155 is prominent and is placed antero-
lingually beyond the anterior border of the paracone, similarly to the protocone of N.
megamastoides from Perrier (Boule, 1889). Previous authors (Sen & Daugenet 2019,
Bartolini Lucenti, 2017), note that the embayment between the protocone and the
paracone is moderately deep in N. donnezani from Perpignan and Layna but it is placed
more lingually in N. tingi and N. megamastoides from Perrier while in other samples,
like in N. megamastoides from Montopoli, Dafnero, Sesklo, Kvabebi and N. sinensis
from Yushe and Nihewan basin, this embayment is decreased, resulting in almost a
straight border at the anterior side of P4. In DFN3-155 this embayment is circular and
deep and therefore more similar to N. megamastoides from Perrier (Lucenti, 2017: Fig.
2. PL. VII, (F)). The metastyle blade length of N. donnezani (Layna, Perpignan) and N.
vulpinus (Saint-Vallier) is less developed while it is long in N. megastoides from
Montopoli (Bartolini Lucenti, 2017) and short in the specimens from Kvabebi (Rook et
al., 2017). Daugenet & Sen (2019) studied the ratio of the metastyle blade length in
regard to the total buccal length (paracone plus metastyle) and did not succeed in
discriminating Nyctereutes species based on this character. M1 of DNF3-155 tends to
be quadrangular in shape. This trait is characteristic for N. megamastoides, N. vulpinus
and N. sinensis (Daguenet and Sen, 2019; Lucenti et al., 2018) while in N. tingi, N.
donnezani and the extant N. procyonoides it is more triangular (Daguenet and Sen,
2019). The paracone and the metacone of DFN3-155 are equal in size. The paracone
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is of the same size with the metacone in N. megamastoides (Perrier, Dafnero, Kvabebi)
and N. donnezani (Calta, Perpignan) whereas in N. sinensis, N. tingi and N.
procyonoides the paracone is more developed in comparison with the metacone
(Daguenet and Sen, 2019; Rook et al., 2017). The protoconule is well-developed in the
DFN3-155 specimen. This feature agrees with the descriptions for N. megamastoides
from Villaroya, Kvabebi (Rook et al., 2017) and Dafnero-1 specimen DFN-20, but in
DNF-17 (Dafnero-1) and IGF 10131 2 (Montopoli; Lucenti, 2017: Fig. 1C), the teeth
are very worn to the point where no conclusions can be drawn. In N. donnezani material
from Layna (Lucenti et al., 2018: fig. 3. (F)) and Calta (Daguenet & Sen, 2019: figs 1c,
2c) the protoconule is distinct, especially in MNHN.F.ACA291. In N. sinensis the
protoconule is reduced or totally absent (Rook et al., 2017; Tedford and Qiu, 1991).
The main diagnostic morphological feature of the M2 of Nyctereutes is the development
of the metaconule. In N. tingi metaconule appears to be significantly reduced compared
to N. megamastoides and N. donnezani (Daguenet and Sen, 2019; Rook et al., 2017).
The metaconule of DFN3-155 is certainly less developed than the protoconule, but still
distinct, whereas in N. tingi from Megalo Emvolo (MEL-1) the whole cusp is smaller and
the metaconule appears to be more constricted just as the whole tooth. Moreover in N.
sinensis from Nihewan basin the metaconule appears to be absent (Farjand et al.,
2020: fig. 3. (c)) in a similar manner as in N. vulpinus specimen from St. Vallier
(Monguillon et al., 2004).

Mandible:

As reported in the literature (Daguenet and Sen, 2019; Lucenti et al., 2018; Rook et al.,
2017; Tedford and Qiu, 1991), species of Nyctereutes are distinguished by the position
of the subangular lobe of the mandible. The subangular lobe is rather weak in the
primitive forms, like N. donnezani and N. tingi (Daguenet and Sen, 2019; Lucenti et al.,
2018; Rook et al.,, 2017). In DFN3-342 there is a distinct strong subangular lobe
positioned at the posterior part of the mandible posterior to m3. The corpus is high and
it is positioned perpendicular to the mandibular body, thus shaping a vertical distal
margin of the lobe. The mandible of N. donnezani from Layna (Lucenti et al., 2018: Fig.
4. A-C) possesses a weaker subangular lobe, positioned behind m3 but with a curved
ventral margin. Additionally, the mandible of N. donnezani from Calta (Daguenet & Sen,
2019: Fig. 3. A-C), has the subangular lobe positioned below m1-m3 and is rather weak,
with a curved ventral margin. Based on the description of the mandible of N. tingi and
the figure provided by Tedford & Qiu (1991) the subangular lobe of this species is more
similar to N. donnezani, with weak development of the subangular lobe and curved
distally below the ascending ramus (Fig. 25). According to the available literature the
subangular lobe is strong in N. megamastoides, whereas in N. sinensis and N. vulpinus
the development of the subangular lobe is intermediate, stronger than in N. donnezani
and N. tingi but weaker than in N. megamastoides (Daguenet and Sen, 2019; Lucenti
et al., 2018). The subangular lobe in N. megamastoides is stronger and positioned more
posteriorly than in N. sinensis, whereas the ventral margin of the mandible is straight in
N. megamastoides instead of curved unevenly in N. sinensis (Daguenet and Sen, 2019;
Rook et al.,, 2017). Based on the figure provided by Tedford & Qiu (1991) the
subangular lobe of F:AM 97007 N. tingi (Tedford & Qiu, 1991: Fig. 1. B) is weaker and
has the distal margin slightly curved and not vertical like in DFN3-342. N. vulpinus
displays an intermediate state of what is considered primitive and evolved character
regarding the subangular lobe, with less prominent subangular lobe than N.
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megamastoides and N. sinensis and high angled curvature at the distal margin of the
lobe (Daguenet and Sen, 2019; Lucenti et al., 2018). The right hemimandible of N.
vulpinus from Saint-Vallier (Drome) has an intermediate subangular lobe, reaching its
maximum development perpendicular of the coronoid process, with the angle between
the lobe and the ascending ramus being high but not so vertical as in N. megamastoides
from DNF3. The ventral margin of the hemimandible is straight as in DFN3-342. Both
the strong development and the vertical distal margin of the subangular lobe of DFN3-
342 distinguish it from N. wvulpinus and suggest stronger similarities with N.
megamastoides.

Fig. 29. Nyctereutes mandibles. Red lines indicate the lower ventral margin of the mandibles. A: DFN3-8 (Dafnero),
B: DFN3-342 (Dafnero), C: MNHN.F. ACA549, N. donnezani (Calta), D: MNCN-39917, N. donnezani (Layna).

Lower Dentition

Nyctereutes species are also distinguished by the development of m1. Specifically, the
width of the talonid area versus the trigonid is superior in the majority of Nyctereutes
species, especially in N. megamastoides, except in N. sinensis and N. donnezani from
Perpignan (Daguenet and Sen, 2019; Rook et al., 2017). In DFN3-342 the talonid area
is wider than the trigonid similarly with the N. megamastoides specimen MG 29-
2013/592 (K4177) from Kvabebi (Rook et al., 2017: Fig. 2. 4-6) and N. donnezani from
Calta and Layna (Daguenet & Sen, 2019: Fig. 3. A, D; Lucenti et al., 2018: Fig. 4. C,
F). Similarly with N. sinensis, m1 of N. vulpinus often displays a narrower talonid in
comparison with the trigonid (Monguillon et al., 2004), a trait that differs from that
observed in the DFN3-342 specimen. The hypoconid and entoconid of m1 are equal in
size in N. megamastoides while the hypoconid exceeds in size the entoconid in N. tingi
and N. sinensis (Daguenet and Sen, 2019). The N. donnezani specimens from both
Layna and Calta have the hypoconid more developed than the entoconid (Daguenet
and Sen, 2019; Lucenti et al., 2018). In contrast with the Layna and Calta specimens,
the DFN3 specimen possesses equally sized hypoconid and entoconid. The m2 of
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DFN3-342 “is generally rounded with expanded talonid and distinct antero-buccal
cingulum, along with equally sized protoconid and metaconid.

In N. sinensis, N. tingi and N. donnezani specimens from Perpignan and Layna, the
talonid area is limited compared to DFN3-342. Regarding m3, N. tingi displays a single
cusped tooth, N. donnezani specimens from Calta are characterized by the presence
of two cusps in m3, while in the rest of Nyctereutes species, m3 is considered to have
at least two or in some cases three evident cusps of variable volumes (Daguenet and
Sen, 2019). DNF3-342 exhibits three cusps, as in most Nyctereutes species, unlike N.
tingi and the Calta specimens.

Briefly, the cranial characteristics of DFN3-155, such as the shortened muzzle, the
spherical braincase and the position of the fusion of the postorbital processes with the
sagittal crest at the middle of the neurocranium, are characters point to N.
megamastoides. Regarding its dentition, the morphology of P4 along with the
embayment between the protocone and the paracone, the sub-quadrangular shape of
the upper molars with equally sized paracone and metacone, but also a distinct
protoconule and metaconule, are further clues that support the attribution of DFN3-155
into N. megamastoides. The distinctive development of the subangular lobe, the
flattened lower molars with no reduced talonids, the similarly sized cusps between the
entoconid and hypoconid, support the reference of DFN3-342 to as N. megamastoides.

DFN3-154, DFN3-8a-b
Cranial features:

The cranial size of DFN3-154 is larger than the rest of the Dafnero specimens but also
from MNHN.F.ACA-292 of N. donnezani from Calta and N. megamastoides from
Kvabebi. It is close in proportions to N. tingi crania from Megalo Emvolo (MEL-1 and
MEL-2) and MNHN.F.ACA-291 of N. donnezani from Calta, but smaller than N. sinensis
from Nihewan. Nyctereutes tingi was originally described as similar in size with N.
sinensis (Tedford and Qiu, 1991). However, a recent study showed that new N. sinensis
material from Nihewan is characterized by a larger skull size, more prominent sagittal
crest and less developed auditory bullae in comparison with N. tingi (Farjand et al.,
2020). Although DFN3-154 skull is smaller than N. sinensis specimens from Nihewan,
it possesses a robust sagittal crest and the auditory bullae do not surpass the level of
the post-glenoid process. The frontal sinus in DFN3-154 has a posterior inflation as
described in Tedford & Qiu, 1991, beneath the diverging limbs of the parasaggital
crests. DFN3-154 differs from Megalo Emvolo crania by having a more robust build in
general, where the Megalo Emvolo specimens have more elongated and narrow
braincases. The Megalo Emvolo crania possess more elongated and narrow
braincases than DFN3-154. Sexual dimorphism has not been studied very thoroughly
in fossil Nyctereutes yet. Reports on sexual dimorphism in extant Nyctereutes state that
is not so evident, yet specific differences can be spotted between sexes in cranium and
mandible but not in dental characters (Hidaka et al., 1998; Kim et al., 2012). In fossil
Nyctereutes particularly, Daguenet & Sen (2019), report indications about sexual
dimorphism expressed in cranial features and especially in the more pronounced
sagittal and nuchal crests, stronger temporal line, broader zygomatic process of the
maxillary bone, more elongated braincase and stronger development of the subangular
lobe in male individuals. Indeed, the skull characters of DFN3-154 are more

54



pronounced relative to N. tingi specimens from Megalo Emvolo. If sexual dimorphism
is present in Nyctereutes, then DFN3-154 is probably a male individual while MEL-1
and MEL-2 are presumably females.

Upper dentition:

The P4 of DNF3-154 appears to be robust, while P4 of DFN3-8b seems to have a
slenderer built with the length of the tooth being superior to its width. The protocone of
DFN3-154 and DFN3-8b is placed mesially and slight lingually with the anterior border
being almost straight, similar to DFN-17, the Montopoli specimen IGF 10131_1 and N.
vulpinus (Lucenti, 2017: Fig. 2. C, D). In comparison with N. donnezani specimens from
Layna and Calta, the P4 protocone of the DFN3 specimens is positioned slightly more
lingually and protrudes moderately from the mesial margin of the tooth whereas in both
the Calta and Layna samples, the mesial margin of the P4 is straight with the protocone
being positioned more mesially than lingually (Daguenet & Sen, 2019: Fig. 1. C, Fig. 2.
C; Lucenti et al., 2018: Fig. 3. B, C, D). Both DNF3-154 and DFN3-8 specimens are
identical with the specimen V 26277 of N. tingi from Nihewan basin (Farjand et al.,
2020: Fig. 3., e), in which the protocone is mesio-lingually placed and projecting slightly
anteriorly from the mesial margin. The paracone of DFN3-154 is rather mesio-distally
expanded with a short metastyle. In DFN3-8b the paracone is about the same size as
in DFN3-154, but the metastyle is longer. A mesio-distally developed paracone along
with a short metastyle blade are also seen at Layna, Perpignan and Calta specimens
of N. donnezani as well as in N. vulpinus (Daguenet and Sen, 2019; Lucenti et al.,
2018). Unlike N. donnezani and N. vulpinus, N. megamastoides possess a mesio-
distally reduced paracone and an elongated metastyle blade (Bartolini Lucenti,
2017).The lingual cingulum of DFN3-154 and DFN3-8b is weak, similar to N. tingi and
unlike N. donnezani from Calta and Layna and N. megamastoides from Kvabebi and
Dafnero. The upper molars of DNF3-154 and DFN3-8b are shortened mesio-distally at
the lingual part and curve gently backwards giving an overall triangular shape. This
feature is reported as characteristic for N. tingi and N. donnezani and it is considered
primitive (Daguenet and Sen, 2019; Rook et al., 2017); it is unlike the more derived
sub-quadrangular upper molar shape of N. megastoides and N. sinensis (Lucenti et al.,
2018; Rook et al., 2017). There is a discrepancy about the N. vulpinus molar shape.
According to Lucenti (2018) N. vulpinus has sub-quadrangular molars while Monguillon
et al. (2004) noted that N. vulpinus from Saint Vallier differs from N. megamastoides by
having sub-triangular M1. The paracone of the M1 is larger than the metacone in both
the DFN3 specimens (DFN3-154 and DFN3-8b) distinguishing them from N.
megamastoides and N. donnezani, which both possess equal sized paracones and
metacones (Daguenet and Sen, 2019; Lucenti et al., 2018; Rook et al., 2017).
Regarding the size of the paracone and the metacone, Lucenti (2018) mentions that N.
vulpinus has equally large paracone and metacone, even though the Saint Vallier
specimen possess slightly larger paracone than metacone. Both the protocone and the
metaconule are well formed on DFN3-154 and DFN3-8b while there is a distinct
protoconule, similar to N. megamastoides, N. donnezani and N. tingi. On the contrary
N. sinensis protoconule is absent or highly reduced (Rook et al., 2017). Both M1 of
DFN3-154 and DFN3-8b possess cusp-like cingulum on the mesial side, a feature that
is rarely seen in N. sinensis or N. vulpinus (Lucenti et al., 2018), and thus discriminating
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both DFN3 specimens from these species. The triangular shape of M2 in DFN3-154
and DFN3-8b are close to that of N. donnezani from Calta and Layna. The paracone of
the M2 is more developed than the metacone in both specimens. This characteristic is
encountered in most species like N. donnezani, N. megamastoides, and both N. tingi
and N. sinensis (Daguenet and Sen, 2019), so it cannot be used to discriminate the
studied specimens. Additionally, the decrease of the metaconule relative to the
protocone is more pronounced to N. sinensis and N. tingi compared to N. donnezani
and N. megamastoides (Daguenet and Sen, 2019). Both DFN3-154 and DFN3-8
specimens display a well-developed protoconule while the metaconule is lessened
greatly with a weak crista joining the metaconule with the protocone.

Mandible

Despite being broken on the posterior and ventral parts, the DFN3-8b subangular lobe
seems to be primitive in condition as in N. tingi. It is less developed than the DFN3-342
specimen, thus separating the DFN3-8b from N. megamastoides. In DFN3-8b the
subangular lobe is positioned posterior to the m3, unlike N. donnezani from Layna,
where the subangular lobe is further distally positioned than in DFN3-8b and not so
highly curved (Lucenti et al., 2018: Fig. 4. A-B). In  MNHN.F.ACA549 (N. donnezani)
specimen from Calta the subangular lobe has a curved ventral margin but it is placed
between the distal half of m1 till the posterior end of m3, as in N. tingi from Yushe Basin
and N. donnezani from Perpignan (Daguenet and Sen, 2019) (Fig. 25). The different
position of the mandibular lobe in the specimens of N. donnezani from Layna, Calta,
and Perpignan was attributed to sexual dimorphism, with the Layna specimen
considered to represent a female individual (Daguenet and Sen, 2019). Additionally,
the ventral margin on the mandibular body of the DFN3-8b is curved like in N.
donnezani from Calta and Layna and N. tingi from Yushe Basin and not straight as in
DFN3-342 and N. megamastoides from Kvabebi.

Lower dentition

The lower m1 is relatively slender in built with the talonid area being equal with the
trigonid in width, like in most Nyctereutes species apart from N. sinensis and N.
donnezani from Perpignan, in which the talonid is narrower than the trigonid. The
hypoconid is larger in area compared to the entoconid in DFN3-8b but not higher. A
larger hypoconid than entoconid is also a feature reported for N. tingi and N. sinensis
while N. megamastoides possesses equally sized hypoconid-entoconid (Daguenet and
Sen, 2019). The small hypoconulid traced at the distal part of the DFN3 m1, is a
character sometimes noticed in N. sinensis and N. megamastoides. The DFN3 m2 is
slender in built with the width being inferior to the length, like in N. sinensis and N. tingi
and not circular like in N. megamastoides (Daguenet and Sen, 2019; Rook et al., 2017).
The m2 protoconid of DFN3-8b is larger than the metaconid. Rook et al. (2017) noted
that in N. sinensis, the protoconid is larger than the metaconid, whereas in N.
megamastoides these cusps are equal in size. On the other hand, Daugenet & Sen
(2019) mentioned that on the m2 of the Calta specimens, the metaconid is superior to
the other cusps, a state also reported for N. sinensis and N. megamastoides. The m3
of DFN3-8b seems to possess a single cusp a characteristic only met in N. tingi,
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whereas the rest of Nyctereutes species possess at least two cusps (Daguenet and
Sen, 2019).

Collectively, regarding the P4 of DFN3-154 and DFN3-8 specimens, the mesio-lingually
placed protocone and the shallow embayment between the protocone and paracone,
alongside with the triangular shape of the upper molars are primitive characters that
place DFN3-154 and DFN3-8 closer to N. tingi without however excluding N. vulpinus.
The larger paracone than metacone and the almost absent metaconule on the M2 are
features indicative for N. tingi that further support the attribution of DFN3-154 and
DFN3-8 to this species and discriminating them from both N. donnezani and N.
vulpinus. The weak development of the subangular lobe along with the curved ventral
margin indicate a primitive taxon for DFN3-8b, thus excluding N. megamastoides. The
m1 talonid of DFN3-8b seems to be equal in size with the trigonid, unlike N. sinensis
and N. donnezani from Perpignan. The ml hypoconid is larger in area than the
entoconid but not higher, a trait observed in N. tingi and N. sinensis (Daguenet and
Sen, 2019). The m2 possess a reduced talonid as seen in N. tingi and N. sinensis with
the protoconid being the largest cusp. Finally, the m3 appears to be single cuspid, a
trait marked so far exclusively in N. tingi, while the rest of the Nyctereutes species
display at least two different cuspids. Considering all these traits, DFN3- 154 and
DFN3- 8 and DFN3-8b specimens appear to have a variety of characters that are found
in the more primitive N. tingi.

4.4 Discussion on phylogenetic relationships and evolutionary trends

The Canidae clade originated in North America, with the earliest representatives
appearing in the Eocene (Daguenet and Sen, 2019). The Canini tribe emerged around
9 Ma in North America with the genus Eucyon including only one widespread
representative, E. davisi (Tedford et al., 2009). Nyctereutes appears to be a rather
problematic genus regarding its phylogenetic relationships as it is not yet clear if it
should be placed closer to the clade of Canis Linnaeus, 1758 or that of Vulpes Frisch,
1775. Tedford et al. (2009) suggested possible phylogenetic relations between
Nyctereutes and Cerdocyon Smith, 1839 based on some common features like the
developed angular process and the mandibular lobe for the better attachment of the
pterygoid muscle and the low crowned canines. Currently Cerdocyon is present in
South America, but initially, two different fossil species of Cerdocyon found in North
America, specimen IGM-2903 attributed to C. avius of Pliocene age of Mexico and C.
texanus (AMNH F:AM 62985- AMNHN F:AM 62984) from the Early Pliocene of Texas
and New Mexico (Ruiz-Ramoni et al., 2020), indicated that Cerdocyon possibly
originates from North America (Tedford et al., 2009). More recent phylogenetic studies
exclude C. avius from the South American fox group Cerdocyon and place it within the
Vulpini tribe (Prevosti, 2010; Ruiz-Ramoni et al., 2020). Ruiz-Ramoni et al. (2020) in
their work noted that the extant N. procyonoides is basal to the clade of IGM-2903, M.
macconnelli, C? texanus, N. donnezani, N. tingi, N. sinensis, suggesting that
Nyctereutes is a paraphyletic group, but without enough paleontological evidence to
fully confirm this hypothesis. Additional phylogenetic studies (Zrzavy et al., 2018) and
DNA analyses (Wayne and Ostrander, 2007), indicate stronger relations of Nyctereutes
with Vulpes and further support the hypothesis that the morphological features shared
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between Nyctereutes and Cerdocyon are homoplasic obtained through convergent
evolution under similar ecological adaptations (Lucenti et al., 2018). Hence, a plausible
scenario would be that of a fox-like species migrated from North America to Eurasia in
late Miocene represents the possible ancestor of Nyctereutes (Lucenti et al., 2018).
The first appearance of Nyctereutes in the fossil record is a specimen from China
referred to as Nyctereutes tingi (Lucenti et al., 2018; Tedford and Qiu, 1991) and dated
to the Early Pliocene (MN 14). The presence of the N. tingi in Asia is continuous and
from the Late Pliocene on, it shortly co-existed with its successor, N. sinensis (Farjand
et al., 2020; Tedford & Qiu, 1991; Daguenet & Sen, 2019). Ultimately, N. procyonoides
makes its appearance in mid-late Pleistocene, evolving from N. sinensis, and making
N. procyonoides the only surviving member of Nyctereutes (Farjand et al., 2020). Soria
& Aguirre (1976) were the first to specify the main diagnostic features of Nyctereutes:
mandibular corpus growth, angle between the ascending ramus and mandibular body,
angular region and upper and lower molar morphology. Moreover, they defined the
primitive characters (weak subangular lobe, mesio-distal reduced molars on the lingual
part, closer to triangular shape) and the derived ones within the genus (stronger
subangular lobe, more expanded mesio-distally molars closer to quadrangular shape)
(Soria & Aguirre, 1976). The first/earliest European representative of Nyctereutes was
N. donnezani from La Gloria dated at 4.19 Ma (MN 14), hence of an age similar to that
of N. tingi in Asia (Lucenti et al., 2018). Even though both N. tingi and N. donnezani
are considered primitive taxa, Tedford & Qiu (1991) noted some differences, such as
the larger size of the former, the presence of cristids connecting the hypoconid with the
entoconid on the lower m1 and the larger paracone than the metacone on the upper
molars, whereas in N. donnezani both cusps have the same size. The development of
the subangular lobe in N. tingi differs from that of N. donnezani, with the former having
a rather thin mandibular body and hook-like angular process, whereas in N. donnezani,
although still primitive, the subangular lobe is closer to the condition seen in N. sinensis
and N. megamastoides (Lucenti et al., 2018). N. megastoides constitutes the more
derived taxon of the European Nyctereutes along with N. vulpinus and both are the only
European species that went through the Pleistocene (Bartolini Lucenti, 2017,
Monguillon et al., 2004). The origins of N. megamastoides are also debatable. The
similarity between N. megamastoides and N. sinensis on both morphological features
and size has led to the idea that these species may consist a single taxon distributed
widely (Rook et al., 2017; Tedford and Qiu, 1991). Until recently the first appearance of
N. megamastoides in Europe was considered to be at 3 Ma (Bartolini Lucenti, 2017),
but findings of N. cf. megamastoides in the site of Layna (Spain) postponed the arrival
of the taxon at around 3.9 Ma (Lucenti et al., 2018). The findings of N. cf.
megamastoides in Layna, contradict the scenario of a single N. megamastoides + N.
sinensis species and suggests an independent and contemporaneous evolution of N.
megamastoides in Europe. Nyctereutes remains from Calta, Turkey were originally
attributed to N. donnezani by Ginsburg (1998), but were later referred to as Nyctereutes
sp. by Lucenti (2018), who highlighted a sum of both primitive and derived
morphological features that do not match neither N. donnezani nor N. tingi. Additionally,
the same author noted similar dental proportions of the Calta taxon with N.
megamastoides. Lucenti (2018) suggested that the ancestor of the European N.
megamastoides originated from a hypothetical taxon in parallel to the lineage of N. tingi-
N. donnezani. Ultimately Daugenet & Sen (2019) reviewed the remains of Nyctereutes
from Calta and contrary to Lucenti (2018), they proposed that the observed differences
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are not adequate to distinguish the Calta specimens from N. donnezani. In their view,
the possible existence of sexual dimorphism in Nyctereutes, like the more posterior
position of the subangular lobe on the N. donnezani hemimandible from Layna
compared to the Calta specimen, suggests that the former is most likely a female
individual (Daguenet and Sen, 2019). Similarly the finding of DFN3-155 specimen from
DFNS3 fits both the cranio-dental proportions and morphological characteristics of N.
megamastoides and along with the rest of the DFN1 N. megamastoides already
described by (Koufos, 1993; specimens: DFN-17, DFN-20, DFN-23) support the
presence of this species in the Balkan region at least until the middle Villafranchian (2.3
Ma). Enigmatic is the case of the other Western European derived form of Nyctereutes,
N. vulpinus, described from Saint-Vallier, France by Viret (1954). Viret (1954) and later
Martin (1971) and Argant (2004), attributed the Nyctereutes material from Saint-Vallier
to N. megamastoides. Soria & Aguirre (1976) revised the material and noted differences
from typical N. megamastoides (more elongated upper and lower premolars and lower
carnassial and reduced m2) that led them to question the taxonomy of this material and
distinguish it as a separate subspecies N. megamastoides vulpinus. Following Soria &
Aguirre (1976), Monguillon et al. (2004) reviewed once more the Saint-Vallier remains
and decided to raise it to the rank of the species. They also suggested the attribution
of the La Puebla de Valverde material to N. vulpinus (Monguillon et al., 2004).
Nyctereutes vulpinus displays intermediate characters between the primitive (N.
donnezani-N. tingi) and derived taxa (N. megamastoides), similarly with N. sinensis.
Monguillon et al. (2004) suggested two possible scenarios concerning the origin of N.
vulpinus. In the first scenario the taxon emerged from a primitive stock of N.
megamastoides split from the N. donnezani-N. megamastoides lineage, by adopting a
more carnivorous diet reflected as homoplasic reversals of its dental features
(triangular shape of upper molars, elongated talonid versus the trigonid) (Monguillon et
al., 2004). In the more acceptable scenario, N. vulpinus originated from a possible
descendant of the European population of N. tingi (Lucenti et al., 2018; Monguillon et
al., 2004), with the remains of N. cf. tingi from Varshets, Bulgaria supporting this
hypothesis (Spassov, 2003). The findings of DFN3-154, DFN3-8b, and DFN3-8a in
Dafnero are intriguing. Regarding their morphological characteristics these specimens
exhibit a sum of primitive features (sub-triangular molars, reduced M2 metaconule,
simple structure of m1 with no accessory cuspulids, lessened talonid of m1) that recall
N. tingi. The fact that the upper M1 of both specimens, presents mesial cusp-like
cingulum, larger paracone than metacone and a m3 with a single cusp, are in favor of
an attribution of these specimens to N. tingi instead of N. vulpinus or N. sinensis. On
the other hand, the results from the metric comparison of the lower teeth are not so
clear, suggesting a possible relation of DFN3-154 and DFN3-8 specimens with N.
vulpinus. The Dafnero site has similar age with that of Varshets, so a possible tight
relationship between N. cf. tingi from Varshets with the Dafnero specimens DFN3-154
and DFN3-8 could be assumed, though this needs to be further supported. The first
occurrence of Nyctereutes in Asia is documented by the presence of N. tingi in Yushe
Basin at about 4.4 Ma (Tedford and Qiu, 1991), followed by the appearance of N.
sinensis in 2.3 Ma and the arrival of the modern N. procyonoides in the mid-Pleistocene
(Farjand et al., 2020). If the Dafnero and the Bulgarian specimens indeed belong into
the N. tingi group then a continuous presence of N. tingi in the Balkan region would be
documented, similar to that in Asia, firstly with the presence of N. tingi in Megalo Emvolo
(Ruscinian, ~ 4 Ma), and followed by Varshets and Dafnero (Middle Villafranchian).
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Subsequently, the idea that N. vulpinus originated from the European lineage of N. tingi
(Monguillon et al. 2004) gains more support. Moreover, if Lucenti’s (2018) hypothesis
of affinities between the Calta taxon and N. megamastoides is true, then the scenario
of a single and widespread N. megamastoides + N. sinensis taxon (Tedford & Qiu 1991)
would be less likely. That would lead to two possible working hypotheses concerning
the taxonomy of N. vulpinus and N. sinensis. Firstly, if the presence of N. tingi in
Southern Europe is continuous (similarly to Asia) as it is witnessed in the Greek-
Bulgarian record, then the Asiatic N. sinensis and the European N. vulpinus may not
consist two different taxa. Their taxonomy probably requires a revision, and they may
constitute a single wide-spread taxon, as it was proposed for N. megamastoides and
N. sinensis. On the other hand, N. vulpinus could be distinct from N. sinensis, sharing
similar characteristics.
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5 Functional Morphology of fossil Nyctereutes

5.1 Geometric Morphometric analysis in Nyctereutes crania

The PCA of the covariance matrix produced 5 principal components (PCs). The first
three components correspond to about 90% of the total variance. PC1 and PC2 account
for 60% and 20% respectively, providing a reliable approximation of the mean shape
variation. The graph produced by the PCA is displayed in Fig. 30.
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Fig. 30. PCA plot derived from the geometric morphology of Nyctereutes crania. Mean shape
variation along PC1 and PC2 is indicated by the teal and blue wireframe, respectively. Teal
wireframe indicated the mean shape at the origin of PCA plot, while blue wireframe indicates
the mean shape at the end of the plot.

Alongside PC1, at the origin of the axes, more robust, vertically oriented crania are
encountered (Fig. 26), whereas on the right side of the graph the shape variation
designates slenderer, horizontally aligned and dorsoventrally short crania (Fig. 26).
Moreover, the position of the temporomandibular joint (TMJ) and that of the zygomatic
arches is elevated moving from the origin of the plot to the right (Fig. 26).

On the contrary, more slender crania builds are found at the origin of the PC2, while
sturdier crania, with more vertically placed postorbital processes and more protruding
nuchal crest caudally are placed on the top of the graph.
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The N. megamastoides specimens from Dafnero (DFN-17, DFN-20) and N.
procyonoides (Bulgaria 1, Bulgaria 2) are in the top right part of the graph forming a
group. The N. donnezani F.ACA-291 specimen from Calta, is grouped with the previous
specimens on the right top of the plot. The DFN3-154 is positioned at the lower right of
the graph presenting a slender elongated built, decreased dorsoventrally. Since N. tingi
and N. donnezani are thought to be more carnivorous than N. megamastoides and N.
procyonoides, we expected specimens from N. tingi and N. donnezani species to be
placed on the left side of the graph, possessing more vertically oriented crania. DFN3-
154 as reported previously and F.ACA-291 have suffered heavy deformations during
fossilization (Daugenet & Sen, 2019), resulting in dorsoventral compaction, thus placing
them on the right part of the graph, showing horizontally oriented crania instead of
vertically oriented as expected. On the left side of the graph there is a group consisting
of MEL-1 (N. tingi), K220 (N. megamastoides), F.ACA-292 (N. donnezani). These three
specimens have similar shape, with minor differences such as the more elevated
position of the postorbital processes in K220 and MEL-1 and the more protruding
caudally nuchal crest in MEL-1. DFN3-154 and MNHN.F.ACA-291 seem to be outliers
presenting extreme values and are falsely grouped with N. procyonoides and N.
megamastoides. If we exclude these two specimens from the analysis a clearer
discrimination between the studied sample occurs, with the N. megamastoides and N.
procyonoides specimens positioned on the right of the graph and MEL-2 (N. tingi) and
MNHN.F.ACA-292 (N. donnezani) being placed on the left of the plot.

The difference of DFN-20 with the other specimens of N. procyonoides and N.
megamastoides is the slightly higher position of the TMJ and that of the mastoid
process. DFN-20 presents a high dorsoventral compression of the cranium. This is
probably due to possible deformations during fossilization or because of an expressed
sexual dimorphism (see Daguenet & Sen, 2019). DFN-17 and Bulgaria 2 display lower
position of the mastoid process and elevated TMJ and zygomatic arches relative to the
rest of the Nyctereutes specimens. The specimen from Kvabebi (K220) (N.
megamastoides) is most probably an outlier placed, with MEL-2 and MNHN.F.ACA-292
not grouping with the rest of N. megamastoides further to the right. In general a more
vertical orientation of the cranium is observed in the N.tingi-N. donnezani group, while
the N. procyonoides-N. megamastoides group exhibits a more horizontally aligned
cranium, except from specimen K220 (N. megamastoides) from Kvabebi. Mean shape
variation along PC1 axis indicates a decreased moment arm for the temporalis muscle
in the more derived species, N. procyonoides-N. megamastoides.

5.2 Muscle accommodation in Nyctereutes
The results of the estimations of endocranial volume ratio and Miller index are
presented in Table 10.

Table 10. Results of the estimations for Miller’s Index, Brain volume quotient (BVQ) for the
studied sample.

Specimens Species Miller's Index BVQ
Bulgaria 1 N. procyonoides 55.62 23.35
Bulgaria 2 N. procyonoides 55.70 23.49
DFN3-154 N. tingi 53.33 22.70
DFN3-155 N. megamastoides 55.92
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MNCN63662 N. donnezani 23.62
MNHN.F.ACA292 N. donnezani 24.21
MNHN.F.ACA291 N. donnezani 22.71
DFN-17 N. megamastoides 57.64 24.53
DFN-20 N. megamastoides 45.74 23.36
MG 29-2013/457 (K220) N. megamastoides 59.67 26.70
MEL-1 N. tingi 24.16
MEL-2 N. tingi 57.05

MG 29-2013/581 (K219) N. megamastoides 24.19

DFN3-155 specimen was excluded from the estimation of the endocranial volume
analysis as it presents extreme dorsoventral deformation. The snout of MEL-2
specimen is broken, anteriorly of the canines, so the absolute skull length for this
specimen cannot be measured, and thus we could not estimate the absolute
endocranial volume ratio relative to skull length for this specimen, which was also
excluded from the analysis. The three N. donnezani specimens of the studied sample
lack the zygomatic arches, so the calculation of Miller index was not possible.

To test whether the differentiation of Miller's index and BVQ are statistically important
one way ANOVA analysis was conducted. When tested statistically ANOVA resulted in
no significant statistical differences p = 0.9768 for Miller’s index and p = 0.414 for BVQ
respectively. To check for any differences of BVQ within Nyctereutes species Tukey’s
pairwise test was conducted Table 11.

Table 11. Tukey’s pairwise results of BVQ for the studied sample of Nyctereutes (p-values
above the diagonal — Tukey’s tests results below the diagonal).

N. procyonoides N. tingi | N. donnezani | N. megamastoides
N. procyonoides 1.000 0.9997 0.5628
N. tingi 0.0129 0.9998 0.5685
N. donnezani 0.1328 0.1185 0.5262
N. megamastoides 1.912 1.897 2.009

The constructed boxplot of BVQ shows the variation of endocranial volume in
Nyctereutes (Fig. 31). Nyctereutes megamastoides presents the highest values
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followed by N. procyonoides. Nyctereutes donnezani and N. tingi show relatively lower
values of endocranial volumes than the previously mentioned Nyctereutes species.
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Fig. 31. Boxplot of the BVQ variation in studied Nyctereutes sample.

A slight increase in BVQ is observed N. megamastoides (Fig. 27), although without any
significant statistical differences (Table 13-14). As previously stated, decrease in
endocranial volume while the zygomatic arch width relative to body size is constant,
creates extra space for housing the temporalis muscle. The specific results speculate
that the more primitive N. tingi and N. donnezani presented more available space to
host a larger temporalis. Nyctereutes procyonoides most probably resembles an
intermediate condition between that of the N. megamastoides and N.tingi - N.
donnezani group. A larger sample could possibly support further this hypothesis.

5.3 Hunter-Schreger Bands pattern in Nyctereutes

In general, observations with the light microscope of the teeth enamel in the studied
sample showed no differences in the HSB folding. All the studied sample is
characterized by undulating HSB folding. In some cases, more folded HSB angles were
observed in N. megamastoides and N. procyonoides, but not enough to be
characterized as acute angles. The results of the mean HSB angles are presented in
Table 12.
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Table 12. Average measured HSB angles in the studied Nyctereutes sample

Specimen  Species Tooth Spot HSB pattern Mean Average
angle
DFN3-342 N. megamastoides ml tip Undulating 138.25
Bulgaria2 N. procyonoides ml tip Undulating 139.49
DFN3-8b N. tingi ml tip Undulating 146.59
DFN3-8b N. tingi p4 tip Undulating 142.42
DFN3-342 N. megamastoides p4 tip Undulating 137.88
DFN-23 N. megamastoides cl tip Undulating 138.07
Bulgaria2 N. procyonoides cl tip Undulating 138.35
DFN3-154  N. tingi P4 tip Undulating 131.90
DFN-17 N. megamastoides P4 tip Undulating 137.13
DFN3-154  N. tingi C1 tip Undulating 146.05
DFN3-8b N. tingi C1l tip Undulating 148.37
DFN-20 N. megamastoides C1 tip Undulating 134.50

N. tingi seems to be characterized by slightly more obtuse angles in the examined
sample. Despite their metrical differences in measured angles, the HSB folding of all
studied species is characterized as undulating. Comparison between the HSB folding
of the studied sample is displayed in (Fig. 32).

65



N. tingi DFN3-8 i ' N. megamastoides DFN-20

|
%

[ N. megamastoides DFN-342 N. megamastoides DFN-342

N. procyonoides Latvia ."procyonbides Latvia

v

Fig. 32. HSB structure of Nyctereutes. A-B: upper C1l of N. tingi (DFN3-8) and N.
megamastoides (DFN-20), C-D: lower c1 of N. megamastoides (DFN3-342) (C-D), N.
procyonoides (Latvia) (E-F)
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5.4 Body mass of fossil Nyctereutes
The estimated values for body mass using skull length, in the studied Nyctereutes
sample are presented in Table 13.

Table 13. Predicted body mass values using the skull length as body size estimator.

Specimen Species BM (kg)
Bulgaria 1 N. procyonoides 9.20
Bulgaria 2 N. procyonoides 10.02
RV 8003 N. procyonoides 7.84
DFN3-154 N. tingi 21.84
DFN3-155 megamastoides 15.70
MNHN.F.ACA291 N. donnezani 23.17
MNHN.F.ACA292 N. donnezani 16.31
DFN-17 N. megamastoides 12.50
DFN-20 N. megamastoides 14.27
MG 29-2013/457 N. megamastoides 12.70
(K220)

MG 29-2013/581 N. megamastoides 10.43
(K219)

MEL-1 N. tingi 25.24
MEL-2 N. tingi 17.02
MNCN63662 N. donnezani 27.42

The estimated values for body mass using the lower m1 length are given in Table 14.

Table 14. Predicted body mass values using the m1 length as body mass estimator.

Specimen Species BM (kg)
DFN3-342 N. megamastoides 6.11
China-1 N. procyonoides 5.11
China-2 N. procyonoides 4.39
Bulgaria 1 N. procyonoides 4.05
Bulgaria 2 N. procyonoides 4.19
DFN3-8b mandible N. tingi 8.98
Perpignan N. donnezani 7.73
ACA-903 N. donnezani 7.37
ACA-294 N. donnezani 8.10
ACA-904 N. donnezani 11.14
MNCN39916 N. donnezani 7.61
MNCN39917 N. donnezani 6.68
MNCN39919 N. donnezani 7.73
MNCN62504 N. donnezani 5.42
MNCN62519 N. donnezani 9.41
MNCN71087 N. donnezani 8.10
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PERRIER N. megamastoides 6.13
Villaroya V-118 N. megamastoides 6.46
Villaroya V-112 N. megamastoides 6.35
MNCN39918 N. megamastoides 7.02
MG 29-2013/588 (K221) N. megamastoides 6.79
MG 29-2013/591 (K214) N. megamastoides 6.68
MG 29-2013/592 (K4177) N. megamastoides 6.68
MG 29-2013/820 N. megamastoides 7.97
Chine N. tingi 11.14
F: AM 97029 N. tingi 12.88
F: AM 97030 N. tingi 10.54
F: AM 96799 N. tingi 10.25
THP 22729 N. tingi 12.07
IVPP YS 131 N. tingi 12.72
Zhoukoudian China N. sinensis 8.48
SV.99.686 N. vulpinus 7.97
SV.98.799 N. vulpinus 8.10

The average body masses estimated via skull length and m1 length for each species
are presented in Table 15. No data for N. vulpinus skull length was available so no body
mass was estimated using skull length.

Table 15. Estimated body masses for the studied Nyctereutes species.

Specimen Average Body Mass Average Body Mass m1
SKL (Kg) Length (Kg)

N. procyonoides 9.10 4.43

N. tingi 21.37 11.23

N. megamastoides 13.12 6.69

N. donnezani 22.30 7.93

N. vulpinus 8.04

Van Valkenburgh (1990) notes that both skull length and m1 length for groups sizes
between 6-10 Kg share the same prediction error, and Flower’s (2016) equation is
considered more precise than Van Valkenburgh's (1990). The average body mass
predicted for N. procyonoides using skull length is 9.10 Kg, while using the m1 length
is 4.43 Kg. Nyctereutes procyonoides mean body mass is around 4-6 Kg in the summer
and 6-10 Kg during winter (Nowak, 2005). The estimated values for body mass using
the ml length as body mass estimator are closer to those predicted using the skull
length, therefore the function provided by Flower (2016) is preferred.

5.5 Bite Force Estimation in Fossil Nyctereutes
The analytical table of the predicted bite forces for Nyctereutes using the dry skull
merthod as in Damasceno et al. (2013) and the estimated PCSA values is displayed in
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Table 16. A trend for the overestimation of bite force in N. procyonoides is noticeable,
as 'most authors have found lower values (Christiansen and Adolfssen, 2005;
Christiansen and Wroe, 2007; Damasceno et al., 2013; Penrose et al., 2020). This may
be a result of the variation in size between the different specimens used, or differences
in calculation method. However, bite forces estimated here are greater than other
values published in the literature, so the possibility of a bias is more likely. It must be
noted that, all measurements were taken digitally, hence small differences in the scale
of each photo may be present. Body size and muscle size seem to relate with positive
allometry (Table 6).The bite forces predicted for N. procyonoides using the estimations
of the PCSA values for each of the specimens are closer to the published bite forces in
the available literature (Damasceno et al., 2013; Penrose et al., 2020), thus they are
considered reliable.

Table 16. Estimated bite forces of available Nyctereutes sample using the PCSA as bite force
estimator and dry skull method as in Damasceno et al. (2013).

Specimens Species BF PSCA BF Dry skull
Bulgaria 1 N. procyonoides 150.35 210.36
Bulgaria 2 N. procyonoides 154.37 199.74
DFN3-154 N. tingi 188.64 212.27
DFN3-155 N. megamastoides 160.41 193.35
MNHN.F.ACA291 N. donnezani 235.92
MNHN.F.ACA292 N. donnezani 170.02

DFN-17 N. megamastoides 173.81 200.24
DFN-20 N. megamastoides 185.31 200.26
MG 29-2013/457 N. megamastoides 160.40 187.41
(K220)

MG 29-2013/581 N. megamastoides 124.20

(K219)

MEL-1 N. tingi 238.17

MEL-2 N. tingi 170.68 216.68
MNCN-63662 N. donnezani 246.53

5.6 Prey Size Estimation in Fossil Nyctereutes

The estimated average prey sizes for the studied Nyctereutes sample are presented in
Table 17. Larger prey sizes are observed in the larger species N. tingi and N.
donnezani. Nyctereutes procyonoides exhibits the smallest average prey size.

Table 17. Average prey size estimations for the studied Nyctereutes sample.

Species AVR Prey Size (Kg)
N. megamastoides 0.86
N. procyonoides 0.34
N. tingi 2.88
N. donnezani 1.33
N. vulpinus 1.30
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5.7 Cranial muscle accommodation in Nyctereutes

The temporalis is the primary adductor muscle in most carnivorans (Van Valkenburgh,
2007) butin canids especially, is contributing at about 60% of the total adductor muscle
mass and it possess the largest attachment surface (Penrose et al.,, 2016). The
significance of temporalis in carnivorans is unquestionable, as it is the main muscle
force producer (Christiansen and Adolfssen, 2005; Ito and Endo, 2016; Penrose, 2018),
allowing the infliction of a successive lethal bite ( Davis, 2014). Small bodied canids
display a sagittal gap, resulting in less surface available for the attachment of temporalis
(Penrose et al., 2016). Regardless of being an undersized canid, the temporalis
attachment area in Nyctereutes scales at a similar rate with that of other canids,
implying that sagittal crest growth in Nyctereutes varies according to the needs of the
temporalis (Penrose et al.,, 2016). In fossil Nyctereutes the sagittal crest is well
developed in all species. However, specific specimens, such as MNHN.F.ACA-291 (N.
donnezani) and DFN3-154 (N. tingi) display a more pronounced sagittal crest. Yet,
sexual dimorphism is not well explained in Nyctereutes, with authors suggesting that it
is present in fossil Nyctereutes, with males presenting more pronounced cranial
characters, including the sagittal crest (Daguenet and Sen, 2019). Moreover, the
variation of the available space for housing the temporalis muscle was examined in
Nyctereutes. Lower endocranial volumes relative to body size were expected in the
more carnivorous Nyctereutes species, as the temporalis is the primary muscle in
carnivoran diet. Former studies show a reduction of endocranial volume in the more
derived Nyctereutes species (Kargopoulos, 2019). In the current study, differences
were found with the more primitive species (N. donnezani, N. tingi) displaying slightly
lower endocranial volume relative to their size compared to N. megamastoides, while
the ratio of zygomatic arch width against body size remains constant. Surprisingly, N.
procyonoides endocranial volume development is more similar to that of N. tingi and N.
donnezani and not to N. megamastoides. Studies regarding the variation of m2/m1
scores in Nyctereutes revealed a more omnivorous diet for N. megamastoides and N.
sinensis, while the extant N. procyonoides presents similar or lower values than the
primitive N. tingi and N. donnezani ( Lucenti, 2019). Even though, both the ANOVA
analysis and Tukey’s pairwise comparison for the variation of BVQ in Nyctereutes,
displayed no significant differences amongst species, the minor variance in endocranial
volume ratio observed (Fig. 24) could be indicative for the more omnivorous species
showing a preference in favoring the masseter muscle instead of temporalis. A larger
study sample could possibly provide further support in the future.

5.8 Cranial shape variation in Nyctereutes

The geometric morphometric analysis revealed a grouping between N. procyonoides
and N. megamastoides, as well as between N. tingi and N. donnezani. A sum of
common functional important morphological features seems to characterize the derived
species, N. procyonoides-N. megamastoides, such as the slightly elevated TMJ and
zygomatic arches and a horizontal orientation of the cranium. On the other hand, the
N. tingi-N. donnezani group is characterized by more vaulted braincases, with vertical
orientation. When the neurocranium is horizontally oriented, the temporalis fascicles
tend to align horizontally. It has been suggested that the more horizontally aligned
temporalis fascicles enable swift snapping shut of the mandible by pulling the coronoid
process caudally (Penrose, 2018). On the other hand a more vertically oriented
neurocranium with more vertically aligned temporalis fascicles provides a stable
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maintenance of the output force in expense of velocity (Penrose, 2018). A vertically
oriented cranium also limits the distribution of stresses in a more dorsoventral plane,
limiting the effectiveness of torsional forces and amplifying that of compressive stresses
(Tseng and Flynn, 2015). The mammalian cortical bone is better suited to endure
compression than torsion (Tseng and Flynn, 2015). Increased stresses are expected if
hunting more challenging preys, that comes in an agreement with the hypothesis that
N. tingi and N. donnezani were more carnivorous than N. megamastoides. The
horizontal alignment of the neurocranium with the simultaneous elevation of the TMJ
and zygomatic arches, probably results in decreased moment arm for the temporalis
muscle, while it enhances the function properties of the masseter muscle by increasing
the in-lever distance for this muscle. The masseter muscle is favored in herbivores, as
the dominant muscle among the adductors (Turnbull, 1970). Regarding the specimens
from Dafnero, both DFN-17 and DFN-20 (N. megamastoides) show a relatively more
elongated shape than N. procyonoides specimens. This probably reflects the more
omnivorous character of N. megamastoides as it has been highlighted previously by
the m2/m1 area scores, but also a cranium more capable to utilize rapid chewing. The
N. procyonoides (Bulgaria 1, Bulgaria 2) sample reflects an intermediate condition
between the more carnivorous N. tingi - N. donnezani group and that of N.
megamastoides. MEL-1 (N. tingi) and MNHN.F.ACA-292 (N. donnezani) specimens
present a vaulted cranium with a slightly shortened muzzle and relatively more ventrally
placed TMJ and zygomatic arches. All these elements facilitate the operation of
temporalis muscle during prey capture where mostly dorsoventral forces are applied as
they increase the in-lever arm in a more vertical position. The vertical orientation of the
temporalis muscle is even more pronounced in MEL-1 specimen presenting a
moderately more elevated placement of the postorbital processes, a bony structure that
is related to the temporalis muscle size (Radinsky, 1981). Bizarre is the position in the
morphospace of MG 29-2013/457(K220) of Kvabebi N. megamastoides between that
of MEL-1 and MNHN.F.ACA-292 (N. donnezani). The Kvabebi specimen presents
similar cranial geometric characteristics with the more carnivorous species. Variation
of skull and tooth morphometrics has been observed in the extant subspecies of
raccoon dogs (Kauhala et al., 1998). More precisely the Finnish raccoon dog (N.
procyonoides ussuriensis) presents more pronounced cranial features, thus a different
cranial shape in comparison with its Asiatic relative N. procyonoides viverrinus, which
is smaller in size and has a less robust built. Kauhala et al. (1998) suggest that the
Finnish raccoon dog has adapted to a larger size, because it is preferable in colder
climates for thermoregulation (Bergmann'’s rule), while the more pronounced cranial
characteristics reflect its relatively more carnivorous diet. On the other hand, N. p.
viverrinus has adapted to milder climates and a more omnivorous diet, hence the larger
size of the grinding surface areas in the lower molars (Kauhala et al., 1998). During
their investigation Kauhala et al. (1988) note that there is no evident sexual dimorphism
between these subspecies, thus the scenario of Kvabebi specimen representing a
robust male individual with more pronounced cranial characteristics would not be the
preferable one. Considering the previous statements, we could assume that the
differences between the specimens from Kvabebi and Dafnero are related with the
different geographic positions and possibly climates between Kvabebi and Dafnero
sites.
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5.9 The effect of the subangular lobe

The subangular lobe is one the main diagnostic features of Nyctereutes, discriminating
the different species based on its development (Daguenet and Sen, 2019; Lucenti et
al., 2018; Tedford and Qiu, 1991). The subangular lobe is lessened in the more primitive
species while it is more pronounced in the more derived species of Nyctereutes (
Tedford and Qiu, 1991; Rook et al., 2017; Lucenti et al., 2018; Daguenet and Sen,
2019).Despite its systematic value, the subangular lobe is very important functionally
as it serves as insertion area for the digastricus and masseter muscle (Penrose, 2018).

" Penrose et al. (2020) Penrose et al. (2020)
. Superficial masseter | Deep masseter

Fig. 33. Lateral view of the skull of N. procyonoides. A: Blue arrow indicates the tendinous origin
for superficial masseter, yellow arrow indicates its insertion on the mandible. Blue lines
represent the orientation of the muscle’s fascicles. B: Green arrow indicates the insertion of
deep temporalis onto the subangular lobe, green lines indicate the orientation of deep temporalis
fascicles. Photos were provided by Dr. Fay Penrose (Penrose et al. 2020).

The masseter is divided into three layers (superficial, zygomaticomandibularis and
deep) with the superficial and deep being more distinct (Penrose, 2018). The origin of
the superficial layer of the masseter is a stout tendon origin located in a small bony
prominence on the maxilla, dorsally of the upper M2 (Penrose, 2018). Masseter is more
or less horizontally aligned and runs through the ramus. The muscle inserts partially on
the mandible laterally and caudally, on the height of the angular process, while a great
amount of fascicles continue around the ventral margins of the mandible. Masseter
finally inserts on the ventromedial side of the caudal surface of the mandible and onto
the pterygoids (Penrose, 2018) (Fig. 33).

The presence of the subangular lobe enlagres the available insertion surface area for
the masseter as a complex including the superficial layer, increasing the moment arm
for this muscle layer. The zygomaticomandibularis cannot be easily distinguished
between the superificial and the deep part and we will not investigate it further during
this study. The deep masseter is the third layer of the masseter. Its insertion is located
in the ventral margin of the zygomatic arches and inserts on the lateral and caudal part
of the mandible (Penrose, 2018) (Fig. 28). This layer has vertical direction generally.
Interestingly on Nyctereutes procyonoides the deep masseter fascicles insert onto the
subangular lobe, resulting in a more vertical position of the deep masseter fascicles
while simultaneously increasing the fascicle length, and thus the mechanical advantage
of this muscle (Fig. 28) (Penrose, 2018). During mastication, herbivores use high
vertical forces that keep the jaw shut, maintaining the food bolus among the occlusal
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surfaces of the molars while transverse movements of the jaw enable the grinding of
the food (Herring, 1993).

The gradual increase of the subangular lobe in Nyctereutes could be associated with
increased grinding ability. Dissection on the adductor muscles of various Canidae
revealed different percentages of the deep masseter layers relative to the whole
masseter complex mass (Penrose, 2018) (Table 18). Hypercarnivores and generalists
display higher percentages of the deep masseter layer than small prey specialists.

Table 18. Deep masseter as a percentage of whole masseter muscle. Deep masseter
percentage values were taken by Penrose et al. (2018) (Table 2.5). If Speothos venaticus is
excluded then both hypercarnivores and generalists display relatively bigger deep masseter

percentages than small prey specialists.

Species Diet Deep masseter %
Alopex lagopus Small prey specialist 16.4
Canis lupus Hypercarnivore 31.2
Canis mesomelas Small prey specialist 21.2
Chrysocyon brachyurus Small prey specialist 13.9
Cuon alpinus Hypercarnivore 36.4
Lycaon pictus Hypercarnivore 315
Nyctereutes procyonoides Generalist 33.1
Otocyon megalotis Generalist 21.5
Speothos venaticus Hypercarnivore 12.2
Vulpes corsac Small prey specialist 25.3
Vulpes vulpes Small prey specialist 17.4
Vulpes zerda Generalist 29.1

Speothos venaticus is a small sized hypercarnivore canid and presents the lowest
percentage of deep masseter muscle in the former mentioned analyses. If Speothos
venaticus is excluded from the analysis, then the variation of deep masseter percentage
relative to whole masseter is more pronounced between the hypercarnivores and small
prey specialists. This may be due to larger prey sizes selection of the larger
hypercarnivores. During prey capture mainly rotational movements of the jaw are
applied (Popowics and Herring, 2006). Smaller prey probably presents less resistance
during capture, and that is possibly reflected in the percentage of the deep masseter
muscle, which is a vertically oriented muscle, probably responsible for keeping the jaw
shut. Moreover, the increased development of the deep masseter in specific herbivores
is thought to assist in maintaining the occluding premolars in contact during the process
of the food bolus (Crompton, 2011). Despite being statistically insignificant, these
percentage differences of the deep masseter layer could indicate that hypercarnivores
and generalists require larger amounts of vertical forces, e.g. hypercarnivores for the
infliction of a successive lethal bite and maintaining the prey under a grip, while
generalists for the grinding of their food. Thus, the more omnivorous species of
Nyctereutes may have required a larger masseter muscle for the grinding of their food.
A need for a larger deep masseter is not reflected in the structure of the more
carnivorous Nyctereutes species most probably because they preyed on animals, half
their own size at best. Further studies are needed to support the previous assumption.
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The digastricus is the main jaw abductor muscle in mammals and its function is to open
the jaw (Curtis and Santana, 2018). When it comes to a successful bite despite the bite
force exerted, both fast opening and closing of the jaw are required. Variation of the
digastric muscle size and position has been studied in the carnivorans and was
associated with killing (Scapino, 1976). For instance, a strong digastric muscle has
been observed in aquatic otters, as they have to oppose high stresses to open their
mouth due to the water resistance when hunting underwater (Scapino, 1976). A typical
example is the different insertion point of the digastric muscle in felids and canids. The
insertion is more anteriorly placed in felids than in canids, where is lies ventral to the
masseteric fossa (Scapino, 1976) (Fig. 34).

Scapino, 1976

A Canid

B Felid

Fig. 34. Schematic presentation of the different insertion position of the digastric muscle in (A)
canids and (B) felids and (C) N. procyonoides. The black bar indicates the insertion area for the
digastric muscle. All skulls are centered on the TMJ and the origin of digastricus. The more
posterior position of the digastric muscle insertion in canids and especially in N. procyonoides
increases the angle between digastric and TMJ. Solid areas correspond to angles between
digastricus and TMJ in each sample respectively. Figure modified by Scapino, 1976. The digital
model of the skull of N. procyonoides was provided by the digital library of the University of
Texas, www.DigiMorph.org.

This difference is associated with their different hunting strategies. In specific genera
of canids (Urocyon, Otocyon, Cerdocyon and Nyctereutes) the posterior part of the
dentary has been widened forming a bony projection called subangular lobe serving as
an insertion point for the digastricus (Miller and Fowler, 2015). The presence of the
subangular lobe has the effect of increasing the angle between the insertion point of
digastric and the TMJ, as displayed in (Fig. 30) (Curtis and Santana, 2018). Increased
angles of insertion have been linked with high in lever/out lever ratios for digastric
muscle in bats (Curtis and Santana, 2018). Increasing the in lever/out lever ratio
increases the mechanical advantage for the specific muscle. The increased
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development of the subangular lobe allows the more posterior position for the insertion
of the digastric muscle in Nyctereutes, indicating a gradual increase of the digastricus
muscle capability. Increased mechanical advantage of the digastricus in canids has
been associated with rapid chewing ability (Ewer, 1973; Miller & Fowler, 2015; Lucenti
et al., 2018) and more precisely with the consumption of insects (Curtis and Santana,
2018), as observed in the extant Otocyon megalotis, which also possesses sharp
cusped teeth and uses fast and repetitive chewing to crush the hard shell of its prey
(Berkovitz and Shellis, 2018). Despite the similarities between Otocyon megalotis and
Nyctereutes procyonoides, the former possesses multi-cusped teeth with more
pronounced cusps highlighting the “chopping” ability of this animal, as its main food
source are insects (Ewer, 1973). Nyctereutes do not possesses an extra upper molar
nor that many cusps in its teeth, indicating a less specialized skull morphology towards
insect consumption. Nyctereutes follow the skull structure of small prey specialists and
generalists, with a slender jaw built, elongated rostrum or mild development of
zygomatic arches (Meachen-Samuels and van Valkenburgh, 2009). Shortening of the
muzzle is associated in slower opening of the jaw, as the required time for the teeth to
disengage is increased (Curtis and Santana, 2018). Geometric morphometric analysis
did not present any significance differences in muzzle length of Nyctereutes, with the
more omnivorous species possessing a slightly more elongated rostrum. This
speculates that the development of the subangular lobe aims to further enhance the
chewing ability of Nyctereutes (bigger gape, faster opening) and not just to compensate
for a potential decrease of rostrum length. Small amphibians, reptiles and fish often
consist prey for N. procyonoides (Ward and Wurster-Hill, 1990). All the previous
mentioned animals are very agile and can easily escape in a small space. So
Nyctereutes has the need for a swift bite in order to catch his fast-moving prey,
especially when Nyctereutes itself is not suitable for running.

5.10 Pre-postglenoid process and bite force

Ito & Endo (2019) examined the variations of the pre-postglenoid interval between
different carnivoran species in accordance with the participation percentage of each of
the masticatory muscles (temporalis, masseter, pterygoids). The general concept is that
when the pre-postglenoid interval is small (big preglenoid and small postglenoid
angles), then the temporomandibular joint structure is sturdy and locks the mandibular
condyle inside the fossa without permitting dislocation of the jaw (Ito and Endo, 2019).
Development of the temporalis muscle leads to the decrease of the postglenoid angle,
or in other words to a more protruding postglenoid process (Ilto and Endo, 2019). On
the other hand, enhanced masseter muscle has the opposite effects on the postglenoid
angle, with a decreased postglenoid process (Ito and Endo, 2019). In Canidae, a wide
pre-postglenoid interval is noticed, resulting in a weak TMJ not capable of restricting
the mandibular condyle sufficiently in the mandibular fossa. However, the muscle
arrangement of canids allows the collaboration of the temporalis, masseter and
pterygoids in order to compensate the lack of a sturdy TMJ structure and prevent
dislocation of the jaw while exerting remarkable bite forces ( Davis, 1955; Turnbull,
1970). A small pre-postglenoid interval prevents the jaw from moving on a sagittal plane
and restricts its movements mostly on a vertical plane Popowics & Herring, 2006; Ito &
Endo, 2019). A more flattened pre-postglenoid process facilitates anteroposterior
movements (Popowics and Herring, 2006). Carnivorans mostly utilize rotational
(dorsoventral) jaw movements, especially during prey capture (Popowics and Herring,
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2006). Herbivores include more translational (anteroposterior) jaw movements, during
grinding of the food (Davis, 2014).

In the studied sample of Nyctereutes, when comparing the structure of the pre-
postglenoid of the various species a slightly more protruding postglenoid process is
observed in the primitive species N. tingi-N. donnezani group and especially in the
MNHN.F.ACA-291 specimens of N. donnezani from Calta. A less developed
postglenoid process is observed in the more derived species such as N.
megamastoides and N. procyonoides. The developed postglenoid process is indicative
for a stronger temporalis muscle relative to masseter as noted by previous authors (
Davis, 1955; Turnbull, 1970; Ito & Endo, 2019). Unfortunately, a precise measurement
of the pre-postglenoid processes and pre-postglenoid angle was not possible during
this study for many technical reasons. Stronger temporalis muscles have been
associated with carnivory as this is a functionally important muscle for vertical jaw
movements allowing the produce of high bite forces during hunting (Davis, 2014). This
morphological adaptation provides additional support of the carnivorous dietary
preferences of the more primitive Nyctereutes species, N. tingi and N. donnezani as it
has been previously indicated by their dental adaptations (Bartolini Lucenti, 2019).
Further research is needed to be done concerning this topic, with a 3D modeling of
various Nyctereutes crania in order to measure the exact angle differences of the pre-
postglenoid interval between the various Nyctereutes species.

5.11 Bite Force, Prey Size Variation in Nyctereutes

During this study the bite forces of the smaller sized species, N. procyonoides and N.
megamastoides, are observed to be higher than those of the larger ones N. tingi (Table
16). On the other hand, bite forces predicted using regression analyses, are higher at
the larger sized species N. tingi and N. donnezani (see Table 16). The bite force of
Nyctereutes material from Greece has been studied previously, showing a trend
towards reduction in the more derived species (Kargopoulos, 2019). The bite forces of
the Nyctereutes material studied here are relatively lower than those estimated from
Kargopoulos (2019).

Previous studies regarding the bite force variation in carnivorans, support that higher
bite force values are observed as the size of prey increases (Christiansen and Wroe,
2007; Slater et al., 2009; Wroe et al., 2005). Hypercarnivores display the highest bite
forces amongst carnivorans and that is due to their large prey (e.g., ungulates twice
their size) (Van Valkenburgh, 2007), demanding bigger bite forces to subdue their prey
(Christiansen and Wroe, 2007; Slater et al., 2009). Specific herbivorous carnivorans
present similar bite forces with hypercarnivores, as plant material is very demanding to
process it and requires vast force production (Christiansen and Wroe, 2007). Medium-
sized prey consumers display intermediate bite force, while omnivores possess the
lowest bite forces, relative to their size (Christiansen and Wroe, 2007). Structural
adaptations for increasing the bite force in carnivorans leads to specialization in hunting
large prey or consuming tough plant material (Christiansen and Adolfssen, 2005).
Nyctereutes may be a generalist, but its diet does not include demanding plant food
such as bamboo, so no structural adaptations related to bite force enhancement, like
the widening of the zygomatic arches are visible. Instead small prey specialists prefer
to be agile in the expense of brute strength (Slater et al., 2009), as smaller prey are
faster than large sized ungulates. The dry skull method revealed minor differences
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between the larger N. tingi and N. procyonoides regarding bite force, while N.
megamasotides presents the lowest values among the three species but without any
significant deviation. Cerdocyon thous is another small sized canid of South America,
with comparable morphology (developed subangular lobe) and ecology to Nyctereutes
procyonoides (Lucenti, 2019; Rocha et al., 2008). Cerdocyon thous shows a variety of
food preferences such as fruits, reptiles, amphibians, arthropods, small vertebrates
such as rodents and a small portion of birds that inhabit the ground surface (Rocha et
al., 2008). On the other hand another South American canid, the similarly sized
hypercarnivore Speothos venaticus (Nowak, 2005; Van Valkenburgh, 2007). Speothos
venaticus is very social and hunts in groups to take down prey greater than its size
(Beisiegel and Ades, 2002; Nowak, 2005). In contrast, C. thous is solitary, usually living
in pairs (Rocha et al., 2008), as Nyctereutes procyonoides (Nowak, 2005; Ward and
Wurster-Hill, 1990). Even though Nyctereutes procyonoides has been observed to
forage as a small group before no pack hunting has been recorded (Ward and Wurster-
Hill, 1990). Previous studies show that S. venaticus exerts significantly higher bite
forces compared to both N. procyonoides and C. thous (Christiansen and Adolfssen,
2005; Damasceno et al., 2013; Penrose et al., 2020; Wroe et al., 2005). Regardless
being comparable in size with N. procyonoides and C. thous, S. venaticus presents a
set of morphological adaptations related to hypercarnivory (Van Valkenburgh, 2007),
allowing this canid to exert high bite forces. Even though previously no specialized
morphologies regarding bite force enhancement have been reported in Nyctereutes, in
this study we observed specific differences in skull morphology related to muscle
accommodation (temporalis size) and muscle mechanical leverage. These differences
most probably are associated with the bite force variation observed among Nyctereutes
species taking into account the larger size of N. tingi and N. donnezani too.

Concerning the maximum prey size (Table 17), apparently the solitary hunting behavior
of C. thous and N. proyconoides along with the unspecialized morphology for killing
sets some boundaries to the maximum prey size. Recent re-examination of
Nyctereutes material from China shows a shift towards larger sizes for raccoon dog
after Late Pliocene in the Asiatic region (Farjand et al., 2020). Studies regarding the
dietary preferences of Nyctereutes mark an increased carnivory in the more derived
representatives of N. sinensis prior to N. procyonoides from Late Pliocene to
Pleistocene in Asia (Lucenti, 2019; Farjand et al., 2020). This increase in size could
possibly justify the increased meat consumption, as larger sized predators can subdue
larger preys. Collectively, Nyctereutes does not present any specialized morphological
adaptations towards extreme bite force production, resulting in minor differences in bite
force between the various species. The fact that no pack hunting has been recorded in
Nyctereutes, leads to the assumption that the more robust N. tingi and N. donnezani
were able to hunt larger preys than the smaller N. megamastoides and N.
procyonoides, mainly due to their larger size and secondly to the morphological
adaptations reported here.
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6 CONCLUSIONS

As in the DFNL1 site (Koufos 1992), the present study confirmed the presence of N.
megamastoides in the DFN3 fossil site based on both morphological observations and
metric data of the cranium DFN3-155. Additionally, morphological observations of the
studied new sample from DFN3 site suggested that some specimens (DFN3-154,
DFN3-8), representing two individuals, belong to another species of Nyctereutes, most
likely N. tingi. However, the analysis of the lower dentition also suggests metrical
similarities of DFN3-154 and DFN3-8 specimens with N. vulpinus. The possibility for N.
vulpinus originating from a European lineage of N. tingi has been previously suggested
(Monguillon et al., 2004). The new findings from Dafnero are remarkable. Primarily,
because they further support the presence of N. tingi in the Middle Villafranchian (2.3
Ma) of Europe (Spassov, 2003), in a similar manner as to Asia. Secondly, because they
identify the contemporaneous presence of two Nyctereutes species, one primitive (N.
tingi) and one more derived (N. megamastoides) at the same site. Such a coexistence
has been previously described in Asia with N. tingi and its possible successor N.
sinensis. The simultaneous occurrence of two different species of Nyctereutes at the
same habitat (Farjand et al., 2020; Tedford and Qiu, 1991) is probably a result of the
extreme dietary plasticity of the genus (Asahara and Takai, 2017; Drygala et al., 2014;
Kowalczyk and Zalewski, 2011). A similar ecological scenario is evident in Dafnero site.
The more primitive N. tingi co-exists with N. megamastoides, which is considered the
European counterpart of the Asiatic N. sinensis (Rook et al., 2017; Tedford and Qiu,
1991). It is curious that Nyctereutes did not survive in Europe. In the mid-late
Pleistocene the evolution of N. sinensis led to the appearance of N. procyonoides in
Asia which managed to survive through the Ice Age (Farjand et al., 2020). Extant
Nyctereutes is characterized by its opportunistic behavior. Fossil evidence from South
America marks that dietary specialization in canids leads to decreased survival odds
(Balisi et al., 2018). Currently, the main competitor of Nyctereutes is the similar-sized
red fox, Vulpes vulpes (Drygala et al., 2014). However, the more opportunistic behavior
of Nyctereutes, including a wide variety of food sources and the more carnivorous diet
of the red fox allow these animals to coexist without a problem (Baltrinaité, 2002;
Drygala et al., 2014; Elmeros et al., 2018; Sutor et al., 2010). A dietary overlap between
the more carnivorous species of Nyctereutes, N. tingi and N. donnezani and the
contemporaneous similar-sized canids would have been possible. The appearance of
the more derived Nyctereutes species is estimated at 3.9 Ma in Europe with N.
megamastoides-like raccoon dog (Lucenti et al., 2018) and around 2.3 Ma for N.
sinensis in Asia, respectively (Farjand et al., 2020). We could hypothesize that a more
omnivorous diet in the more derived Nyctereutes species is preferred in order to avoid
competition with other canids. However, the earlier appearance of N. megamastoides
in Europe marks this dietary transition in Nyctereutes prior to the dispersal of wolf-like
canids in Europe (Late Pliocene, ~3.0 Ma; Sardella and Palombo, 2007; Sotnikova and
Rook, 2010)). The recent invasion of the golden jackal in East Africa has resulted in
sympatry among three different similar sized jackal species, that of Canis aureus, Canis
mesomelas and Canis adustus (Van Valkenburgh and Wayne, 1994). The intermediate
dietary preferences of Canis aureus along with the abdudance of prey in the plains of
Eastern Africa makes this co-existence feasible, despite the simultaneous presence of
various smaller and larger carnivore predators (Van Valkenburgh and Wayne, 1994).
Size divergence is not noticeable, in order to avoid competition between the
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intermediate sized jackals with the smaller or larger carnivore species in Eastern Africa
(VanValkenburgh and Wayne, 1994). The authors report that sympatric carnivores like
jackals, should be separated not based to prey choice, but according to the relative
ratio of vertebrate and non vertebrate prey in their diet. Size divergence is a character
reported in Nyctereutes with the more primitive N. tingi and N. donnezani being
relatively larger than the more derived N. megamastoides and N. procyonoides.
Spatially Europe is more restricted, especially in the Balkan peninsula, than the vast
plain fields observed in Asia. It is possible that the dispersal of the wolf-like canids in
Europe such as Canis arnensis, Canis etruscus resulted in increased competition. A
gradual decrease in size is reported in Nyctereutes, with the only exception the recent
findings of N. sinensis in Asia. Dietary shift is marked in Nyctereutes prior the
appearance of the wolf-like canids in Europe. We hypothesize that the more restricted
area of Europe, resulted in decrease of prey availability but also in an increase of the
competition among the carnivores present at the time, including Nyctereutes tingi. It is
also possible that the gradual reduction in size in Nyctereutes, amplified the competition
of Nyctereutes with the smaller sized carnivores such as badgers, skunks and foxes.

A general trend in Nyctereutes diet towards omnivory has been highlighted by previous
authors, mainly by dental morphological observations (Lucenti, 2019; Monguillon et al.,
2004). Many researchers however have speculated that the presence of the subangular
lobe in the more derived Nyctereutes is related with a more rapid and successive
mastication ability (Lucenti, 2019; Curtis and Santana, 2018; Daguenet and Sen, 2019;
Miller and Fowler, 2015), not managing however to fully reconstruct the ecology of the
genus. During our study, a grouping of N. procyonoides with N. megamastoides and
that of N. tingi with N. donnezani has been observed sharing a sum of common
morphological features. The analysis of muscle accommodation in Nyctereutes
revealed that the more omnivorous N. megamastoides invests in the development of
the masseter muscle in expense of the temporalis, while N. procyonoides along with N.
tingi and N. donnezani retain a stronger temporalis muscle. However, the enrichment
of the studied sample is essential to fully confirm this hypothesis. The geometric
morphometric analysis in Nyctereutes crania also revealed different functional
properties between the derived N. procyonoides and N. megamastoides and the more
primitive N. tingi and N. donnezani. Nyctereutes procyonoides and N. megamastoides
are characterized by more horizontally aligned crania and elevation of the TMJ. The
horizontally aligned crania assists the temporalis muscle into faster retrieving of the
coronoid process, resulting in swift snapping shut of the lower jaw (Penrose, 2018). On
the contrary N. tingi and N. donnezani show a more vertically structured cranium. A
more vertically oriented cranium is believed to provide a more sustainable bite in
expense of velocity (Penrose, 2018). Furthermore the vertical orientation of the cranium
limits the torsion forces exerted during hunting (Tseng and Flynn, 2015). The elevation
of the TMJ provides a better mechanical advantage for the masseter muscle (Figueirido
et al., 2010), with the masseter being a functionally important muscle in herbivores,
related with the grinding of the food (Allouch, 2018; Herring, 1993; Popowics and
Herring, 2006). The presence of the subangular lobe has not only systematic value as
a discriminating feature between the different Nyctereutes species but also performs
multiple functionally important roles. It serves as an additional insertion area for the
masseter and pterygoid muscle. Increasing the available surface area results in
increased mechanical advantage for these muscles simultaneously. Moreover, the
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insertion of deep masseter fascicles into the subangular lobe reorients this muscle’s
fascicles in'a more vertical position, suggesting enhanced grinding ability. The main
function of medial pterygoid is to aid in closing the jaw, where the task of the lateral
pterygoid is yet unclear (Penrose, 2018). It is thought though that because the medial
pterygoid inserts on the opposite sides of the mandible, it participates in rotating the
mandibular body around its long axis at opposite directions (Popowics and Herring,
2006). Due to its insignificant size, the lateral pterygoid has not been studied properly
yet (Hartstone-Rose et al., 2012; Penrose, 2018; Turnbull, 1970). Lastly the digastric
muscle is also enhanced by the presence of the subangular lobe, offering a more
posterior insertion position for digastric and increasing its functional properties. The
Canidae exhibit a more posterior insertion position for the digastric muscle relative to
felids, highlighting the importance for a faster occlusion in canids and for a wider gape
in felids (Scapino, 1976). Thus the further posterior insertion position of digastricus in
Nyctereutes is assumed to allow rapid chewing ability (Ewer, 1973; Miller and Fowler,
2015). Similar HSB patterns were observed in all Nyctereutes species examined,
suggesting that there is not an apparent dental morphological adaptation for the
consumption of tough food material. The examination of bite force in Nyctereutes via
dry skull method resulted in variation between species, showing higher bite force values
in the smaller N. procyonoides and N. megamastoides. The bite force estimations
showed similar bite force values relative to body size, indicating that N. tingi and N.
donnezani possess stronger bite only due to their larger size. The estimation of prey
size in Nyctereutes revealed that the larger N. tingi and N. donnezani could probably
capture larger preys than N. megamastoides and N. procyonoides, as expected.
Presumabily, the largest prey of Nyctereutes should be animals such as hares or some
sizeable birds and rodents. The fact that the extant N. procyonoides is not a pack hunter
limits the potential prey size. Most likely the same solitary behavior was also true for
the fossil species of Nyctereutes.

Our observations in general agree with previous assumptions about the ecology of
Nyctereutes. Nyctereutes megamastoides and N. procyonoides present a variety of
cranial morphological features towards a more omnivorous diet, while the more
primitive N. tingi and N. donnezani retain some characteristics indicative of carnivory.
These characteristics are summarized in Table 19.

Table 19. The various adaptations of Nyctereutes reported in this study.

Nyctereutes
tingi donnezani = megamastoides @ procyonoides
Temporalis Extra Space Present Present Absent Absent
Masseter Extra Space Absent Absent Present Present
Vertical Cranium Present Present Absent Absent
Horizontal Cranium Absent Absent Present Present
Strong Digastricus Absent Absent Present Present
Strong Bite Present Present Absent Absent
Rapid chewing Less Capable @ Less Capable Capable Capable

80



Nyctereutes megamastoides is probably the more omnivorous among the rest. His
increased omnivorous diet is not only reflected in the higher m2/m1 scores (Lucenti,
2019), but also to its cranial development. This species is probably characterized by
rapid chewing ability reflected in the horizontally aligned cranium and the increased
mechanical properties of digastric muscle with the more insertion position. Presumably,
its ecology would be similar with the extant N. procyonoides, showing a wide spectrum
of diet preferences but probably with higher percentages of plant food. The marked
decrease of the temporalis strength, which is the main bite force producer, in N.
megamastoides should probably affect its capability for preying. Its fast repetitive
chewing is probably utilized to catch small and agile prey and not to process demanding
tough plant material. The average prey size was estimated around 0,8 Kg for N.
megamastoides. Most usual prey would be small animals that were easy to catch such
as lizards, amphibians and arthropods. Occasionally small rodents like mice could be
fallen prey to it, as it has been observed in the extant Cerdocyon thous.

Nyctereutes tingi and N. donnezani are considered the most carnivorous species
compared to the rest of fossil Nyctereutes. Their carnivoran behavior is marked by
specific modifications that aim to enhance the temporalis. A stronger temporalis muscle
is assumed regarding the endocranial volume in comparison with the other fossil
Nyctereutes. The more vertical structure of the cranium offers stability and endurance
during biting and decreases the torsion forces exerted. Furthermore, N. tingi and N.
donnezani possess stronger bite forces due to their larger size overall. Collectively, the
previous traits allow both N. tingi and N. donnezani to catch larger preys than N.
megamastoides and the extant N. procyonoides. The diet of N. tingi and N. donnezani,
would be closer to that of Vulpes vulpes (red fox), with frequent hunting of prey such
as rodents, hares, birds but also smaller animals like insects and amphibians when
prey availability is scarce. Finally, plant material would complete its diet. The average
prey size for N. tingi and N.donnezani is estimated around 1-3 kg. No group hunting
has been recorded in extant N. procyonoides. Assuming that the same applies to the
fossil taxa, N. tingi and N. donnezani would not have been able to hunt prey larger than
themselves.

Fossil Nyctereutes has co-existed with similar or larger sized carnivores in the majority
of Greek but also in some European fossil sites (e.g., St. Vallier- La Puebla). We could
assume that the dietary plasticity of Nyctereutes allowed it to co-exist with larger and
similar sized carnivores in the same way as the extant N. procyonoides. The bovids
present in these sites were probably the primary target of the big-sized hypercarnivores,
while the smaller canids like foxes and mustelids including Nyctereutes selected much
easier preys like arthropods, lizards and insects or small rodents and lagomorphs. For
instance, the fossil fauna assemblage of Megalo Emvolo is characterized by the
presence of Trischizolagus dumitrescuae, Trischizolagus cf. maritsae, Oryctolagus cf.
laynensis and Microspalax odessanus. Trischizolagus and Oryctolagus are similar to
extant Lepus (hare). Both Trischizolagus and Oryctolagus are characterized by
enhanced fossorial ability (Averianov, 1995). Moreover, Trischizolagus seems to be
less adapted to cursorial habits than the extant Lepus (Averianov, 1995). Microspalax
odessanus is a mole rat, which is mainly fossorial living in burrows (Genelly, 1965). All
the above-mentioned fossil species consist ideal prey for Nyctereutes as they lack
agility or robustness.
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APPENDIX

Table 20. Raw data of skull Measurements of Nyctereutes. All measurements were taken digitally using

ImageJ.
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Table 21. Raw measurements of Nyctereutes upper dentition. All measurements were taken digitally

using ImageJ.
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Table 22. Raw measurements of Nyctereutes lower dentition. All measurements were taken digitally

using ImageJ.
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Table 23. Raw data used for RMA regression analysis in this study as given by (Ilto and Endo, 2016).
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Fig. 35. DFN-17 (N. megamastoides), A: dorsal view, B: ventral view
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Fig. 36. DFN-17 (N. megamastoides) lateral view, LGPUT.
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Fig. 40. MEL-1 (N. tingi) lateral view, LGPUT.
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Fig. 41. MEL-2 (N. tingi), A: dorsal view, B: ventral view, LGPUT.

MEL-2

Fig. 42. MEL-2 (N. tingi) lateral view, LGPUT.
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