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Structure of the upper teeth of the red fox (Vulpes vulpes)
and Arctic fox (Vulpes lagopus) and analysis
of dental variability in insular forms

Dmitriy O. Gimranov

ABSTRACT. Various polymorphic dental characters of Vulpes vulpes and Vulpes lagopus have been described
on the basis of a detailed description of the occlusal surfaces of P4, M1, and M2. The prevalence of these
characters was found to be significantly different between samples of V. vulpes and mainland V. lagopus,
which can be used to determine species in a fossil record. Notably, Commander Islands V. lagopus differ
from mainland V. lagopus in most of the characters. However, some characters of Mednyi Island V. lagopus
are unique to them and are not found in any other sample. Some samples from Bering Island do not display
such specific features. Samples of ancient foxes, V. praeglacialis and V. praecorsac, have also been studied.
Primitive features were observed in both V. praeglacialis and V. praecorsac, with the latter exhibiting also
a number of advanced features. It has also been found that primitive features are prevalent in the maxillary
dentition of V. vulpes. The insular groups of V. lagopus display numerous primitive features, whereas main-
land V. lagopus demonstrate a substantial number of advanced characters. This combination of primitive
and advanced features is typical of insular V. lagopus and indirectly suggests that these populations have
spent a long time in isolation.
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CTpyKTypa BepxHuUx 3y6oB nucuubl (Vulpes vulpes)
u necua (V. lagopus) n aHanns ee U3MEHYNBOCTHU
Yy OCTPOBHbIX hopm

0.0. 'mmpaHoB

PE3IOME. Ha ocHoBe neTanbHOTr0 N3y4eHusi KOpoHapHbIX nmoBepxHocted P4, M1 1 M2 onrcanbl 3yOHbIE
npusHaku y V. vulpes n V. lagopus odnanatomue nonumopdusmom. Yactora BcTpeuaeMoCTH 3yOHBIX TPH3HA-
KOB CYIICCTBEHHO pa3inyanach Mexay V. vulpes u MaTepukoBbM V. lagopus. IT0 MOKET ObITh HCIIOIb30BAHO
TP UICHTH(HKAIINK UCKOITAeMBIX OCTATKOB dTHX OIU3KOPOICTBEHHBIX BHIOB. OcTpoBHEIE (KoMaHmopckue)
V. lagopus OTINYArOTCST OT MAaTEPUKOBHIX V. lagopus 10 MHOTHX IPH3HAKaM, B TO BPeMs Kak HEKOTOpPbIE
0COOEHHOCTH CcTpoeHHs 3y00B V. lagopus ¢ 0. MenHbIi yHUKAJIbHBI JUI1 HUX U HE BCTPEYAIOTCS B PYIUX
BBIOOpKAX. Y HEKOTOPBIX MECIOB ¢ 0CTpoBa bepuHra mompoOHbIe 0COOCHHOCTH HE MPOCIeKuBaroTes. Js
MOHUMAaHHUS YBOJIOIMOHHOTO XapaKTepa MPU3HAKOB UCCIICIOBAIUCE 3yObl ApeBHUX (hopM V. praeglacialis
n V. praecorsac. IlpuMUTHBHBIE YepTHl B CTpOEHUN 3y00B HaOmonanuck kak y V. praeglacialis, Tak n'y
V. praecorsac, HO y IOCIICITHET0 HIMEETCS U PSJ IPOJBHHYTHIX XapakTeprcTHK. Cpein BCeX H3yYEHHBIX CO-
BPEMEHHBIX BEIOOPOK MTPUMUTHBHBIE COCTOSHUS 3yOHBIX MPU3HAKOB Npeobmanarot y V. vulpes. OCTpoBHEIE
rpynnsl V. lagopus N1eMOHCTPUPYIOT MHOTOYHCIICHHbIE IPUMUTUBHBIE OCOOEHHOCTH B CTPOCHUH 3y0OB, B
TO BpeMsi Kak MaTepukoBble V. lagopus NeMOHCTPUPYIOT 3HAYUTEILHOE YHCIIO TIPOJABUHYTHIX COCTOSHHH.
Takoe coyeTaHHe TPUMHUTHBHBIX IPU3HAKOB C TIPOTPECCUBHBIMHU XapaKTEPHO [Tl OCTPOBHBIX V. lagopus u
KOCBEHHO CBHJICTEIILCTBYET O TOM, YTO 3TH IOMYJISLMH JIOJIT0€ BPeMs HAXOAATCS B U3OJISALHH.

KIJIYOUEBBIE CJIOBA: Vulpes vulpes, Vulpes lagopus, Bepxane 3yObl, H3MEHINBOCTb, 3yOHBIC IPH3HAKH,
OCTPOBHAS M30JLLHU, IHATHOCTHKA BUIOB.
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Introduction

Both the red fox (Vulpes vulpes L., 1758) and Arctic
fox (Vulpes lagopus L., 1758) are widely spread species.
V. vulpes are distributed throughout Northern Eurasia,
except in tundra and Arctic zones, whereas V. lagopus
mostly populate inland and Arctic island territories.

Besides overlapping in the past, the areas of these
two species are currently overlapping (Aristov &
Baryshnikov, 2001). Remains of both V. vulpes and
V. lagopus are commonly found in Pleistocene and
Holocene faunas (Vereshchagin & Kuzmina, 1982;
Kuzmina & Sablin, 1993; Sommer & Benecke, 2004;
Kosintsev et al., 2016). However, differentiating these
two species on the basis of fossil isolated specimens is
complicated (Benes, 1975; Lanoe, 2012). Generally,
extensive variability is observed in the morphological
structures of living and fossil members of the Canidae
family. In particular, extensive variability has been
observed in the dental morphology of members of
the genus Vulpes (Szuma, 2007, 2011; Tedford et al.,
2009; Perini et al., 2010; Prevosti, 2010; Gimranov
et al., 2015; Gimranov, 2017; Szuma & Germonpré,
2020a, b). Therefore, in many cases, some important
dental characters cannot be used to describe a species
or population without a preliminary study of their
variability. Previous investigations have attempted to
describe the variability of the dental morphology of the
V. vulpes and V. lagopus using Eurasian collections of
these species (Szuma, 2000, 2002, 2003, 2007, 2011;
Gimranov et al., 2015; Gimranov, 2017). However,
E. Szuma considered these variations only as a tendency
to form either more complicated or more simplified
morphotypes within a single character. Similar to other
researchers who studied this topic (Gimranov et al., 2015;
Gimranov, 2017), Szuma did not discuss the evolutionary
nature of the variability of dental characters.

However, both authors provide us with quite
extensive information on the variability of the upper
cheek teeth of different members of the Vulpes genus
(Szuma, 2002, 2007, 2011; Gimranov, 2017). Szuma
(2007,2011) proven that the P4 V. vulpes and V. lagopus
were found to have variable lingual cingulum, protocone
position and plesioconule, while M1 had variable lingual
cingulum and hypocone. Gimranov (2017) also comes to
this conclusion and complements it: in P4 the V. vulpes,
V. corsac and V. lagopus are variable metacone of P4,
with an occlusal shape and protocone complex in M1.
Gimranov (2017) also evaluated the variability of M2
and highlighted the different morphotypes for this tooth.

Studying the morphological variability of recent
V. vulpes and V. lagopus from Northern Eurasia, we
found significant differentiation in the dental characters
between mainland V. lagopus and Commander Islands
V. lagopus (Gimranov, 2014). The presence of such
differentiation in V. lagopus (exterior, dimensional, and
genetic) has been frequently discussed by researchers
(Heptner et al., 1967; Dzikija et al., 2007; Geffen et al.,
2007; Szuma, 2008, 2011; Ploshnitsa et al., 2012, 2013;
Nanova & Proa, 2017; Martin-Serra et al., 2019a; Proa

& Nanova, 2019). The reasons for these differences are
clearly related to the island specificity of these animals
and their isolation from the mainland community.
Studying the dental morphology and comparatively
analyzing the dental characters of the members of the
Vulpini tribe can provide us with an opportunity to
analyze island forms in terms of island isolation.

Thus, the aims of this study are to describe the
morphology of occlusal surfaces of the teeth of two
Vulpes species (V. vulpes and V. lagopus) and to evaluate
the variation of the dental characters of Commander
Islands V. lagopus populations from the viewpoint of
the influence of island isolation.

Materials and methods

Cranial samples of V. vulpes and V. lagopus from
different parts of Russia and other countries were studied.
Data were obtained from collections of the Zoological
Museum of Moscow State University (Moscow),
Zoological Institute of the Russian Academy of Sciences
(Saint Petersburg), and the Museum of the Institute of
Plant and Animal Ecology (Yekaterinburg).

The localities and sample sizes for V. vulpes were as
follows: Armenia (n = 10); Austria (n = 1); Azerbaijan
(n=3); Belarus (n=12); Bulgaria (n = 1); Georgia (n =
4); Germany (n = 6); Kazakhstan (n = 5); Kyrgyzstan
(n = 3); Mongolia (n = 13); Romania (n = 5); Russia,
Amur Region (n = 6), Arkhangelsk Region (n = 9),
Astrakhan Region (n = 3), Volgograd Region (n = 5),
Vologda Region (n = 9), Voronezh Region (n = 10),
Irkutsk Region (n = 10), Kaliningrad Region (n = 5),
Kamchatka Territory (n = 10), Kirov Region (n = 5),
Krasnodar Territory (n = 16), Krasnoyarsk Territory (n =
17), Leningrad Region (n = 12), Magadan Region (n =
4), Moscow Region (n = 6), Murmansk Region (n = 6),
Novgorod Region (7 = 2), Novosibirsk Region (n = 1),
Orenburg Region (n = 12), Primorye Territory (n = 11),
Pskov Region (n=4), Republic of Altai (n = 6), Republic
of Kalmykia (n =4), Republic of Sakha (Yakutia, n=15),
Republic of Tatarstan (n = 6), Republic of Tuva (n =5),
Rostov Region (n = 5), Samara Region (n = 4), Saratov
Region (7 =10), Smolensk Region (n = 8), Tver Region
(n=17), Tyumen Region (n = 2), Udmurt Republic (n =
3), Khabarovsk Territory (n = 6), Chelyabinsk Region
(n = 16), and Chukotka Autonomous Area (n = 12);
Tajikistan (n = 5); Turkmenistan (n = 15); Ukraine (n =
15); and Uzbekistan (n = 10).

The localities and sample sizes for V. lagopus were
as follows: Norway (n = 12) and Russia, Arkhangelsk
Region (n = 30), Kamchatka Territory (Bering Island,
n = 30; Mednyi Island, » = 13), Krasnoyarsk Territory
(n=35), Republic of Sakha (Yakutia, n = 30), Chukotka
Autonomous Area (n = 30), and Yamal-Nenets
Autonomous Area (n = 12). Table 1 shows a list of
the characters discussed in this study. The following
published data was used to describe dental occlusal
surfaces and determine the characters’ grades (Butler,
1939; Hershkovitz, 1971; Tedford et al., 1995, 2009;
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Table 1. Description of the characters and states of the teeth.

P4

Characters

State

Description

Lingual cingulum

Complete

Incomplete

Present under the metacone blade

Absent

Cingulum around the protocone

Complete

Incomplete

Present only at the posterior part of the protocone

Q| |mg|0|w

Absent

Protocone crests

Anterior
crest

Present

Absent

Posterior
crest

Present

Absent

Inner
crest

Present

Absent

Anterior cingulum

Extends on the labial side of the crown

Extends to the anterolabial corner of the crown

Developed only on the anterior side

Developed only at the base of the anterior paracone crest

Lingual paracone crest

Rises from the base of the protocone to the top of the paracone

Extends from of the protocone base to the paracone base

Absent

Parastyle

Present

Absent

Plesioconule

Very large

Medium size

Small

Absent

M1

Lingual cingulum around the proto-
cone

Complete

Incomplete

Developed of the parastyle (Ps)

Very large

Medium size

Small or absent

Cingulum behind the metaconule

Cingulum complete, extends to the hypocone

Cingulum does not extend to the hypocone

Absent

Inner crest of the paracone

Complete

Incomplete

Absent

Paraconule separation from the
preprotocrista

Present

Absent

Hypocone

Small

Large

Large, divided into two parts by an inner groove

Large, divided into three parts by inner grooves

Double-cusped

Inner crest of the hypocone

Present

Absent

Posterolingual cingulum

No contact with metaconule

Contact with metaconule is present

M2

Metacone

Metacone length equal to paracone length

Metacone length is slightly smaller than paracone length

Metacone length half as less as paracone length

Postprotocrista

Complete, with a cusp-like metaconule

Complete, with a ridge-like metaconule

Incomplete postprotocrista, with a reduced metaconule

Not developed

Protocone

Reduced

Lingual cingulum around
the protocone

Complete

Incomplete

Protocone and paraconule separation

Present

Absent

Hypocone

Large

Z|Z|o| R === emm|g|alw|>|<|c| 8w R o= |02 R || R == [z|a | m|T|a)wm | > [X|E| < c|3|w|Rlo[w o]z [E|

Small
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Rabeder, 1999). In particular, we noted that, in the
Canidae family, the posterolingual cingulum of M1 and
M2 is referred to as the hypocone (Wang et al., 1999;
Tedford et al., 2009). In this study, we followed Tedford
and Wang and used the term “hypocone.”

None of the samples were categorized on the basis
of sex, as previous research has shown that dental
morphotype variation of the V. vulpes and V. lagopus
is not significantly associated with sex (Szuma, 2002;
El’kina, 2007). Only individuals with unworn teeth
were included in the analysis, and individuals displaying
different character states in the left and right teeth were
excluded.

To define the relationships (primitive or derived)
between the character states studied, we used the date
matrices of the dental characters published by Wang
(1994), Wang et al. (1999), Tedford et al. (1995, 2009),
and Prevosti (2010). Table 1 shows a list of the studied
characters and their states for P4 and M1-M2. The
structure of the teeth of V. praeglacialis (Kormos, 1932)
and V. praecorsac (Kormos, 1932) was discussed on
the basis of published images and descriptions (Del
Campana, 1913; Kormos, 1932; Thenius, 1954; Viret,
1954; Odintzov, 1965; Kurten, 1968; Bonifay, 1971;
Rabeder, 1976; Kurtén & Crusafont-Pairo, 1977; Janossy,
1986; Wiszniowska, 1989; Garcia & Arsuaga, 1999;
Caleros et al., 2006; Garrido, 2008; Madurell-Malapeira
et al., 2009; Petrucci et al., 2013; Koufos, 2014, 2018;
Rook et al., 2017). We also had the opportunity to study
some of the collections listed above at the Hungarian
Natural History Museum (five samples of V. praeglacialis
from Early Pleistocene localities, Villany, Hungary),
the Hungarian Institute of Geology and Geophysics
(three samples of V. praeglacialis and two samples of
V. praecorsac from Early Pleistocene localities, Villany,
Hungary), and the Department of Palacontology of the
University of Vienna (15 samples of V. praeglacialis and
five samples of V. praecorsac from Early Pleistocene
localities, Deutsch Altenburg 2C, Austria).

Notably, Alopex (which is the same as V. lagopus) has
been previously treated as a separate genus. However, at
present, it is considered a subgenus of Vulpes (Wilson &
Reeder, 2005; Abramov & Khlyap, 2012).

Results

P4 — In V. vulpes, the lingual cingulum (Fig. 1)
is either completely developed (48.9%, state A) or
incompletely developed (44.2%, state B; Tab. 2), whereas
the lingual cingulum in mainland V. lagopus is strongly
reduced (40.9%, state C). In the island populations of V.
lagopus, the completely developed form is predominant
(66.7% and 69.2%, state A).

The lingual cingulum around the protocone is present
only at the posterior part of the protocone in V. vulpes
and mainland V. lagopus (81.8% and 96.2%, state G),
whereas in the islands forms of V. lagopus, the cingulum
around the protocone is frequently less complete (73.3%
and 61.5%, state G).

The anterior protocone crest is absent (state I
“absent”) in both V. vulpes and mainland and Bering
Island V. lagopus but quite prevalent in Mednyi Island
V. lagopus (38.5%, state I “present”). On the other hand,
the posterior protocone crest is almost always present
in V. vulpes (95.3%, state J “present”). In mainland and
Bering Island V. lagopus, this feature is observed in
approximately half of the cases (57% and 46.7%, state
J“present”). In Mednyi Island V. lagopus, this character
is very frequent (76.9%, state J “present”).

The inner protocone crest is almost ubiquitous in V.
vulpes (93.4%, state K “present”) and completely fixed
in the island populations of V. lagopus (100% and 100%,
state K “present”). However, this character is often absent
in mainland V. lagopus (22.6%, state K “absent”).

The anterior cingulum in V. vulpes is less developed
(17.4%, states L and M) than in the island populations of
V. lagopus (96.7% and 61.5%, states L and M). Mainland
V. lagopus exhibit almost equal frequencies of developed
(47.2%, states L and M) and weakly developed (52.8%,
state N) anterior cingulum.

The lingual paracone crest in V. vulpes is complete
in the majority of the individuals (94.2%, state P) but
typically incomplete or absent in mainland V. lagopus
(46.5%, state Q; 52.2%, state R). This character is
often absent in Bering Island V. lagopus (76.7%, state
R) but is totally absent in Mednyi Island V. lagopus
(100%, state R).

The parastyle (Fig. 2) is usually absent (state T) in all
species and forms studied (Tab. 2). The parastyle is very
rarely present in mainland V. lagopus (2.5%, state S) and
Bering Island V. lagopus (3.3%, state S). The same holds
true for the plesioconule (Fig. 2) in V. vulpes (96.8%, state
X) and Mednyi Island V. lagopus (100%, state X). This
character is occasionally found in a weakly pronounced
form in mainland (17.0%, state W) and Bering Island
(26.7%, state W) V. lagopus.

M1 — The lingual cingulum around the protocone
(Tab. 3, Fig. 3) is often complete in V. vulpes (70.0%,
state A) and the island populations of V. lagopus (80%
and 84.6%, state A), whereas the incomplete variant of
this character is predominant in mainland V. lagopus
(66.7%, state B).

The parastyle is small (state D) and mostly absent
(state E) in almost all species and forms studied. The cin-
gulum behind the metaconule is typically well developed
in V. vulpes (91.9%, state G) and the island populations
of V. lagopus (70% and 84.6%, state G) and is mainly
absent in mainland V. lagopus (91.2%, state H).

The inner crest of the paracone in V. vulpes is often
complete and well developed (98.9%, state I), whereas
the reduced variant (state O or K) is predominant in all
individuals of V. lagopus studied.

The separation of the paraconule from the
preprotocrista was not studied in the island populations
of V. lagopus. This character is frequent in V. vulpes
(98.4%, state L) and moderately prevalent in mainland
V. lagopus (50%, state L).

In all species and forms studied, the hypocone is
predominantly large and well developed (Fig. 4, state O).
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Fig. 1. States of the characters of the P4 in V. vulpes and V. lagopus. Pa— Paracone, Me — Metacone, Pr — Protocone. Lingual

view: states A—D and P-R, occlusal view: states E-O.

Parastyle (Ps) Plesioconule (Plc)

anterior «— posterior

Fig. 2. States of the characters of the P4 in V. vulpes and
V. lagopus. Pa— Paracone, Me — Metacone, Ps — Parastyle,
Plc — plesioconule (labial view).

Notably, in V. vulpes, the cusp often displays an inner
groove (22.9%, state P).

The inner crest of the hypocone is frequently absent
in the majority of V. vulpes (88.4%, state T) and Bering
Island V. lagopus (93.9%, state T) specimens. In main-
land and Mednyi Island V. lagopus, this character is
also frequently absent (71.1% and 76.9%, respectively).

The posterior cingulum of the hypocone is often not
connected to the metaconule in V. vulpes (98.9%, state
U) and the insular populations of V. lagopus (80.0% and
100%, state U). However, in mainland V. lagopus, it
merges with the metaconule in half of the cases (54.4%,
state V).

M2 — In V. vulpes, the metacone length (Tab. 4,
Fig. 5) is typically large, only slightly smaller than the
paracone length (75.1%, state B). In mainland and Ber-
ing Island V. lagopus, the metacone length is frequently
two times smaller than the paracone length (73.9% and
70.0%, state C), whereas in Mednyi Island V. lagopus,
a large metacone is predominant (46.2%, state B). The
metacone and paracone lengths in Mednyi Island V. la-
gopus are most frequently equal (15.4%, state A).

The postprotocrista in V. vulpes is often complete,
with a ridge-like metaconule (55.5%, state E). In
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Table 2. Frequencies of the characters of the P4 in members of the genus Vulpes. 1 — V. vulpes (all), 2 — V. lagopus
(mainland), 3 — V. lagopus (Bering Island), 4 — V. lagopus (Mednyi Island), 5 — V. praeglacialis, 6 — V. praecorsac.

1 2 3 4
Characters State % p % p % p % Y

A 185 | 48.9 17 10.7 20 66.7 9 69.2 19

Lingual cingulum B 167 | 44.2 50 31.4 9 30.0 4 30.8 0
C 26 6.9 65 40.9 1 33 0 0.0 0

D 0 0.0 27 17.0 0 0.0 0 0.0 0
n 378 159 30 13 19
E 32 8.4 1 0.6 3 10.0 0 0.0 0

Cingulum around F 37 9.7 5 3.2 5 16.7 5 38.5 0
the protocone G 311 | 81.8 151 96.2 22 73.3 8 61.5 2
H 0 0.0 0 0 0 0.0 0 0.0 18
n 380 157 30 13 20
I Present 2 0.5 2 1.3 0 0.0 5 38.5 1
Absent 378 | 99.5 157 98.7 30 | 100.0 8 61.5 17

n 380 159 30 13 18

I Present | 362 | 95.3 90 57.0 14 46.7 10 76.9 18

Protocone crests Absent 18 4.7 68 43.0 16 53.3 3 23.1 1
n 387 158 30 13 19

K Present | 355 | 93.4 123 77.4 30 | 100.0 13 100.0 18

Absent 25 6.6 36 22.6 0 0.0 0 0.0 2

n 387 159 30 13 20

L 0 | 00| 2 13 0 | 00 0 00 | 11

Anterior M 66 | 174 | 73 [ 459 | 29 | 967 | 8 615 | 7

cingulum N 283 | 747 | 84 [ 528 1 3.3 5 385 | 2

0 30 | 7.9 0 00 | 0 | 00 0 0.0 0

n 379 159 30 13 20

, P 358 | 942 | 2 13 | 1 3.3 0 00 | 15

Lingual Q 6 16 | 74 [ 465 ] 6 [ 200 ] o 0.0 3

paracone crest

R 16 | 42 | 83 [3522] 23 [ 767 | 13 | 1000 | 2

n 380 159 30 13 20

Paastylo S 0 | 00| 4 25 | 1 3.3 0 0.0 1

T 380 |100.0] 155 [ 975 | 29 | 967 | 13 | 100.0 | 20

n 380 159 30 13 21
U 1 0.3 1 06 | 0 | 00 0 0.0

Plesioconule v 6 | 16 | 4 25 | 0 | 00 0 0.0 3

W 5 13 27 [170] 8 [267 ] o 0.0 2

X 368 | 96.8 | 127 | 799 | 22 | 733 | 13 | 100.0 | 15

n 380 159 30 13 21

N N[O~ |Q[N|N QRO [Q(Q || N N Q| — Q| Q[OQ(N QO |o|oIN|ococ|o|3|s | &

mainland and Bering Island V. lagopus, absence of
the metaconule is the main variant (81.0% and 73.3%,
state G). Mednyi Island V. lagopus frequently display
a particular (reduced) morphology of the protocone
(76.9%, state H).

In V. vulpes, the lingual cingulum around the proto-
cone is often complete (84.7%, state I), contrary to all
V. lagopus samples (Tab. 4). Bering Island V. lagopus
are considered an exception, as they display a high rate
of well-developed lingual cingula around the protocone
(43.3%, state I).

The separation of the paraconule from the
preprotocrista was not studied in the island populations
of V. lagopus. This character is typically absent in
V. vulpes (92.4%, state L) and mainland V. lagopus
(91.7%, state L).

The hypocone is large and well developed in most
cases inall V. vulpes and V. lagopus samples (from 76.7%
to 100%, state M). Notably, mainland and Bering Island
V. lagopus frequently exhibit a reduced, small hypocone
(22.6% and 23.3%, state N).
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Fig. 3. Character and state of the M1 in V. vulpes and V. lagopus. Pa — Paracone, Me — Metacone, Pr — Protocone, Hy —
hypocone, Ps — Parastyle, Mec — metoconule, Pac — paraconule. Anterior view: state A-B, labial view: states C—E, occlusal
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Fig. 4. Character and state of the M1 in V. vulpes and V. lagopus. Pa — Paracone, Me — Metacone, Pr — Protocone, Hy —
hypocone, Mec — metoconule, Pac — paraconule (occlusal view).
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Fig. 5. Character and state of the M2 in V. vulpes and V. lagopus. Pa — Paracone, Me — Metacone, Pr — Protocone, Hy —
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Discussion

Interspecific variability

P4 — The results of this study show that V. vulpes can
be distinguished from mainland V. lagopus on the basis
of most of the characters studied. The most important
characters for distinguishing between these two species
are the lingual cingulum, posterior and inner protocone
crests, development of the anterior cingulum, and shape
of the lingual paracone crest of P4. The island samples
of V. lagopus display a similarity to V. vulpes in terms of
the morphology of the lingual cingulum and the crests of
the protocone. The frequency of the anterior cingulum
helps differentiate the island populations of V. lagopus
from both V. vulpes and mainland V. lagopus. Mednyi
Island V. lagopus were found to be the most particular
population differing from all the other groups of Vulpes in
terms of the morphology of the cingulum around the pro-
tocone, anterior protocone crest, and anterior cingulum of
P4. The morphotype typical of the island populations of
V. lagopus can be broadly outlined as follows: complete
lingual and anterior cingula, tendency toward a high
frequency of complete cingula around the protocone,
and presence of all three protocone crests. Except for the
well-developed anterior cingulum and the presence of the
anterior protocone crest, all of these characters are typical
of V. vulpes as well. The shape of the lingual paracone
crest is probably a unique feature of V. vulpes, which is
mostly absent in V. lagopus. As previously shown, the

complete lingual cingulum is more dominant than the
discontinuous lingual cingulum (grades G1 and G2;
Szuma, 2007) in V. vulpes from Northern Eurasia. Fur-
ther, it was demonstrated that complete lingual cingula
(grade G1; Szuma, 2011) are more frequently found in
mainland V. lagopus than discontinuous lingual cingula
(grade G1; Szuma, 2011). Our results demonstrate that
a more detailed consideration of the morphology of the
lingual cingulum in V. vulpes and V. lagopus is important
for distinguishing between the two species. Variants of
the morphology of the plesioconule of P4 were also de-
scribed for V. vulpes and V. lagopus (Szuma, 2007, 2011).
In V. vulpes from Northern Eurasia, a simple morphology
without a pronounced plesioconule (grade E1; Szuma,
2007) is predominant, an observation that is in good
agreement with our data (Tab. 2). Variants of P4 with a
pronounced plesioconule (grades E2 and Ex3; Szuma,
2011) are more commonly found in mainland V. lagopus,
which is also in line with the results of the present study
(Tab. 2). Although a variation of some characters of P4
in V. vulpes and V. lagopus has been described earlier
(Gimranov, 2017), in our previous studies, we did not
consider the plesioconule and parastyle separately. It is
of note, however, that the parastyle is extremely uncom-
mon in V. vulpes and V. lagopus from Northern Eurasia.

M1 — Mainland V. lagopus can be distinguished
from V. vulpes on the basis of most characters of the
upper first molar: a developed lingual cingulum around
the protocone, a cingulum behind the metaconule, and
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Table 3. Frequencies of the characters of the M1 in members of the genus Vulpes. 1 — V. vulpes (all),
2 — V. lagopus (mainland), 3 — V. lagopus (Bering Island), 4 — V. lagopus (Mednyi Island),

S5 — V. praeglacialis, 6 — V. praecorsac.

3 4 516
Characters State B % T n % B % P % P
Lingual cingulum around the A [266|70.0| 53 |333| 24 | 80.0 | 11 | 846 | 8 | 1
protocon B |114(30.0|106|66.7| 6 | 20.0 2 1542 | 4
n 380 159 30 13 10| 5
C 1 1031 06| 0 0.0 0 00 | 1] 1
Developed of the parastyle (Ps) D 46 [12.1| 6 | 3.8 | 2 6.7 1 77 | 8 | 4
E [333[87.6[152|956| 28 | 933 | 12 | 923 |1 | O
n 380 159 30 13 10| 5
F 18147 0 | 00| O 0.0 0 00 ] 0|0
Cingulum behind the metaconule G [349(919| 14 | 88 | 21 | 70.0 | 11 [ 846 | 7 | 3
H 13 134 |145|912| 9 | 30.0 2 154 | 3 | 2
n 380 159 30 13 10| 5
I 376 {989 2 | 1.3 | 0 0.0 0 0.0 10l s

Inner crest of the paracone J 1 |03 |128]80.5| 30 |100.0| 13 |100.0
K 3 10829182 0 0.0 0 00 ] 0] 0
n 380 159 30 13 10| 5
Paraconule separation L [373]984] 6 [50.0| — — - - 8 | 5
from the preprotocrista M 6 | 16| 6 [500| — — — - 010
n 379 12 — — 8|5
N 0 (00| 1 07| 0 0.0 0 00 | 0] 2
O |281|739|138(90.2| 29 | 967 | 12 | 923 | 6 | 3
Hypocone P 87 122911 | 72 | 0 0.0 1 77 1210
Q 1 03] 0 ]00]| 0 0.0 0 00 ] 0] 0
R 11 129] 3 |20 1 3.3 0 00 ]2 1]0
n 380 153 30 13 10| 5
Inner crest of the hypocone S 44 |11.6| 46 |289| 2 6.7 3 231 | - | -
T (335|884 |113|71.1| 28 | 933 | 10 | 769 | — | —
n 379 159 30 13 - | -
Posterolingual cingulum U |[376]989| 72 |45.6| 24 | 80.0 | 13 [100.0] 9 | 5
\4 4 | 1.1 | 86 [544| 6 | 20.0 0 00| 1] 0
n 380 158 30 13 10| 5

separation of the paraconule from the preprotocrista.
The island populations of V. lagopus exhibit a cingulum
behind the metaconule and a posterolingual cingulum,
similar to V. vulpes. The frequency of an incomplete
inner crest of the paracone is similar between the island
populations of V. lagopus and mainland V. lagopus. All
samples are broadly similar in terms of the prevalence
of the main variants of the hypocone and the inner crest
of the hypocone. It has been shown previously that two
morphological variants are prevalent in V. vulpes from
Northern Eurasia: without separation by a groove (grade
H1; Szuma, 2007) and with a fully developed protocone
cingulum (grade I1; Szuma, 2007). Our results confirm
those findings. Szuma also demonstrated that hypocones
without groove separation (grade H1; Szuma, 2011) and
with incomplete protocone cingula (grade 12; Szuma,
2011) are predominant in mainland V. lagopus. This
is also in good agreement with the results of the pres-
ent study. The variation of some characters of M1 in
V. vulpes and V. lagopus described previously (Gimranov,

2017) can be elaborated on by the results obtained for
the hypocone in this study.

M2 — According to the three characters of the second
upper molar, it is possible to differentiate V. vulpes from
mainland V. lagopus. The diagnostic characters are the
size of the metacone, the morphology of the postprotoc-
rista, and the development of the lingual cingulum around
the protocone. Although the hypocone does not display
significant differences between the species, it exhibits a
reduction tendency in V. lagopus. The morphologies of
the metacone and protocone complex are very similar
between mainland and Bering Island V. lagopus. How-
ever, Mednyi Island V. lagopus appear to be closer to
V. vulpes in terms of the metacone morphology and dis-
play a particularity in the shape of the protocone as state
H (reduced protocone) is not found in any other sample.
An opposite scenario was observed for the lingual cingu-
lum around the protocone: Mednyi Island V. lagopus are
similar to their mainland conspecifics, whereas Bering
Island V. lagopus display a similarity to V. vulpes.
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Table 4. Frequencies of the characters of the M2 in members of the genus Vulpes. 1 — V. vulpes (all),
2 — V. lagopus (mainland), 3 — V. lagopus (Bering Island), 4 — V. lagopus (Mednyi Island),
5 — V. praeglacialis, 6 — V. praecorsac. * — one specimen has a double hypocone.

1 2 3 4 5 6

Characters State . % n e I nl % [ n % . "
A 8 |21 |1 |06|0]|00|2]|154]| 0 0

Metacone B | 284 |75.1|40 [255| 9 [30.0]| 6 | 462 | 6 1
C 86 (228 |116(739|21[70.0| 5 |385| 0 0

n 378 157 30 13 6 1
D 50 (1441 |06 2|67 |0]| 00| 2 0

E 193 |555| 8 |51 |2 (67|01 00 | 3 1

Postprotocrista F 81 (233211334 [133| 0 | 0.0 1 0
G 24 | 69 |128|81.0(22|733| 3 [23.1]| 0 0

H 0 |00| 0 |00|0|00/|10|769]| 0 0

n 348 158 30 13 6 1
Lingual cingulum I 320 [ 84.7| 16 [ 10.1 |13 |433| 2 | 154 | ©6 1
around the protocon J 58 [153]143(89.9(17|56.7|11| 846 | 0 0
n 378 159 30 13 6 1
Protocone and K 29 |76 | 1 |83 || - | - - - | -
paraconule separation L |351(924| 11 |91.7| — | — | — — —
n 380 12 — — — —
Hypocone M | 357|944 (123|774 |23|76.7|13 1000 6* | 0
N 21 | 56 | 36 |22.6| 7 |233| 0| 00 | O 1

n 378 159 30 13 6 1

Evolutionary interpretation of the results

The following are the earliest members of the
genus Vulpes described from the Pliocene in Eurasia:
V. praecorsac from Ukraine (Odintzov, 1965), V. qiuzhud-
ingi from the Tibetan Plateau (Wang et al., 2014), and
V. beihaiensis from China (Qiu & Tedford, 1990).

Four species were described from the Early
Pleistocene in Europe: V. alopecoides (Forsyth Major,
1875; Del Campana, 1913; Viret, 1954; Kurtén &
Crusafont-Pairo, 1977; Garrido, 2008; Petrucci et al.,
2013; Koufos, 2014), V. praeglacialis (Kormos, 1932;
Bonifay, 1971; Rabeder, 1976; Janossy, 1986; Garcia
& Arsuaga, 1999; Moigne et al., 2006; Madurell-
Malapeira et al., 2009; Koufos, 2018), V. praecorsac
(Kormos, 1932; Janossy, 1986; Rabeder, 1976; Gasparik
& Pazonyi, 2018), and V. angustidens (Thenius, 1954).

Many of the abovementioned authors thought that
V. alopecoides, V. praeglacialis, and V. praecorsac
are direct ancestors of V. vulpes and V. lagopus.
However, according to other data, the ancestor of
V. lagopus inhabited Asia in the Early Pliocene (Wang
etal.,2014).

Recently, a new paper by Lucenti and Madurell-
Malapeira (2020) on ancient foxes was published. In that
study, the authors combined all the findings on foxes from
the Pleistocene in Europe into one species, V. alopecoides
(Del Campana, 1913). However, we believe that it is
important to leave the division between V. praeglacialis
and V. praecorsac in this paper.

P4 — The primitive state of P4 in the Canidae
family includes a developed anterior cingulum (Tedford
et al., 2009) and the absence of the parastyle (Wang
et al., 1999). On the other hand, the advanced state of
P4 manifests as a reduction or absence of the anterior
cingulum and presence of the parastyle and plesioconule.

In our opinion, the presence of a developed lingual
cingulum in P4 is a primitive feature of Vulpini (Tab. 2).
This conclusion is also based on the fact that the lingual
cingulum is fairly developed in V. praeglacialis and
V. praecorsac, fossil members of the genus Vulpes.
Those fossil species lack a cingulum around the
protocone, an anterior protocone crest, a parastyle,
and a plesioconule and exhibit inner and posterior
protocone crests and, finally, a fairly developed anterior
cingulum of P4 (Kormos, 1932; Rabeder, 1976). Such a
combination is predominant in modern ¥, vulpes and not
typical of mainland V. lagopus. Notably, V. praeglacialis
exhibit a fairly developed lingual paracone crest, which
is rather absent in V. praecorsac and V. lagopus. This
indicates that V. praeglacialis and V. praecorsac are
different species.

We, hence, conclude that V. vulpes display numerous
primitive morphological features in P4 and that mainland
V. lagopus appear to be advanced in most characters.
As previously mentioned, the island populations of
V. lagopus tend to be morphologically similar to
V. vulpes, meaning that Bering Island and Mednyi Island
V. lagopus retained a primitive morphological state of
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P4. This observation indirectly suggests their long-term
isolation from mainland populations.

M1 — The primitive complex of M1 in the Canidae
family includes a developed parastyle and a well-de-
veloped protocone cingulum, as well as the presence
of a paraconule and metaconule in the protocone crest
and also the presence of a developed hypocone. The
advanced state of the tooth is marked by an enlargement
or reduction in the hypocone, an enlargement (to the size
of the protocone) or reduction (slight) in the para- and
metaconules, a substantial reduction in the parastyle,
and an enlargement of the paracone with respect to the
metacone (Tedford et al., 1995, 2009). In our opinion,
the primitive state in Vulpini includes the presence of
differentiated para- and metaconules of moderate size.
This observation is supported by data on the morphology
of M1 in the possible ancestral species, V. praeglacialis
and V. praecorsac (Tab. 3). Both exhibit a small but
fairly pronounced parastyle, a paraconule separated
from the preprotocrista, and a posterolingual cingulum
that does not merge with the metaconule. However, the
development of the protocone and metaconule cingula
differs between V. praeglacialis and V. praecorsac. In
V. praeglacialis, the cingulum is complete and developed,
whereas in V. praecorsac, the protocone cingulum is com-
monly incomplete and the metaconule cingulum is often
absent (Kormos, 1932; Rabeder, 1976). Notably, the mor-
phology of the hypocone differs between V. praeglacialis
and V. praecorsac as well. The former predominately
exhibit a developed hypocone and accessory elements
(grooves) in the hypocone in some cases, whereas the
latter display a developed hypocone as well but a reduced
hypocone, without accessory elements in both cases.
In both V. praeglacialis and V. praecorsac, we found a
well-pronounced metaconule and a paraconule separated
from the preprotocrista (morphotypes B2 and C2; Gim-
ranov, 2017). The dental features of V. praeglacialis are
generally more primitive. Interestingly, contrary to that,
V. praecorsac already acquired a number of advanced
characters: reduction or absence of the protocone and
metaconule cingula and reduction of the hypocone.

Hence, we conclude that V. vulpes display numerous
primitive morphological features in M1, namely,
complete protocone and metaconule cingula, paraconule
separation from the preprotocrista, and a posterolingual
cingulum that does not merge with the metaconule. On
the contrary, mainland V. lagopus display a number of
advanced characters. Notably, the primitive morphology
of the parastyle (fairly large) is extremely rare in all the
recent samples. The island populations of V. lagopus are
similar to V. vulpes in six characters and to mainland
V. lagopus in only four characters of M 1. The similarity
between the island populations of V. lagopus and V. vulpes
suggests that the former retained many primitive features
of dental morphology.

M2 — The evolutionary transformations of M2 in
the Canidae family are broadly similar to those of M1.
The primitive state includes the presence and develop-
ment of the parastyle, paraconule, and metaconule, as
well as a developed protocone crest and hypocone. The
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advanced morphology of M2 is marked by a reduction
in the hypocone and parastyle, a lesser development
of the para- and metaconules, and a reduction in the
protocone crest (Tedford et al., 1995, 2009). The pro-
tocone complex and protocone cingulum are similar
between V. praeglacialis and V. praecorsac, with both
morphological elements being fairly developed in those
species. In ancient species, the metacone is slightly
smaller than the paracone (Tab. 4). The difference be-
tween the two species is the presence of a developed
hypocone in V. praeglacialis and the reduction of this
cusp in V. praecorsac (Kormos, 1932; Rabeder, 1976).
As no parastyle was detected in the specimens of recent
Vulpes, this character was not discussed further.

We, hence, conclude that V. vulpes display numerous
primitive morphological features in M2: The metacone
is slightly smaller than the paracone, and the protocone
complex, protocone cingulum, and hypocone are well
developed. Mainland V. lagopus, on the other hand,
display numerous advanced features, including a com-
bination of characters opposite to those of V. vulpes.
Notably, the insular morphs of V. lagopus are not as
similar to V. vulpes in terms of M2 morphology as it
was observed for P4 and M1. Only two characters, the
large metacone and large hypocone, display a simi-
larity between V. vulpes and V. lagopus from Mednyi
Island. Mainland and Bering Island V. lagopus exhibit
a tendency toward a reduction in the hypocone. The
latter are similar to an extent to V. vulpes in terms of
the protocone cingulum morphology and to mainland
V. lagopus in terms of the protocone morphology. The
shape of the protocone in Mednyi Island V. lagopus is
peculiar and unique from that observed in other stud-
ied groups. In general, a remarkable combination of
primitive and advanced features exists in the dentition
of the island populations of V. lagopus complemented
by features unique to these populations.

Both North American and Northern Eurasian
V. lagopus are fairly homogenous genetically and
display a low level of genetic differentiation (Dalen et
al.,2005; Carmichael et al., 2007). Molecular data also
suggest that Commander Islands V. lagopus strongly
differ genetically from mainland populations (Geffen et
al.,2007; Dzikija, 2008). The results of morphological
studies on recent V. lagopus corroborate the findings
of molecular genetics (Puzachenko & Zagrebelny,
2008; Szuma, 2008, 2011; Nanova, 2015; Nanova et
al., 2017; Nanova & Proa, 2017; Martin-Serra et al.,
2019b). A previous study on the nonmetric characters
of maxillary teeth (Gimranov, 2014) showed that
Mednyi Island V. lagopus populations are clearly
distinct from other modern groups of the same species.
Szuma (2011) demonstrated that Commander Islands
V. lagopus, according to the prevalence of different
dental morphotypes, are very similar to V. vulpes and
occupy the same branch of the Euclidean distance tree.
The results of this study confirm the particularity and
isolated position of the island populations of V. lagopus
with respect to the mainland populations of this
species. The dentition of the island groups represents
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a mixture of primitive, advanced, and unique features.
One explanation for this phenomenon is the possible
bottleneck event that might have taken place either as
a result of long-term isolation on the islands or during
the initial settlement of the islands at the turn of the
Holocene (Goltsman et al., 2005; Dzikija, 2008; Nanova
et al.,2017; Proa & Nanova, 2019). Another potential
factor that could have led to a change in dentition might
be the narrow range of food resources available on the
islands. In our opinion, the modern dental pattern of V.
lagopus from the Commander Islands is a result of the
interplay of a complex of factors, including both factors
mentioned above. One unquestionable observation,
however, is that contact with mainland polar fox
populations was lost a long time ago, when mainland V.
lagopus still had many primitive features in their upper
dentition. We assume that the island populations of V.
lagopus stopped coming into contact with mainland V.
lagopus at the end of the Late Pleistocene.

Conclusion

Our detailed description of the occlusal surfaces
of P4, M1, and M2 revealed a number of polymorphic
dental characters, some of which are typical of V. vulpes
while others are typical of V. lagopus (nine characters
for P4, eight characters for M1, and five characters for
M2). The frequency of the characters is significantly
different between V. vulpes and mainland V. lagopus,
and thus these characters can be used to distinguish
between species.

It was observed that the island populations of
V. lagopus differ from mainland V. lagopus in most of
the characters. Mednyi Island V. lagopus are the most
specific group as they display a number of unique dental
features not found in other populations. However, this is
not the case for Bering Island V. lagopus.

Primitive features of P4, M1, and M2 are found
in both V. praeglacialis and V. praecorsac. However,
the latter also exhibit a number of advanced features,
indicating that V. praeglacialis and V. praecorsac are
different species. Primitive features are also prevalent
in the maxillary dentition of V. vulpes. Although the
same applies to the island populations of V. lagopus,
their mainland conspecifics display numerous advanced
features. It can be concluded that the island populations
inherited the primitive features from their mainland
ancestors in the past. However, to understand the
population history of the island populations of V.
lagopus, it is important to understand the fact that they
have retained these primitive features in combination
with many advanced ones and also acquired some
unique derived characters. This observation indirectly
suggests the long-term isolation of the island
populations of V. lagopus. However, the exact time
of the last contact between them and the ancestral
mainland populations can only be determined after
studying Pleistocene V. lagopus.
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