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The ‘third pole” of the world is a fitting metaphor for the Himalayan—
Tibetan Plateau, in allusion to its vast frozen terrain, rivalling the Arctic and
Antarctic, at high altitude but low latitude. Living Tibetan and arctic mammals
share adaptations to freezing temperatures such as long and thick winter fur in
arctic muskox and Tibetan yak, and for carnivorans, a more predatory niche.
Here, we report, to our knowledge, the first evolutionary link between an
Early Pliocene (3.60—-5.08 Myr ago) fox, Vulpes giuzhudingi new species, from
the Himalaya (Zanda Basin) and Kunlun Mountain (Kunlun Pass Basin) and
the modern arctic fox Vulpes lagopus in the polar region. A highly hypercarni-
vorous dentition of the new fox bears a striking resemblance to that of
V. lagopus and substantially predates the previous oldest records of the arctic
fox by 3—4 Myr. The low latitude, high-altitude Tibetan Plateau is separated
from the nearest modern arctic fox geographical range by at least 2000 km.
The apparent connection between an ancestral high-elevation species and its
modern polar descendant is consistent with our ‘Out-of-Tibet” hypothesis pos-
tulating that high-altitude Tibet was a training ground for cold-environment
adaptations well before the start of the Ice Age.

1. Introduction

Marcel Kurz, the great Swiss geographer, mountaineer and explorer, was cred-
ited for coining the term ‘third pole of the globe” in 1933, referring to the highest
point on the Earth, Mount Everest [1]. Owing to their lofty height and bitter
cold temperatures, the Himalaya Range, which includes Mount Everest, and
the adjacent Tibetan Plateau is endowed with more frozen terrain than any-
where else on the Earth except the North and South poles. Perhaps not
surprisingly, living arctic and Tibetan mammals also share similar adaptations
to cold climates, such as long, thick winter fur in arctic muskox and Tibetan
yak. Previously, we documented the Tibetan origin of the cold-loving woolly
rhinoceros and proposed an ‘Out-of-Tibet’ hypothesis, in which the Tibetan
Plateau served as a cradle of Ice Age megafauna in northern Eurasia [2]. Fur-
thermore, we also documented a deep-time Tibetan origin of a high-altitude
Panthera lineage [3], an early precursor of running hyaena Chasmaporthetes [4],
as well as a wolf-sized, hypercarnivorous canid [5]. To these, we now add
another example, one which links the modern arctic fauna with historic high
Tibet. For the first time to our knowledge, we report a Tibetan link to the
arctic fox in our discovery of the oldest fox from the Early Pliocene of the
Himalaya and Kunlun ranges. This apparent evolutionary connection between

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Map of Pliocene Tibetan fox localities (stars), Late Pleistocene arctic fox localities (circles), and extant arctic fox (Vulpes lagopus) distribution. Modern
distribution is modified from [6], Eurasian Late Pleistocene sites were downloaded from the NOW database on 2 December 2013 [7]. Map of Pliocene palaeogeo-
graphic reconstruction is adopted from EagsViewer app. (5 Ma) developed by the Howard Hughes Medical Institute (http:/www.hhmi.org/biointeractive/

earthviewer). (Online version in colour.)

an ancestral high-elevation species and its modern polar des-
cendant offers hints at faunal dynamics that connected two
distinct regions of northern Eurasia.

Presence of a fossil relative of arctic fox and other hyper-
carnivorous species in Pliocene Tibet suggests a carnivoran
guild dominated by highly predaceous forms, characteristic
of present-day arctic guilds, such as the arctic fox, grey
wolf and polar bear. Wintering in extremely cold climates
may have played a role in driving such adaptations.

2. Systematic palaeontology

The new fossil fox is described as follows: Carnivora Bowdich,
1821; Canidae Fischer de Waldheim, 1817; Caninae Fischer de
Waldheim, 1817; Vulpini Hemprich and Ehrenberg, 1832;
Vulpes Frisch, 1775. Vulpes qiuzhudingi sp. nov.

Holotype. Nearly complete left hemimandible with c1, p1
alveolus, p2, p3-4 alveoli, m1 and m2 alveolus; Institute of

Vertebrate Paleontology and Paleoanthropology (IVPP), Beij-
ing, People’s Republic of China, specimen number V18923,
collected by an excavation crew led by Gary T. Takeuchi,
Zhijie J. Tseng and Qiang Li in 7-14 August 2010.

Referred specimen. IVPP V18924, right ramal fragment with
broken c1-p4, from IVPP locality ZD1055, 31°30'39" N, 79°49'04”
E, near the entrance of the Ba’ergou, Zanda Basin in Zanda
County, Ali District, Tibetan Autonomous Region, People’s
Republic of China; collected by Deng Tao on 4 July 2012 (electronic
supplementary material, figure S1). IVPP V19060, isolated lower
m2 from IVPP locality KLO0605, 35°39'13" N, 94°03'29"E,
Kunlun Pass Basin, Qinghai Province, People’s Republic of
China; collected by Qiang Li on 25 August 2006 (figure 1).

Type locality. IVPP locality ZD1001, 31°39'58" N, 79°44'57"
E, elevation 4114 m above sea level (m.a.sl.), in Zandagou,
Zanda Basin, northern foothill of the Himalaya Range, Zanda
County, Ali District, Tibetan Autonomous Region, People’s
Republic of China [8] (figure 1 and the electronic supplementary
material, figure S1).
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Figure 2. Vulpes giuzhudingi new species from Zanda Basin. [VPP V18924, right hemimandible fragment, (a) lingual view and (b) buccal view; IVPP V18923,
holotype, left hemimandible, (c) lingual view and (d) buccal view. (Online version in colour.)

Etymology. In honour of Prof. Qiu Zhuding of the
Chinese Academy of Sciences.

3. Diagnosis

About the size of a large male red fox (Vulpes vulpes), V. giuzhu-
dingi is approximately 20% larger than living and Late
Pleistocene arctic foxes. Vulpes giuzhudingi differs from all
other vulpine foxes in having highly hypercarnivorous dentition
with trenchant m1-2 talonids dominated by tall hypoconids
and a remnant or no entoconid, narrow talonid; m3 is absent.

4. Description

The left hemimandible in the holotype is nearly complete
except the ascending ramus. The mandibular corpus is slen-
der and elongated, typical of all Vulpes, with a maximum
length from rostral tip to glenoid condyle being 111 mm
and maximum depth below the m1 talonid being 15.9 mm.
Two mental foramina are present, one directly below the pl
and another at the anterior edge of p3 posterior root. The pos-
itions of these two foramina in IVPP V18924 are slightly more
forward (figure 2). There is no indication of a subangular pro-
cess, which is present in the raccoon dog Nyctereutes. The
angular process is broken off at base and its morphology
cannot be ascertained.

The alveolar area for the lower incisors is not well pre-
served enough to discern the configuration of the il1-3.

The c1 is broken in the mid-shaft in the holotype; the
remaining basal part indicates a smooth lateral surface
and an indistinct cingulum along much of the lingual sur-
face (smoothness along broken enamel edges suggest pre-
mortem breakage and the use of the broken canine during
life). The pl is single-rooted and has a single main cusp.
The double-rooted p2 has a modest posterior cingular
cusp in the holotype, more distinct than many modern
foxes, but is less developed in IVPP V18924. Given the lim-
ited sample, it is not clear whether these represent
ontogenetic (IVPP V18924 being older than IVPP V18923)
or individual variations. A broken p3 and p4 is present in
IVPP V18924 and indicates a small posterior accessory
cusp on p3 and a general lack of an anterior accessory
cusp. The m1 is distinctly hypercarnivorous in its slender
trigonid with long paraconid-protoconid blade and tren-
chant talonid. Consistent with this hypercarnivory, there is
a much reduced and low-crowned metaconid that is less
than 1 mm above the tip of the hypoconid. A distinct verti-
cal groove is present on the posterior face of the trigonid,
separating the protoconid from metaconid. The talonid is
dominated by a high and large hypoconid that, in occlusal
view, makes up almost the entire talonid. A distinct anterior
ridge on the hypoconid leads forward to the base of the tri-
gonid, ending in the middle of the posterior trigonid
surface. A tiny entoconid is present, attaching at the base
of the hypoconid as a posterior extension of a low cingu-
lum. Only the double-rooted m2 alveoli are preserved on
the holotype. There is no m3.
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The isolated m2 from IVPP locality KL0605, IVPP V19060,
has a highly hypercarnivorous morphology, consistent
with the pattern seen in the holotype from Zanda Basin
(figure 3d,e). The size of this tooth (Iength 7.14 mm; width
4.46 mm) matches well with the alveoli in the holotype. The
occlusal outline shows a wide trigonid and narrow talonid.
A large protoconid completely dominates the much reduced
metaconid, which is less than half the height of the protoco-
nid and being displaced to the lingual border of the tooth.
The talonid is equally trenchant with a single hypoconid
and lack of an entoconid. This m2 represents an even
higher altitude (4726 m.a.s.l.) example of this species that is
somewhat younger than the Zanda Basin samples and
shows slightly more derived morphology indicative of a
higher level of hypercarnivory.

5. Comparison and comment

The Zanda Basin fox is relatively large, near the upper end of
the size range in the red fox, V. vulpes, from northern latitudes

(e)

Figure 3. Stereo occlusal views of three fox hemimandibles. (a) Living V. lagopus, left i1-m3, LACM92231 from Alaska; (b) Vulpes giuzhudingi new species, left ¢, p2
and m1, IVPP V18923, holotype from Zanda Basin; (c) V. lagopus, right p2, m1-2, F:AM70926 from Rancholabrean of Alaska; (d) stereo occlusal and (e) medial views
of Vulpes giuzhudingi, left m2, IVPP V19060, from IVPP locality KLO605, Kunlun Pass Basin. Scale to the left is for (b), that to the right is for (a,c) and lower one
(next to isolated tooth) is for (d.e). (Online version in colour.)

such as Alaska, Kenai Peninsula, Kodiak Island and Upper
Peninsula of Michigan [9,10], and is about 20% larger than
arctic foxes based on lower carnassial size [11] (table 1; elec-
tronic supplementary material, figure S3). It is smaller than
the smallest Canis, e.g. averaging 9% smaller than the golden
jackal Canis aureus (based on measurements of five specimens
from Iran, India and Ethiopia in the American Museum of
Natural History (AMNH) collection), and slightly smaller
than Eucyon davisi (mean ml length =17.6 mm, range =
16.9-18.0 mm, n =4) from the Pliocene of Yushe Basin [13].
However, instead of a widened p4 in E. davisi (mean p4
width = 4.8 mm, range = 4.3-54 mm, n =4), that from the
Zanda Basin fox is narrowed (4.2 mm; electronic supplemen-
tary material, figure S3). It is also much smaller than the
Zanda Basin Sinicuon described elsewhere [5]. Interestingly,
although the red fox generally follows Bergmann’s Rule of
increasing body size towards northern latitudes [9], the arctic
fox does the opposite, with body size decreasing towards the
pole [11,14]. For small carnivorans, McNab [15] argued that
body size is mainly a function of prey size, not climate. In
this connection, it is also interesting to note that the Zanda
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Table 1. Dental measurements of living and fossil arctic foxes. (Measurements for modern European arctic foxes are adopted from [11]. Those for Canadian

Arctic (Northwest Territories) are from the AMNH collection, and those for Rancholabrean of Alaska are from the Frick Collection of AMNH, a sample studied by

Youngman [12].)

Vulpes qgiuzhudingi

IVPP V19060
(KL0605)

IVPP V18923 IVPP V18924
(ZD1001) (ZD1055)
length of ¢ (mm) 73 7.8
o (mm) ........ i o
Iengthofp](mm) ST
W|dthofp1 (mm) ...... S
Iengthofp2 (mm) S
width of p2 (mm) 33 3.1
length of p3 (mm) 10.3
width of p3 (mm) 33
length of p4 (mm) 1n.7°
width of p4 (mm) 42
length of m1 (mm) 16.6
 width of m1 (mm) 6.1
width of m1 talonid (mm) 5.1

 length of m2 (mm)

Basin V. giuzhudingi is similar in size to the modern Tibetan
sand fox, Vulpes ferrilata, a species that preys largely on
pikas and small rodents [16].

With the exception of the arctic fox, all living fox species
retain a basined, bicuspid talonid on ml, such as V. vulpes,
Vulpes rueppelli, Vulpes chama, Vulpes bengalensis, V. ferrilata,
Vulpes velox and Vulpes macrotis. In addition, although being
the most variable tooth [10], the m3 is almost always present
in red fox and when absent, there are often signs of loss of
the tooth during life and reabsorption of the root. Given the
above combination of hypercarnivorous characteristics seen
only in the arctic fox (figures 2 and 3; electronic supplemen-
tary material, figure S2), it seems likely that the new Tibetan
fox falls within the arctic fox clade, although possibilities
exist that such shared derived characteristics can potentially
be due to convergence as seen in multiple lineages of wolf-
sized forms during the Pleistocene [17]. Recent molecular
phylogeny based on approximately 15 kb of exon and intron
sequence places the arctic fox and kit fox as sister species
[18], as was also shown in earlier mitochondrial DNA studies
[19,20]. However, the kit fox retains the primitively bicuspid
talonid, in contrast to the Vulpes lagopus—qiuzhudingi lineage
that has a trenchant m1 talonid.

A dolichocephalic skull, in which the rostrum is elongated,
is one of the most salient features of the Tibetan sand fox,
V. ferrilata, in addition to having relatively short legs [16,21].
This rostral elongation is also reflected in the wide spacing
(long diastemata) between upper premolars. Although Zanda
Basin fox fossils generally fall in the size range of V. ferrilata,
its highly hypercarnivorous m1-2 with enlarged hypoconid

Vulpes lagopus
Northwest
Territories,
Rancholabrean of Europe Canada
Alaska (n = 11) (n = 122-265) (n = 18)
7.21
3.93
8.31 8.31
8.94 9.09
3.98 4.10
13.79 13.71 13.75
515 513 4.96
5.06 4.90
583 6.15

at the expense of entoconid, as well as associated dental features
such as reduced metaconid and loss of m3, are very different
from that of V. ferrilata. Given that a hypercarnivorous dentition
generally does not reverse back to more primitive, meso-
carnivorous conditions in the evolutionary history of canids
[17,22,23], and the general trend that hypercarnivory is also fre-
quently associated with body size increase [24], we think it
highly unlikely that the new Zanda Basin fox could be related
to the modern Tibetan sand fox. However, as shown below,
the Tibetan sand fox itself may be linked to the arctic fox.
Until recently, phylogenetic work on the Tibetan sand fox
was unavailable and the only published assessment was based
on a numerical classification of phenotypic characteristics, in
which V. ferrilata was closest to the corsac fox (steppe fox) [25],
as was also reflected, not surprisingly, in a supertree analysis
of crown Carnivora [26]. However, a strict consensus of 12
trees by Zrzavy & Ri¢ankova [27] from a combined dataset of
morphology, cytochrome b and cytochrome ¢ oxidase subunits
I and II yielded no resolution (nearly all species of Vulpes fall
within a multichotomy). Most intriguingly a recent total evi-
dence phylogeny of living Caninae, based on a data matrix of
morphologic, molecular, cytogenetic, life history, ecologic and
behavioural characteristics, fully resolved the Vulpes relationship
and placed the artic fox (V. lagopus) and Tibetan sand fox
(V. ferrilata) at the base of a four-species clade along with the
kit fox (V. macrotis) and swift fox (V. velox) at the terminal end
[28]. This is the first time, to our knowledge, the Tibetan sand
fox has been linked to the arctic fox in a phylogeny, although pre-
sently described fossil species from the Pliocene of Tibet was
presumably already within the arctic fox species complex.
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6. Zoogeography and palaeoenvironment

Several morphological and physiological adaptations enable
the survival of the arctic fox in harsh, bitterly cold arctic con-
ditions: long, thick winter fur with 70% fine underfur,
compact body, short ears and legs, foot thermoregulation
(capillary rete in the skin of the pads) and reduced metab-
olism during cold weather [6,29]. Interestingly, the Tibetan
sand fox, V. ferrilata, seems to be a close parallel in these
adaptations (such as a thick fur) [16], which may have been
acquired in their common ancestors in Tibet (see above).
This implies that two closely related lineages of foxes,
V. giuzhudingi—lagopus lineage and V. ferrilata, have evolved
in the Tibetan Plateau that are adapted to cold climates,
one evolving hypercarnivory and giving rise to the arctic
fox lineage and another remaining primitive in its dental
morphology and giving rise to the Tibetan sand fox.

Stable isotope analyses suggest that the Pliocene Zanda
Basin was close to [30] or a few degrees warmer than [31]
the present-day temperatures of 0°C annual average.
During the winters, temperatures were likely to be quite
cold. By contrast, the arctic Pliocene is as much as 8°C or
more warmer than it is today [32-34]. This points to the inter-
esting possibility that Pliocene high Tibet was a harsher
environment than its arctic counterparts, thus presenting a
more severe environmental challenge to its foxes.

With the discovery of our new Tibetan form, we now trace
the origin of the arctic fox clade to the high-elevation Tibetan
Plateau at a much earlier time than previously thought but
having very characteristic and consistent hypercarnivorous
morphology. This new Tibetan species thus suggests a long
hidden record of arctic foxes between their Tibetan first
appearance and the much later record of V. lagopus in
Europe and North America. However with only three speci-
mens in our collection and given the generally poor record of
fossil carnivorans, additional collecting is likely to extend the
range to younger strata. How much younger this extension
will be is not knowable at the moment, but a general scenario
seems warranted: an early appearance of a cold-adapted clade
that persisted in the high plateau for several million years
before descending and spreading northwards, presumably
during the Ice Age, as did the woolly rhinoceros [2].
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