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ABSTRACT

Pleistocene Mammoth Faunas were the most successful, cold-adapted large mammal assemblages in the
history of the Earth. However, the causes for their emergence can not be attributed only to the global
trend of climate cooling which occurred during the Neogene/Quaternary period. The formation of the
Eurasian Mammuthus—Coelodonta Faunal Complex was a result of interacting tectonic, geographical,
climatic, ecological and phylogenetic processes. The key environmental factors controlling the origin and
evolution of Palaearctic cold-adapted large mammal faunas were successive aridification of major parts
of Eurasia, rhythmic global climatic cooling with prolonged and intensified cold stages, and increasing
continentality.

Between 2.6 Ma and around 700 ka BP, largely independent mammal faunas became established in
continental Asian steppe regions as well as in the circumpolar tundra. Both faunal complexes were adapted
to open environmental conditions but were largely separated from each other. The principal requirements
in order for species to evolve into members of Mammoth Faunas are progressing adaptation to aridity,
decreasing temperatures and rapid temperature fluctuations. Eurasian Mammoth Faunas were mainly
composed of the descendants of either Central Asian steppe or Arctic tundra faunal elements. The majority
of species of Central Asian origin emerged in regions north of the Himalayan—Tibetan uplift. Between 640
and 480 ka BP, saiga, musk-ox and reindeer occasionally spread far beyond the limits of their respective
traditional areas, thus anticipating the subsequent merge of steppe and tundra originated species in Eur-
asian Mammoth Faunas.

During the pronounced cold period of MIS 12, tundra species regularly expanded south- and south-
westward into a newly formed type of biome, the so-called tundra-steppe. In parallel, species originating
from the Asian steppe dispersed into new habitats north and northwest of their ancestral distribution
areas. This drastic faunal turnover led to the formation of the earliest pan-Eurasian Mammoth Fauna at
around 460 ka BP. The sister taxa of several species involved in Mammoth Faunas underwent separate
evolution in Central Asia, thus indicating ecological differences between the Asian core steppe and
Eurasian tundra-steppe habitats. During temperate and humid stages of the late Middle to Late Pleis-
tocene periods the transcontinental reach of the steppe-tundra biome collapsed. As a result, the majority
of the characteristic mammal species were forced back to continental steppe or Arctic tundra refugia,
only returning during subsequent cold stages when the formation of a new and more evolved Mammoth
Fauna began. The maximum geographic extension of the Palaearctic Mammuthus—Coelodonta Faunal
Complex occurred during the Late Pleistocene, when it covered an area of up to 190 degrees of longitude
and 40 degrees of latitude.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Over a period of 15 million years, a global climatic cooling trend,

! This paper is dedicated to Alan Turner, a friend and colleague for over 26 years. which culminated in the spectacular glacial periods of the Qua-
The ideas contained in this paper were first presented at the Vth International ternary, combined with drastic environmental changes to produce

Conference on mammoths and their relatives in Le Puy-en-Velay (France) in 2010.
Alan attended this conference and was back on form following some sad years in
his life. “To meet old friends”, he said. For many of us it proved to be our last
meeting. His good company is a memory that we will treasure.

a profound effect on the origin of species and the development of
their ecology, as well as on the formation and dispersal of faunal
assemblages. Mammoths and their faunistic companions have long

0277-3791/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.quascirev.2013.01.012


Delta:1_-
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_given name
mailto:rdkahlke@senckenberg.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2013.01.012&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
http://dx.doi.org/10.1016/j.quascirev.2013.01.012
http://dx.doi.org/10.1016/j.quascirev.2013.01.012
http://dx.doi.org/10.1016/j.quascirev.2013.01.012

R.-D. Kahlke / Quaternary Science Reviews 96 (2014) 32—49 33

been subjects of study as indicators for Northern hemispheric cold
climatic conditions (e.g. Soergel, 1940; Garutt, 1964; Vereshchagin
and Baryshnikov, 1982; Guthrie, 1990a and references therein).
For the Palaearctic branch of Mammoth Faunas two species, both
named by Blumenbach (1799, p. 697), became eponymous —
Mammuthus primigenius, the woolly mammoth, and Coelodonta
antiquitatis, the woolly rhinoceros. After Pei (1957) initially used
the expression “primigenius—antiquitatis fauna” for Asian cold
adapted mammal assemblages of Late Pleistocene age, Chow et al.
(1959) introduced the name “Mammuthus—Coelodonta fauna”.
The closely similar term Mammuthus—Coelodonta Faunal Complex,
designating transregional expanded, cold-adapted large mammal
assemblages of the Eurasian Pleistocene with similar or identical
faunistic structures, was proposed by R.-D. Kahlke (1994).

Based on the model of the Eurasian Mammoth Steppe and its
end-Pleistocene breakup (Guthrie, 1990b), preliminary ideas on the
origin of the Mammuthus—Coelodonta Faunal Complex have been
sketched by R.-D. Kahlke (1994, 1999). Since then, knowledge of
Quaternary climate and faunal history has increased tremendously.
Both the evolution and dispersal of Mammuthus and Coelodonta
have been subjects of recent research (Lister et al., 2005; Kahlke
and Lacombat, 2008; Alvarez-Lao et al., 2009; Deng et al., 2011),
as have been other species involved in Palaearctic Mammoth Fau-
nas. However, an up-to-date synopsis on the origin of the Eurasian
Mammuthus—Coelodonta Faunal Complex as a whole is still missing.
Such a synopsis requires the determination of the variety of
transregional processes that caused the principal palae-
oenvironmental preconditions of the formation of Eurasia’s Mam-
moth Faunas. A closer look at the palaeoecological circumstances of
the origins of its key species reveals principal prerequisites needed
to qualify mammals as potential candidates to join the future
Mammuthus—Coelodonta Faunal Complex. In order to clarify its
main faunistic sources, the contexts from where its most significant
members derived must be elucidated. Tracing back through their
evolution and distribution makes it possible to draw a general
picture of the significance of pan-Eurasian Mammoth Faunas.

2. Preconditions of the origin of Eurasian Mammoth Faunas
2.1. Aridification

After the African and Indian tectonic plates had broken away
from Gondwana — the southern of the two precursor continents
that split off the huge Pangaea supercontinent during the Mesozoic
— they moved into the Northern Hemisphere. The resulting colli-
sion with Eurasia started during the Eocene at c. 53—49 Ma. This
collision gave rise to an orogenic belt that extends from the Atlantic
to the Pacific Ocean. In Central Asia the Tibetan plateau and the
Himalaya mountains were raised up, increasingly preventing the
influx of moisture from the Indian and western Pacific Oceans into
Asia’s interior (Ruddiman and Kutzbach, 1989; Guthrie, 1990b,
2001; Ramstein et al., 1997; Burbank et al., 2003, Fig. 2; Molnar,
2005; Wang et al,, 2006 etc.). The onset of the Indian and East
Asian monsoons is dated at around 9—8 Ma (An et al., 2001).
Regions north of the Himalayan—Tibetan uplift, located in the
monsoonal shadow, gradually suffered aridification. The Central
Asian core steppe formed and was controlled by an enormous,
stable high-pressure system (Guthrie, 2001). Successive expansions
of steppe landscapes in Asia and, moreover, in Eurasia as a whole,
are clearly reflected in the Neogene mammal record (Fortelius et al.,
2006; Zhang, 2006).

Progressive aeolian deposition north of the Himalaya, docu-
mented by increasing dust accumulation rates within loess and
red-earth sequences (Guo et al., 2002, 2004), establish that rising
aridity occurred from the onset of the Pleistocene at 2.6 Ma

onwards. During Pleistocene cold periods the aridification of the
Palaearctic was supported by advances of the Scandinavian ice
shield and ice coverage of the North Atlantic, both of which reduced
the inflow of moisture to the continent (Guthrie, 2001).

2.2. Cooling and continentality

The Caenozoic is characterised by a trend of decreasing global
temperatures that started after the Paleocene—Eocene Thermal
Maximum around 56—55 Ma. Following the Mid-Miocene Climatic
Optimum, a warm interlude from 17 to 15 Ma, global cooling
intensified to culminate during the glacial periods of the Pleisto-
cene (Zachos et al., 2001). Progressive increases of ice-rafted debris
occurred in the North Atlantic from 3.0 Ma onwards, with a syn-
chronous ice sheet development in Greenland, Scandinavia and
North America around 2.7 Ma (Flesche Kleiven et al., 2002).
Thierens et al. (2011) have established the occurrence of con-
temporaneous expansion of both high- and mid-latitudinal ice
sheets in the North Atlantic region from 2.6 Ma onwards. Similar
records of ice rafting provide evidence of a more or less synchro-
nous increase of glaciation in the North Pacific area (Krissek, 1995).
During the 2.8—2.7 Ma interval, sea surface winter temperatures of
the Subarctic Pacific Ocean dropped significantly and winter
floating ice became more abundant (Haug et al., 2005). In adjacent
areas of north-east Siberia and north-west North America (Western
and Eastern Beringia at that time) permafrost was formed for the
first time, as has been confirmed by ice wedge preudomorphoses,
e.g. from 2.9 to 2.7 Ma old sediments of Quartz Creek near Dawson
City (Yukon Territory, Canada; Westgate and Froese, 2003), and
from those of the Kutuyakh Beds at the Krestovka River (Yana-
Kolyma lowland, Yakutia, Russian Federation) dated at around
2.5 Ma (Sher et al., 1979; Sher, 1987 and pers. comm. to the author
2003; Fig. 1).

In addition to the successive aridification of major parts of
Eurasia parallelled by global cooling, the Paratethys shrinkage had a
drastic consequence for climate change, driving the Neogene/
Quaternary environmental conditions across Asia and Eastern
Europe to increasing continentality (Ramstein et al., 1997). During
glacial periods, lowered sea levels exposed a large continental shelf
along Eurasia’s northern and north-eastern edges that led to
increased continentality at higher latitudes. Moreover, during
periods of advancing glaciations, the periodical deflection of larger
portions of the Gulf Stream southward up to the African coast
reduced the temperatures and moisture that the Atlantic current
brought into Europe (Guthrie, 2001).

3. Faunal resources of Eurasian Mammoth Faunas
3.1. The general view

In order to clarify the main faunistic sources of Eurasia’s Mam-
moth Faunas, a review of the regions where its most significant
members originated from is helpful. Based on the earliest fossil
records, it becomes evident that the majority of genera that pro-
duced significant elements of cold adapted Mammoth Faunas, such
as Saiga, Bison, Alces, Megaloceros and Coelodonta, originated during
the Plio- to early Middle Pleistocene periods in the Palaearctic,
particularly in Asia (R.-D. Kahlke, 1999, pp. 67ff., Table 3; Lister,
2004, p. 223; see also Section 3.2.). Occasionally, as in the case of
Ovibos, Rangifer and Alopex, a clear establishment of Palaearctic or
Beringian origins seems impossible — a problem which might be a
purely academic one.

A number of genera with Ethiopian roots, such as Mammuthus,
Crocuta and Panthera, in addition to different groups of horses
(Equus) which undoubtedly originated in the Nearctic, also
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Fig. 1. Plio-/Pleistocene key sites in the order of appearance in the text. Palaearctic: 1 — Krestovka River; 2 — Kolyma (Olyorian complex); 3 — Zanda Basin; 4 — Longdan; 5 —
Shitougu; 6 — Tologoj 2.5; 7 — Kuznetsk Basin; 8 — Olekminsk; 9 — Hsihoutu (=Xihoudu); 10 — Zhoukoudian, Loc. 1,9 and 12; 11 — Zhalainoer; 12 — Cernastesti; 13 — Ch'in Hsien
(Qinxian); 14 — Liyucun; 15 — Majuangou; 16 — Sinaya Balka; 17 — Dorn—Diirkheim 3; 18 — West Runton; 19 — SiiRenborn; 20 — Mosbach 2; 21 — Kolkotova Balka; 22 — Arago cave;
23 — Bad Frankenhausen; 24 — Kozarnika; 25 — Le Vallonnet; 26 — I'Escale; 27 — Zazukhino 2 and 3; 28 — Nalaikha; 29 — Westbury-sub-Mendip; 30 — Ulushka; 31 — Freyburg/
Unstrut; 32 — Grotte de la Chaise, Abri Suard; 33 — Abauntz cave; 34 — La Fage; 35 — Ariendorf 1; 36 — Weimar-Ehringsdorf; 37 — Markkleeberg; 38 — La Parte; 39 — Crayford; 40 —
Yuxian; 41 — Gaoling; 42 — Fontéchevade. Nearctic: a — Quartz Creek; b — Cape Deceit; ¢ — Fort Selkirk.

contributed to Eurasia’s Mammoth Faunas. However, species of
these groups were indigenous elements of Palaearctic faunas long
before cold adapted Mammoth Faunas evolved. For example,
Mammuthus is known from Old World sites going back to the Late
Pliocene (see Section 3.2.). Eurasia’s first pantherine cats, the Eur-
asian jaguars (Panthera onca ssp.) appeared during the Early
Pleistocene Olduvai polarity subchrone, i.e. between 1.95 and
1.77 Ma (Hemmer et al., 2010). Large lions (Panthera fossilis),
descendants of African ancestors, have been documented in west-
ern Palaearctic interglacials from 680 to 600 ka BP onwards (Garcia
Garcia, 2003; Hemmer, 2011). Equus immigrated via Beringia at
around roughly 1.5 Ma, and the first caballine horses are stated to
have been in Asia by, at least, around 700 ka (Eisenmann, 2006).
Spotted hyenas arrived from Africa shortly prior to the onset of the
Middle Pleistocene at 800 ka (R.-D. Kahlke et al., 2011). All of these
early immigrants gave rise to native Palaearctic descendants which
developed special adaptations and matured into the elements of
Mammoth Fauna assemblages.

The autochthonous character of Old World Mammoth Faunas
becomes even more evident when considering the species/sub-
species level of the taxa involved. According to the stratigraphically
earliest records, nearly all of the larger mammal species that were
distributed in transregional belts within the range of Eurasian
Mammoth Faunas were of Palaearctic origin, in some cases inclu-
sive of the Beringian landmass as a whole. This applies in particular
to Saiga and Ovibos (see Sections 3.2. and 3.3.), a wide variety of
Bison priscus subspecies, Alces alces, megacerine deer species of the
subgenera Megaloceros and Sinomegaceros, woolly rhinoceroses
(Coelodonta; see Section 3.2.), numerous forms of caballine equids,
0Old World steppe and woolly mammoths (Mammuthus; see Section
4.2.), pantherine cat species of the cave lion group (P. fossilis, P.
spelaea), northern forms of spotted hyenas and evolved cave hyenas

(Crocuta crocuta ssp., C. crocuta spelaea), as well as polar fox (Alopex
lagopus, see Section 3.3.) (R.-D. Kahlke, 1999, pp. 68ff.).

3.2. Faunal elements of inner continental origin

Phylogenetic ancestors of a significant number of trace species
of Eurasian Mammoth Faunas, such as saiga (Saiga borealis), woolly
rhinoceroses (Coelodonta tologoijensis, C. antiquitatis) and steppe
mammoth (Mammuthus trogontherii) descended from species of
Central Asian origin.

Whereas an immediate phylogenetic ancestor of Saiga has not
yet been discovered, the genus most probably originated in Central
Asia, as is indicated by the closely related extant chiru, also called
orongo or Tibetan antelope (Pantholops hodgsonii), living in the
steppe of the Tibetan high plateau. In respect to the saigas’ speci-
alised anatomy, with extremely reduced nasalia, it appears that the
genus had already been undergoing autonomous evolution since
the Miocene, a view that was first held by Bannikov (1963). Nev-
ertheless, the earliest evidence of saiga (Saiga sp.) in the fossil
record known to date is reported from the late Early to early Middle
Pleistocene of the Olyorian complex (1.2—0.6 Ma BP) at the lower
reaches of the Kolyma River (Yakutia, Russian Federation; Sher,
1987). During the late Middle and Late Pleistocene cold periods
Saiga spread far into the western Palaearctic (see Section 4.4.).

Based on the skull morphology, different chronological and/or
geographic types of Saiga are distinguishable. The separation of a
slightly larger, northern and western distributed group of S. borealis
(with subspecies), inhabiting mammoth steppe biomes (see Section
5.2.), from a smaller and lighter built group of Saiga tatarica (with
subspecies) from Central Asian steppe to semidesert habitats was
substantiated by Baryshnikov and Tikhonov (1994). Recent analyses
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of ancient DNA sequences (Campos et al., 2010b) do not contradict
such a model.

A significant mammalian genus with which to trace back the
evolutionary history of the Eurasian Mammoth Fauna is Coelodonta.
Its earliest representative, Coelodonta thibetana, recently dated at c.
3.7 Ma, is represented by a complete skull and skeletal elements
from the Zanda Basin in the foothills of the Himalayas in SW Tibet
(Deng et al., 2011). Its morphology shows the principal traits of
Coelodonta, such as dolichocephalic skull proportions, a strong
nasal horn boss in addition to a smaller one for the frontal horn, and
an occiput indicating a habitual low-slung head position for feeding
at ground level. Remains of a stratigraphically younger species,
Coelodonta nihowanensis, dated at 2.55—2.16 Ma, were discovered
in loess deposits at Longdan and Shitougu (Gansu, China; Deng,
2002; Qiu et al., 2004). These cursorial rhinos were still smaller
in size than early Middle to Late Pleistocene Coelodonta and pos-
sessed extremely slender limbs (Deng, 2006). Further discoveries of
C. nihowanensis have been reported from several Chinese localities
in the provinces of Hebei, Shanxi and Qinghai, 2.4—1.0 Ma in age
(compilation in Kahlke and Lacombat, 2008). All of these records
indicate a phylogeographic origin of Coelodonta in continental
regions of Central Asia.

A more evolved form, C. tologoijensis, is described from Tologoj
2.5 in western Transbaikalia (Buryatia, Russian Federation;
Belyaeva in Vangengejm et al., 1966) immediately above the Early-/
Middle Pleistocene (Matuyama/Brunhes) boundary (Alexeeva et al.,
2001) and from additional sites in Transbaikalia and Mongolia
(compilation in Kahlke and Lacombat, 2008). An isolated find from
the Kuznetsk Basin (Foronova, 1999) indicates the initial westward
expansion of this group of rhinoceroses into south-west Siberia
around the onset of the Middle Pleistocene. Coelodonta probably
did not spread into northern Asia before 600 ka, as rhinoceros
remains are completely lacking in the extended fossil record of the
Olyorian fauna (1.2—-0.6 Ma; Sher, 1986, 1987; Lister and Sher,
2001). One single find, from the vicinity of the town of Olek-
minsk on the Lena River (southern Yakutia, Russian Federation),
may indicate Coelodonta’s first advance to the north during the
early Middle Pleistocene (Boeskorov, 2001). Following the restric-
tion of the range of the genus to continental Asia for more than
three million years, at around 460 ka during MIS 12, an extended
phase of low temperature and aridity prevailed in western Eurasia,
providing, for the first time, an opportunity for a far westward
directed spread of woolly rhinoceroses of C. tologoijensis evolu-
tionary level (see Section 4.3.).

A separate group of little-studied large and slender Coelodonta
survived in more temperate habitats south of areas occupied by
C. tologoijensis/C. antiquitatis, and probably never spread out of this
area. The skull from Hsihoutu (= Xihoudu, Shanxi; Chia and Wang,
1978, pp. 28ff.), of uncertain Early Pleistocene age (1.27 Ma after
Zhu et al., 2003), might belong to this group of lightly built Coelo-
donta, along with finds described as C. antiquitatis yenshanensis
from Zhoukoudian, Loc. 1 (Sinanthropus Site), 9 and 12 (Hebei;
Chow, 1978, 1979) and two skeletons from Zhalainoer in northern
Inner Mongolia (R.-D. Kahlke, 2006, Fig. 2).

Members of the genus Mammuthus (M. trogontherii, M. pri-
migenius) were key elements of the Middle and Late Pleistocene
Mammuthus—Coelodonta Faunal Complex. Mammoth evolution
began in the African Pliocene some 4.0 Ma BP with Mammuthus
subplanifrons, an initial form with 7—9 plates in its M3 (Maglio,
1973; Kalb and Mebrate, 1993; Markov, 2010 and references
therein). During the 3.5—2.5 Ma (Late Pliocene to earliest Pleisto-
cene) interval, the first mammoths migrated from Africa via the
Levantine corridor into the western Palaearctic. These finds are
commonly merged as Mammuthus rumanus, with 8—10 plates in
their M3 (Lister and van Essen, 2003; Lister et al., 2005; Van Essen,

2011). Material from Cernastesti (= Dealul Calului, Dolj, Romania)
of 3.2—3.0 Ma, recently described under the name Archidiskodon
stefanescui by Obada (2010; no complete M3 available so far), might
represent the earliest (i.e. Early Villafranchian) evolutionary stage
of mammoths in Europe. There is also evidence for the early spread
of mammoths of the rumanus-group to the east, as far as northern
China (Wei et al., 2006). An upper M3 from Ch’in Hsien (Qinxian,
Shanxi, China) contains 9 plates. Moreover, one of Asia’s earliest
mammoth records, the find from Liyucun (Yushe Basin, Shanxi), is
roughly dated to between 3.4 and 2.8 Ma.

Between 2.6 and 0.7 Ma, Mammuthus meridionalis [sensu Lister
et al., 2005, i.e. inclusive of fossils formerly separated as Mammu-
thus gromovi with 11(upper)/12(lower)-15 plates in the M3; see
Garutt and Bajguseva, 1981, Table 2] dispersed over most of Eura-
sia’s moderate latitudes. During this span of time molar hypsodonty
and lamellar frequency increased, parallelled by a corresponding
decrease of enamel thickness and a change of cranial proportions
towards higher peaked skulls (for data see Lister and Sher, 2001;
Lister et al., 2005 and references therein). During the Olduvai
polarity subchrone, around 1.7 Ma, M. meridionalis entered the New
World via Beringia (Agenbroad, 1985; Morgan et al., 1998; Van
Essen, 2011), thus forming the ancestry of an independent Ameri-
can branch of mammoth evolution. Advanced forms of Eurasian
M. meridionalis, described under various (local) subspecific names
(evaluation in Van Essen, 2011, pp. 132ff.), appeared until 700 ka.
M. meridionalis tamanensis of Eastern Europe had 13—18 plates in
the M3 (Garutt, 1986).

Whereas late forms of M. meridionalis survived in zones of more
or less moderate climatic conditions well into the early Middle
Pleistocene, as early as 1.8—1.7 Ma, Central Asia’s continental
environment caused an evolutionary thrust towards more
advanced forms of mammoth. The earliest record of M. trogontherii,
with 17 plates in its M3, was recovered from sediments of the 1.36—
1.66 Ma interval at Majuangou (Nihewan Basin, Hebei, China; Wei
et al., 2003, 2006). Following Cai et al. (2008, p. 141), the Majuan-
gou fossils might even predate 1.8 Ma, but such a date has been
questioned (Deng et al., 2009, p. 22). However, trogontherii mam-
moths obviously originated during the Early Pleistocene, between
the Olduvai and the Jaramillo subchrones, in continental steppe
regions north of the Himalayan—Tibetan uplift, to become candi-
dates of the later Mammuthus—Coelodonta Faunal Complex. A major
spread of M. trogontherii into Asia’s North is to be assumed around
1.2 Ma, recorded by finds with 19—22 M3 plates from the north-
east Siberian Early Olyorian (1.2—0.8 Ma; Sher, 1987, named Arct-
elephas sp. at that time; Lister and Sher, 2001).

More or less synchronously, at the onset of the Epivillafranchian,
M. trogontherii also occurred in the western Palaearctic. The
mammoth molars from the site of Sinaya Balka (southern Russia),
dated to c. 1.2 Ma (Shchelinsky et al., 2010), range in their mean
measurements, intermediating between typical M. meridionalis
and M. trogontherii (Lister, 1996). However, Lister et al. (2005)
point to the bimodal variety in the M3 plate number (14—19)
and hypsodonty index. Something similar was found in the mam-
moth molar series of Dorn-Diirkheim 3 (Rheinland-Pfalz,
Germany), dated to immediately before the onset of the Brunhes
chron, at around 800 ka (Franzen et al., 2000). By excluding
taphonomic processes as an explanation for the repeated occur-
rence of bimodal morphology in mammoth molars at various
western Palaearctic sites of late Early Pleistocene age, populations
of both M. meridionalis and M. trogontherii may have synchronously
occupied different areas of the region during the 1.2—0.8 interval.
Most probably, the fossil record reflects populations of different
evolutionary level, shifting their distribution seasonally or with
short-term climatic circles to either replace each other in corre-
sponding areas, or even interbreed occasionally in hybrid zones, as
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might be indicated by individuals with obvious mosaic morphology
(Lister, 1996; Van Essen, 2003; Lister et al., 2005).

Mammoths of typical M. trogontherii morphology regularly
occurred in western Palaearctic regions during the 800 to 400 ka
interval. Prominent finds are the skeleton from Kostolac (Serbia),
between 1.0 Ma and 400 ka in age, and that from West Runton
(Norfolk, UK) of c. 700 ka (Lister and Stuart, 2010; Lister et al., 2012).
Also remarkable are extended dental series from Siienborn
(Thiiringen, Germany) of probably MIS 16 age (c. 640—620 Kka;
absolute data of isotope stages rounded after Bassinot et al.,
1994), from Mosbach 2 (Hessen, Germany) of MIS 15 or 13 (c.
620—480 ka) and those from Kolkotova Balka (Tiraspol, Trans-
nistria) of similar chronostratigraphic position (compilation in R.-D.
Kahlke et al., 2011). The morphometric analyses of early Middle
Pleistocene trogontheroid mammoths, which are especially well
studied in Europe, do not support the idea of gradualistic mammoth
evolution in the western Palaearctic. Rather, they suggest a model of
a complex pattern of change and replacement of populations with
repeated immigrations of advanced forms from Asia (Lister and
Stuart, 2010). Whereas the hypsodonty index and plate count in
western Palaearctic late Middle Pleistocene (c. 450—200 ka)
mammoths resemble typical M. trogontherii, their body size was
smaller, thus producing a lamellar frequency similar to that of later
M. primigenius. Accordingly, it seems to be reasonable to assign late
Middle Pleistocene mammoths of the western Palaearctic until c.
200 ka to late forms of M. trogontherii (Lister et al., 2005). Such a
view is supported by a restudy of late Middle to Late Pleistocene
material of north-eastern Chinese ‘Mammuthus sungari’, a species
accepted by most Chinese authors (e.g. Liu and Li, 1989) as a local
mammoth form. We et al. (2010) have now assigned less advanced
sungari-representatives to M. trogontherii. Whereas M. trogontherii
most probably originated in northern China, persisting there for
more than one million years, the well studied region of the Nihewan
Basin was never occupied by M. primigenius (Tong, 2010a).

3.3. Faunal elements of Arctic origin

Synchronously with a marked drop of global temperatures from
about 2.7 Ma onwards, and with the progressing development of
glacial phenomena in high latitudes, permafrost formed in north-
ernmost Asia and northern North America (see Section 2.2.). For the
first time a circumpolar tundra belt evolved. This new type of
landscape opened up ecological niches into which new groups of
plants and animals were able to spread. As a result, a number of
specialised mammal species originated which were adapted to the
new tundra biocoenoses. Key species of the later Eurasian Mam-
moth Faunas with Far Northern faunal roots were musk ox (Ovibos
moschatus), reindeer (Rangifer tarandus), woolly mammoth (M.
primigenius) and polar fox (Alopex lagopus).

There is little clarity concerning the origin of the musk oxen.
Several forms of Ovibovini are known from the Neogene (compi-
lation in R.-D. Kahlke, 1999, p. 65), although their skull morphology
does not render it very likely that any of them can be considered as
the immediate stem form of Pleistocene musk oxen. Whereas even
the phylogenetic relationship between the well recorded genera
Praeovibos and Ovibos is not yet clarified, the former is documented
by stratigraphically older finds. Praeovibos mediterraneus appeared
during the Early Pleistocene, approximately between 1.8 and
1.0 Ma, especially in Mediterranean influenced regions (compila-
tion in Crégut-Bonnoure, 2007, p. 82). A younger form, Praeovibos
priscus, was distributed over most of the Palaearctic and beyond
into Eastern Beringia during the 900—400 ka interval (compilations
in Crégut-Bonnoure, 1984, 2007, p. 84; McDonald et al., 1991). This
species has been recorded mainly in open landscapes with cool
and/or continental influenced climatic conditions. Outstanding

material was found in the Arago cave (Pyrénées-Orientales, France;
Crégut and Guérin, 1979) and near Bad Frankenhausen (Thiiringen,
Germany; Staudinger, 1908). A third species, P. beringiensis, obvi-
ously adapted to open landscapes in higher latitudes, is recorded
from Beringia some time between 1.2 and 0.8 Ma (Sher, 1971, 1987;
McDonald et al., 1991). DNA and protein analyses by Campos et al.
(2010a) support a close phylogenetic relationship between Prae-
ovibos and Ovibos.

The origin of evolved musk ox (Ovibos moschatus ssp.) most
probably parallelled the genesis of the first Holarctic tundra belt
from c. 2.7 Ma onwards. Accordingly, the hypothetic centre of musk
ox origin is presumed to lie in the circumpolar tundra zone. Nev-
ertheless, the earliest evidence of fossil Ovibos known to date is
recorded from riverine gravels at the site of StiBenborn (Thiiringen,
Germany; H.-D. Kahlke, 1963a), probably of MIS 16 age (c. 640—
620 ka). The sporadic occurrence of musk oxen remains within
the rich fossil vertebrate assemblage of this Central European site
seem to reflect the occasional appearance of seasonal (winter)
immigrants from Arctic regions (Soergel, 1939; R.-D. Kahlke, 1999).

Another animal of Arctic origin that joined with the Palaearctic
Mammoth Fauna was the reindeer, Rangifer tarandus. This species is
a highly specialised telemetacarpal deer of the subfamily Odocoi-
leinae. Based on mitochondrial cryptochrome b genetic analysis,
Randi et al. (1998) have proposed that a split of Odocoileini and
Rangiferini tribes had already occurred during the Middle Miocene.
The earliest fossils of caribou, described as Rangifer sp., are recorded
from Eastern Beringia, namely from the Early Pleistocene of Cape
Deceit (Seward Peninsula, Alaska) of perhaps 1.8 Ma (Guthrie and
Matthews, 1971, p. 496; Storer, 2002, 2003) and from the slightly
younger site of Fort Selkirk (Yukon, Canada), dated at around 1.7—
1.5 Ma BP (Storer, 2003, 2004; Harington, 2011). Late Early to early
Middle Pleistocene finds of Rangifer ex gr. tarandus have also been
identified in Western Beringia, in the 1.2—0.6 Ma dated Olyorian
sequence of north-east Siberia (Sher, 1987). As assumed for the
musk ox, Rangifer is also believed to have originated in the northern
tundra belt. However, because of the general scarcity of larger
mammal remains of Plio-/Early Pleistocene age in boreal and Arctic
regions, the origin of reindeer/caribou can not be yet dated with
any certainty. Nevertheless, its parallel evolution with the devel-
oping tundra from c. 2.7 Ma onwards appears the most reasonable
scenario.

Over a long span of time, from the Early Pleistocene to the late
Middle Pleistocene, M. trogontherii found suitable enough envi-
ronmental conditions in order to persist in the majority of the
western and central parts of the Palaearctic (see Sections 3.2. and
4.4.). Synchronously, between 800 and 600 ka BP (Late Olyorian),
in north-eastern Eurasia indigenous M. trogontherii started to
transform into more evolved forms of mammoth, as is expressed by
an increase of M3 plate numbers to 22—24 (Lister et al., 2005).
Continuous cold conditions, which probably fluctuated less on an
annual and interannual basis than in inner continental regions of
Eurasia, in combination with Far Northern vegetation phaenology,
caused the speciation of M. primigenius. The primigenius stage was
present in NE Asia from 400 ka onwards, i.e. at least 200 ka earlier
than in the western Palaearctic (Lister and Sher, 2001).

Having been a regular element of the Mammuthus—Coelodonta
Faunal Complex, the polar fox Alopex lagopus is clearly a carnivore
of northern origin. Nevertheless, earliest Palaearctic fox remains of
the genus Vulpes are reported from the Ruscinian/Villafranchian
transition (c. 3.4 Ma) and the onset of the Villafranchian (Spassov,
2000 and references therein). Recorded from Middle to Late Villa-
franchian (2.6—1.2 Ma) western Palaearctic faunal assemblages
(compilation in Koufos, 1993; Garrido, 2008), Vulpes alopecoides is
commonly held to be the stem species of the evolutionary line
towards cold adapted (“polar”) foxes. V. alopecoides was an animal
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of a size similar to that of the extant polar fox and with a certain
preference of open steppe-like habitats (R.-D. Kahlke, 1999, pp.
96f.). From the beginning of the Pleistocene onwards it developed
and expanded parallel to the spread of open landscapes (R.-D.
Kahlke et al., 2011). A form of probably analogous evolutionary
level was described under the name Vulpes chikushanensis from
contemporaneous sites in China (discussion in Qiu et al., 2004,
pp. 171f.).

The scarcity of fossil fox remains of late Early to Middle Pleis-
tocene ages causes uncertainties in our knowledge about the origin
and early evolution of the polar fox. Whereas Bonifay (1971, p. 143)
regards Vulpes praeglacialis as a synonym of V. alopecoides, other
students separate the former as a more evolved species from the
latter (e.g. Spassov, 1999). V. praeglacialis is recorded from various
European sites of the 1.2—0.4 Ma interval, such as the lower levels
of Kozarnika (north-western Bulgaria), Le Vallonnet (Alpes-Mar-
itimes, France) and I'Escale (Bouches-du-Rhéne, France) (compila-
tion in R.-D. Kahlke et al., 2011). Whereas this species obviously
survived the MIS 12 (Elsterian) cold stage, it is unlikely that its
latest representatives gave rise to the origin of Alopex. However, the
remains of a fox from the Olyorian (1.2—0.6 Ma) fauna of north-east
Siberia, published as Alopex sp. (Sher, 1987, p. 100), imply that the
centre of origin of polar foxes is to be found within the late Early to
early Middle Pleistocene Arctic tundra belt.

4. Precursors and stages of Eurasian Mammoth Faunas
4.1. Early Asian steppe faunas

The Early Pleistocene global temperature fluctuations that fol-
lowed a 41 ka periodicity (Lisiecki and Raymo, 2005) did not obvi-
ously affect the principal tendency of aridification of Central Asia. A
series of Early to earliest Middle Pleistocene (c. 2.6—0.7 Ma) fossil
vertebrate sites illustrate the faunal character of the inner Asian
steppe before the formation of pan-Eurasian Mammoth Faunas. Of
particular interest are the Middle Villafranchian finds from Longdan
(Gansu, China; Deng, 2002; Qiu et al., 2004), the Late Villafranchian
assemblages of the Nihewan Basin (Hebei, China; compilations in
Qiu, 2000; Wei, 2009), the Late to Epivillafranchian faunas of
Zazukhino 2 and 3 in western Transbaikalia (Buryatia, Russian
Federation; Vangengejm et al., 1990), those from the late Early
Pleistocene (>900 ka) deposits of Nalaikha near Ulaan Baatar
(Mongolia; Zhegallo et al., 1982; Sotnikova, 1988; Eisenmann and
Kuznetsova, 2004), and finds from the earliest Middle Pleistocene
fossil layer of Tologoj 2.5 at the Selenga river (Buryatia; Vangengejm
et al,, 1966; Alexeeva et al., 2001; Alexeeva and Erbajeva, 2006).

The bovids of these sites are predominantly represented by
forms increasingly adapted to continental steppe or semi-arid
environments, such as the multiform genus Gazella (Longdan,
Nihewan, Nalaikha, Tologoj 2.5) and the group of spiral-horned
antelopes, from Spirocerus wongi to S. kiakhtensis (Nihewan, Zazu-
khino 2 and 3, Nalaikha, Tologoj 2.5). Moreover, Leptobos was suc-
cessively replaced during the Middle and Late Villafranchian by
early members the genus Bison, a process which has also been
observed in western Palaearctic regions (R.-D. Kahlke, 2007a). This
substitution probably reflects a transcontinental expansion of
steppe-like environments.

Some ecological differences between the Chinese large mammal
associations and the Transbaikalian and Mongolian ones, probably
caused by chronological as well as palaeogeographical reasons, are
apparent. Thus the faunas from Longdan and Nihewan include
several cervid genera, such as Eucladoceros, Rusa and Elaphurus,
with at least partial forest adaptation, which do not occur in more
northerly sites of Central Asia. Accordingly, the areas covered by the
Chinese sites may have been characterized at certain times by, at

least, some woodland. However, from the Transbaikalian Zazu-
khino 3 site the remains of Capreolus cf. suessenbornensis, Alces cf.
latifrons and those of an indeterminable megacerine have been
recovered. All of these species are attributable to a more or less
open landscape.

Early forms of Coelodonta were the dominating rhinoceroses in
all of the key site faunas (see Section 3.2.). However, they did not
spread out of Central Asia until 600 ka. The life style of Early
Pleistocene C. nihowanensis was that of a cursorial mixed feeder
with a certain preference for grazing behaviour. Early Middle
Pleistocene C. tologoijensis continued to develop the feeding strat-
egy of a grazer in meadow to forest steppes (Kahlke and Lacombat,
2008). Other species indicating open environments are the equids,
represented in most cases by the morphologically variable Equus
sanmeniensis group (Nihewan, Zazukhino 3, Tologoj 2.5). The large
horse from Longdan, Equus eisenmannae, has been identified as a
hard grass feeder (Qiu et al., 2004). E. nalaikhaensis from Mongolia
shows some hemione-like features (Eisenmann and Kuznetsova,
2004) which also may suggest a grazing life style.

Most of the mentioned Central Asian key sites produced some
remains of Mammuthus, although dental remains suitable for
detailed investigations are usually lacking. In any case, the earliest
record of steppe mammoth M. trogontherii originates from the
Nihewan basin (see Section 3.2.).

The range of genera from the above localities includes a variable
multiplicity of carnivores. Characteristic felids are early pantherine
cats (Panthera ex gr. palaeosinensis), early cheetahs (Acinonyx par-
dinensis s. l.; Hemmer et al., 2011) and dirk toothed cats (Meg-
antereon). A variety of small canids seem to have been the result of
prevailing open landscapes (Longdan, Nihewan). Other species,
such as Pachycrocuta ex gr. brevirostris/sinensis (Longdan, Nihewan,
Zazukhino 3, Nalaikha), Canis (Xenocyon) ex gr. lycaonoides (Zazu-
khino 3, Nalaikha) and Canis variabilis (Zazukhino 3, Nalaikha), were
not restricted to the Central Asian steppe zone but had a wider range
of habitat preferences (R.-D. Kahlke et al., 2011; see Section 4.2.).

For Early Pleistocene to earliest Middle Pleistocene periods the
picture which emerges is one of a relatively independent evolution
of continental Asian steppe faunas, which ranged from the foothills
of the Himalaya up to Mongolia and Transbaikalia. Only a few
species have also been recorded from the contemporaneous faunas
of the Arctic tundra (see Section 4.2.). Over long spans of time both
faunal complexes were substantially separated from each other by
taiga-like forest belts (Arkhipov et al., 2005; Fradkina et al., 2005;
Nikitin, 2006).

4.2. Early Beringian tundra faunas

Mammal fossils of Early Pleistocene age are rare in the Far North.
Therefore the influence of global climate variability, inclusive of the
recently recorded Arctic “super interglacials” (Melles et al., 2012),
on the evolution and spatial distribution of early tundra faunas is
relatively unknown. Palaearctic vertebrate records have mainly
been obtained from sections in the north-east Siberian Yana-
Kolyma lowland (Sher, 1986, 1987, 1992). Quite diverse material
was collected from sites of the Epivillafranchian to early Middle
Pleistocene Olyorian complex (1.2—0.6 Ma BP; Sher, 1986, 1987).
The Early Olyorian (= Chukochyan), covering the 1.2—0.8 Ma span,
is separated from the Late Olyorian (= Akanian) of 800—600 ka.

During the Early Olyorian the abundant group of musk oxen
comprised different forms of Praeovibos (P. beringiensis, P. cf. priscus,
P. sp.; Sher, 1987), which had probably developed different affinities
to open landscapes. Compared to Ovibos, members of Praeovibos
apparently possessed a greater ecological variability, so that the
latter genus was widely dispersed from south-west Europe to
north-east Siberia during the Early Pleistocene. Remains of
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sympatric Ovibos with strict adaptation to tundra landscapes have
not yet been recorded at high altitudes, but are assumed to be there
(see Section 3.3.). Another typical Beringian bovid, Soergelia sp., an
animal the size of the western Palaearctic Soergelia elisabethae but
with a slightly different morphology of its horn cores (H.-D. Kahlke,
1969a; Sher, 1987; R.-D. Kahlke, 2007b), was not adapted to
extreme cold and/or corresponding aridity. Like Praeovibos, it did
not survive the Middle Pleistocene.

During the whole span of the Olyorian, the early reindeer Ran-
gifer ex gr. tarandus with its clear tundra adaptation was abundant,
in some cases accompanied by elks of the Alces latifrons group
(Sher, 1986, 1987), which are also indicators of open environments.
As a rare faunal element of at least the Akanian period, an early
form of elaphine deer (Cervus ex gr. acoronatus) appeared more or
less synchronously with its correspondingly earliest records in the
western Palaearctic (R.-D. Kahlke et al., 2011). However, its eco-
logical niche is still little-known.

Whereas rhinoceroses were completely lacking in Olyorian
assemblages (see Section 3.2.), the fossil record illustrates the
abundance of different species of horses. Particularly prevalent was
Equus verae and its related forms, in addition to more advanced
caballines close to E. mosbachensis (Sher, 1971, 1987), a group which
predominantly dispersed under cool to cold environmental con-
ditions in grasslands. Mammuthus trogontherii first appeared in
Beringia around 1.2 Ma BP (Lister and Sher, 2001) to transform
during the Middle Pleistocene into M. primigenius (Lister et al.,
2005) (see Section 3.3.).

The guild of Olyorian carnivores, as far as is known, appears to
be less indicative of the tundra environment. It comprises a number
of ubiquitous forms, such as Homotherium sp., Gulo cf. schlosseri,
Ursus sp. (“spelaeoid”, U. savini nordostensis), Canis mosbachensis
and Canis (Xenocyon) lycaonoides (Sotnikova, 1978, 1982, 1988; Sher
etal.,, 2011). Nevertheless, the Olyorian record of Alopex sp. provides
evidence for the Beringian origin of polar foxes (see Section 3.3.).

4.3. Steppe/tundra faunal exchange and first pan-Eurasian
Mammoth Fauna

The interval of globally unstable climatic conditions between 1.2
and 0.9 Ma BP (Lisiecki and Raymo, 2005) seems to be the result of a
transition linking the 41 ka with the following 100 ka periodicity. In
wide regions of the Palaearctic it created an increasing diversity of
habitats and a distinctive character of resulting (Epivillafranchian)
faunas (R.-D. Kahlke, 2007a). From 900 ka onwards the climatic
cycling finally switched to a 100 ka periodicity. Correspondingly,
prolonged climatic cycles, which appeared as extended phases of
climatic stability, caused drastic changes in the structure of mam-
mal faunas (R.-D. Kahlke et al., 2011).

A major spread of steppe mammoth, M. trogontherii, into the
Asian Arctic took place at around 1.2 Ma B.P. (see Section 3.2.).
During that time, i.e. around the onset of the Epivillafranchian at
the latest, this species also occurred in the western Palaearctic. The
conceptual model of repeated, climate-controlled mutual replace-
ment of M. meridionalis and M. trogontherii populations in most of
Europe (see Section 3.2.) seems reasonable. From 800 ka onwards
M. trogontherii became the dominating mammoth species across
the entire Palaearctic. Roughly around that time Saiga also
appeared in high latitudes (see Section 3.2.).

In return, occasional appearances of immigrants from the Arctic
regions in Europe’s mid-latitudes (Germany, British Islands, France)
during the 640—480 ka span (MIS 16—13) indicate a temporal
opening of migration routes for cold adapted species into temper-
ate regions. Scarce early Middle Pleistocene musk ox material of
probably MIS 16 (c. 640—620 ka) age has been recorded from the
site of SiiBenborn (Thiiringen, Germany) (see Section 3.3.), which

shows a far-reaching morphological proximity to Late Pleistocene
and extant forms. The more slender metapodials of the SiiRenborn
animals provide the main argument for a subspecific separation as
Ovibos moschatus suessenbornensis (H.-D. Kahlke, 1963a).

In addition, earliest western Palaearctic reindeer finds were also
recovered from the SiiBenborn gravels. Based on antler morphol-
ogy these remains were attributed to early representatives of
tundra reindeer (H.-D. Kahlke, 1969b). A skull with attached antlers
from the Mosbach 2 fauna (Hessen, Germany) of MIS 15 or 13 age (c.
620—480 ka) belongs to the same morpho-group. Based on the
latter find, the early Middle Pleistocene subspecies R. tarandus
stadelmanni was established (H.-D. Kahlke, 1963b; R.-D. Kahlke,
1999, pp. 53f.). Furthermore, a single antler-base of reindeer was
reported from the top of the Westbury-sub-Mendip sequence
(Somerset, UK; Gentry, 1999). The low quantities of Rangifer finds
within the extended fossil assemblages, particularly at the sites of
SiiRenborn and Mosbach, led to the interpretation of the recorded
individuals as occasional winter visitors from Subarctic or Arctic
regions, as was similarly assumed for contemporaneous musk oxen
(see Section 3.3.).

Moigne et al. (2006) discussed the first reindeer spread as far as
Western Europe during MIS 14 (Arago cave, Complex moyen,
ensemble I). During the cold period of MIS 12, around 460 Kka,
Rangifer became, for the first time, a regular faunal element the
Palaearctic Mammoth Fauna, as recorded from the fossil assem-
blage of Bad Frankenhausen (Thiiringen, Germany; Kahlke and
Lacombat, 2008, p. 1953: R. tarandus ssp.). Roughly synchronous
finds of reindeer remains are known from several Western and
North Western European sites (compilation in R.-D. Kahlke, 1999, p.
54; Moigne et al., 2006, Arago cave, Complex moyen, ensemble III).

The long-lasting cold and continental climatic conditions of MIS
12 between 480 and 400 ka (Elsterian, Anglian, Okian) changed the
Palaearctic faunal pattern drastically. Species of Central Asian
steppe origin spread into northern and western Palaearctic regions,
among them members of the Coelodonta group (see Section 3.2.).
Single records of their first “far western” expansion are docu-
mented from at least seven western Palaearctic sites in the Roma-
nian Brasov depression and in Central Germany (Radulescu and
Samson, 1985; Kahlke and Lacombat, 2008). In addition to C. tolo-
goijensis, the faunal record of meltwater gravels deposited around
460 ka BP (isotopic events 12.4—12.3 sensu Bassinot et al., 1994) in
the vicinity of the advancing Elsterian ice sheet near Bad Frank-
enhausen (Thiiringen, Germany) comprise more species adapted to
cold and continental environments, such as Bison sp., Soergelia
elisabethae, Praeovibos priscus, Rangifer tarandus ssp., Equus sp. and
Mammuthus trogontherii (Kahlke and Lacombat, 2008 and refer-
ences therein). Elements of steppe as well as of tundra origin co-
occurred, and for the first time the structure of a Mammoth
Fauna appeared. This allows the conclusion to be drawn that similar
assemblages existed concurrently, ranging from Central Europe (at
least 11°E) in the west, up to Central and northern Asia in the east,
thus forming the first pan-Eurasian Mammoth Fauna. The merger
of essential parts of faunas, hitherto limited to Arctic and con-
tinental Asian regions respectively during MIS 12, probably took
place slightly earlier in the eastern Palaearctic than in Europe.

4.4. Late Middle and Late Pleistocene Eurasian Mammoth Faunas

From 400 ka BP onwards, the faunal evolution was controlled by
the continuing 100 ka climatic cyclicity. Long and usually relatively
stable cold and warm climatic intervals, modulated by a general
trend of global cooling (see Raymo and Nisancioglu, 2003, Fig. 1;
Lisiecki and Raymo, 2005, Fig. 4), led to the origin and expansion of
ecologically specialized mammal species. Western and easternmost
regions of the Palaearctic in particular were characterized by
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Fig. 2. Last Glacial (MIS 5d—MIS 2, Weichselian, Devensian, Valdaian) maximum distribution of Saiga borealis/Saiga tatarica in the Palaearctic (after R.-D. Kahlke, 1999; additions

after Alvarez-Lao and Garcia, 2011a).

dramatic alterations between cold and warm adapted faunal
assemblages (Xue, 1991; R.-D. Kahlke, 1999, pp. 117f.; R.-D. Kahlke
et al., 2011). During cool to cold climatic periods, all groups of
animals considered in this study expanded their habitats sig-
nificantly, thus becoming faunal elements of corresponding Mam-
moth Faunas.

After the first appearance of Saiga in north-east Siberia during
the late Early to early Middle Pleistocene (see Section 3.2.), a long
gap in the information on the distribution of this species follows. It
is only from the late Middle Pleistocene onwards, during colder
climatic periods with pronounced continental conditions, that
saigas are known to have repeatedly expanded from their, probable,
Central Asian refugia northwards into Subarctic and Arctic lat-
itudes, as well as westward into Europe. Corresponding remains are
recorded from East, Central and Western European sites, such as
Ulushka (Volgograd, Russia), Freyburg/Unstrut (Sachsen-Anhalt,
Germany), and the Grotte de la Chaise, Abri Suard (Charente,
France) (R.-D. Kahlke, 1990, 1992). During the Last Glacial (MIS 5d—
MIS 2) Saiga experienced its maximum geographical distribution
(Fig. 2). In Europe the Alps and Pyrenees constituted barriers to
migration and the Apennine and the Iberian Peninsula were not
occupied. Single saiga finds from a Magdalenian context of the
Abauntz cave (Navarra, Spain) are interpreted as having been
brought by human hunters from elsewhere (Alvarez-Lao and
Garcia, 2011a). The Ural Mountains were colonized as far as 62° N
(Kuzmina, 1971, pp. 101, 109), and in north-east Siberia Saiga
expanded up to Yakutia (Lazarev, 2008, Fig. 46). From at least
39 ka BP onwards saiga entered Eastern Beringia (Harington, 1998,
2011). The principal limiting factors to its expansion included high
reliefs, forested habitats, regions of deep or crusted snow covers
and deserts.

After Coelodonta tologoijensis was involved in the formation of
the initial pan-Eurasian Mammoth Fauna, which expanded during
MIS 12 to Central Europe (see Section 4.3.), it retreated from
western Palaearctic areas during most of the subsequent warm-

humid periods, to re-occupy huge territories of Eurasia in succes-
sively evolving stages during all of the following cold and con-
tinental influenced periods. During MIS 10 and 8 Coelodonta
advanced into the steppe-like environments of Central and even,
temporarily, Western Europe, as demonstrated by finds from e.g. La
Fage (Corréze, France; Guérin, 1973), Ariendorf 1 (Rheinland-Pfalz,
Germany; Turner et al., 1997, pp. 69ff.), Weimar-Ehringsdorf (basal
gravels below the travertine sequence with mammal fauna 1;
Thiiringen, Germany; R.-D. Kahlke et al., 2002, p. 163) and Mark-
kleeberg (Sachsen, Germany; Eissmann, 2002, p. 1307). During MIS
6, C. antiquitatis entered the Iberian Peninsula for the first time, as
recorded from the site of La Parte (Asturias, Spain; Alvarez-Lao and
Garcia-Garcia, 2006). The range of Coelodonta’s ecological tolerance
meant that woolly rhinoceroses were also present in Central and
North Western Europe during the dryer and cooler periods of MIS 7
and 5, e.g. at Crayford (Kent, UK; Schreve, 2001, p. 1702) and
Weimar-Ehringsdorf (Upper Travertines I and Il with mammal
faunas 7 and 8; Thiiringen, Germany; R.-D. Kahlke et al., 2002, p.
172), as long as the available habitats comprised sufficient amounts
of open grassland. During the later Middle Pleistocene C. anti-
quitatis expanded into the eastern Palaearctic as far north as
Yakutia and Chukotka (Russian Federation; Boeskorov, 2001).
During the Last Glacial (MIS 5d—MIS 2), C. antiquitatis ranged
through most of northern and middle Eurasia from the Iberian
Peninsula, France and England in the west, via Denmark, Central
Europe, Italy, the Balkans, most of Eastern Europe up to the
Caucasus and the Urals, northern and north-eastern Kazakhstan
as far as Kyrgyzstan, Western Siberia, through the Baikal region and
northern Outer Mongolia to the far-eastern Primorski Krai of the
Russian Federation, southern Korea and northern and north-
eastern provinces of China. The northward expansion once more
reached Yakutia, the New Siberian Islands, Chukotka and Kam-
chatka (R.-D. Kahlke, 1999; Kahlke and Lacombat, 2008; additions
after Pereladov and Shpanskiy, 1997; Savinezkiy and Ptashinskiy,
1999; Alvarez-Lao and Garcia, 2011a,b) (Fig. 3). Principal limiting
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Fig. 3. Last Glacial (MIS 5d—MIS 2, Weichselian, Devensian, Valdaian, Dalian) maximum distribution of Coelodonta antiquitatis in the Palaearctic (after Kahlke and Lacombat, 2008;
additions after Pereladov and Shpanskiy, 1997; Savinezkiy and Ptashinskiy, 1999; Alvarez-Lao and Garcia, 2011a).

factors to the woolly rhinos’ expansions were dense forests,
swampy areas and open water bodies on the one hand, and semi-
deserts and deserts on the other. A moisture barrier, particularly
the seasonal formation of stagnant waters on top of permafrost
soils towards Eastern Beringia, may have prevented Coelodonta’s
immigration to the Nearctic (R.-D. Kahlke, 1999, p. 46; Mol et al.,
2006; see Section 5.2.).

Steppe mammoths (M. trogontherii) were abundant faunal ele-
ments of late Middle Pleistocene Mammoth Faunas until 200 ka
(see Section 3.2.), expanding and contracting their habitats parallel
to alternating colder/dryer and warmer/wetter environmental
conditions. In eastern Palaearctic refugia, M. trogontherii probably
survived much longer than in the west, as is indicated by recent
finds of Late Pleistocene age from Yuxian (Hebei; Tong, 2010b) and
from Gaoling County (Shanxi; We et al., 2010; see Section 5.2.). In
Europe, developed M. primigenius appeared during late MIS 7 or
early MIS 6, between 200 and 160 ka. The fossil record indicates an
oscillating movement of synchronous western Palaearctic
M. trogontherii and M. primigenius populations (Lister et al., 2005),
similar to that of Early Pleistocene shifting of M. meridionalis and
M. trogontherii between 1.8 and 1.2 Ma BP (see Section 3.2.), except
for a shorter interval. However, an unambiguous assignment of
isolated finds to one of the aforementioned species is possible,
though not in every case.

M. primigenius became a trace species for the latest Middle to Late
Pleistocene Palaearctic Mammoth Faunas. It reached its maximum
distribution during the Late Pleistocene cold period (MIS 5d—MIS 2),
developing a Holarctic belt of woolly mammoth distribution. Its
habitats stretched from the Iberian Peninsula, North Western
Europe, the southern bight of the North Sea and Scandinavia via
Central, Southern and South Eastern Europe, the Russian Plain, the
Ukraine as far as the Black Sea, Transcaucasia, the Urals and
Bashkiria to south-eastern Kazakhstan, Xinjiang in westernmost
China, northern Outer Mongolia, Eastern Siberia, north-eastern
China, the northernmost part of South Korea, Sakhalin and

Hokkaido and to Yakutia and Kamchatka, as well as into northern
North America and the Northern Plains of the United States (com-
pilation and references in R.-D. Kahlke, 1999, 36f.; Alvarez-Lao et al.,
2009, pp. 65ff.). The southern expansion of M. primigenius during the
Late Pleistocene extended to similar latitudes of c. 37°N in Europe
and Asia (Alvarez-Lao et al., 2009). Its southernmost spreads were
limited by unsuitable vegetational conditions and the configuration
of high mountain chains, arid zones and marine shorelines (Fig. 4).

A first continuous occupation of wide, non-Arctic territories by
musk oxen is recorded for the late Middle Pleistocene cold stages
(MIS 8, 6), when Ovibos moschatus temporarily ranged from Siberia
up to North Western Europe (compilation in Sher, 1971, pp. 251f;
Raufuss and von Koenigswald, 1999). It had replaced Praeovibos, the
dominant ovibovine of early Middle Pleistocene faunas, to become
a regular element of the Mammuthus—Coelodonta Faunal Complex.
Whereas Ovibos moschatus survived late Middle to Late Pleistocene
temperate and more humid periods in Arctic to subarctic refugia —
which in fact are the habitats of its origin — the species re-advanced
into middle latitudes of Eurasia during each significant climate
cooling span. During the coldest periods of the Last Glacial (MIS
5d—MIS 2) musk oxen reached their largest ever range of
distribution. The species is recorded from the Iberian Peninsula in
the west (Alvarez-Lao and Garcia, 2011a) and France, England, the
southern bight of the North Sea, the entire Central European area,
southern Scandinavia, Moldova, the Russian Plain to the Urals and
West and north-east Siberia to the Liakhov and the New Siberian
Islands into the New World (R.-D. Kahlke, 1999, p. 66). Principal
limiting factors of its spatial expansion were the configurations of
the ice advances from the north, arid areas in Central Eurasia and
probably relatively high amounts of annual precipitation in
Southwestern Europe (Fig. 5).

During colder and dryer periods, especially of MIS 10, 8 and 6,
Rangifer also expanded from its original Arctic or boreal habitats
deep into Eurasia. Scattered finds from Siberia, especially from the
Kuznetsk Basin up into the Volga region in European Russia, in
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Fig. 4. Last Glacial (MIS 5d—MIS 2, Weichselian, Devensian, Valdaian, Dalian) maximum distribution of Mammuthus primigenius (adapted after R.-D. Kahlke in Alvarez-Lao et al.,

2009, Fig. 8).

combination with records from Western and North Western Europe
(compilation in R.-D. Kahlke, 1999, p. 54), suggest extended dis-
tribution ranges of reindeer comparable to those of the Late Pleis-
tocene. A number of finds from Eastern Beringia establish late
Middle Pleistocene caribou occurrence in the Nearctic (Péwé and
Hopkins, 1967). Palaearctic fossil R. tarandus finds of Late

Pleistocene (MIS 5d—MIS 2) ages are known in extremely large
numbers, especially towards the end of this period. Fossil
localities have redrawn huge belts of reindeer occurrences from
the Iberian Peninsula and the British Isles in the west, the
southern bight of the North Sea, almost the entire territory of
France and Central Europe, southern Scandinavia, the north of

Fig. 5. Last Glacial (MIS 5d—MIS 2, Weichselian, Devensian, Valdaian) maximum distribution of Ovibos moschatus (after R.-D. Kahlke, 1999, additions after Alvarez-Lao and Garcia,

2011a).
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Fig. 6. Last Glacial (MIS 5d—MIS 2, Weichselian, Devensian, Valdaian) maximum distribution of Rangifer tarandus (after R.-D. Kahlke, 1999; modifications after Sala, 1983; Alvarez-

Lao and Garcia, 2011a).

South Eastern Europe, the Russian Plain as far as the Crimea, the
Urals and its foreland, northern Kazakhstan, Western and Eastern
Siberia, the Far East of the Russian Federation, Yakutia, the New
Siberian Islands, and beyond into Eastern Beringia (R.-D. Kahlke,
1999, p. 54f.). The principal limiting factors to its expansion
appear to be similar to that of the musk oxen: the shape of northern

?:‘ ¥ )‘,

ice advances, the aridity in central Eurasia and probably a high
amount of annual precipitation combined with corresponding
vegetation in regions of marine climatic influence (Fig. 6).
Following the recorded incidence of an early representative of
polar foxes (Alopex sp.) in the north-east Siberian Olyorian along
with some late Early to early Middle Pleistocene fox remains of

Fig. 7. Last Glacial (MIS 5d—MIS 2, Weichselian, Devensian, Valdaian) maximum distribution of Alopex lagopus (after R.-D. Kahlke, 1999; additions after Alvarez-Lao and Garcia,

2011a).
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uncertain phylogenetic position from Europe (see Section 3.3.),
there is a long gap in the fossil evidence. Arambourg (1958, pp.
2009ff., tab. X1V, 4) referred a number of mandibular fragments from
Fontéchevade (Charente, France) to A. cf. lagopus. Following
Bonifay’s (1983, p. 113) dating of the fossils to late Middle Pleisto-
cene age, for a long time these finds were considered to represent
the oldest records of evolved polar fox (R.-D. Kahlke, 1999, p. 20).
More recent data, however, have almost certainly assigned the site
to MIS 3 (Chase et al.,, 2007), which would not support a first
immigration of A. lagopus into the western Palaearctic before the
Late Pleistocene. However, given the wide spread of Ovibos and
Rangifer during appropriate late Middle Pleistocene spans of time, a
parallel expansion of polar foxes into the Mammoth Fauna can not
be generally excluded. As a regular member of the Late Pleistocene
(MIS 5d—MIS 2) Mammuthus—Coelodonta Faunal Complex, evolved
A. lagopus occupied large areas of Eurasia. It is recorded in the
Pyrenees, France and the British Isles in the west, across Central and
Eastern Europe, ice free parts of Scandinavia as far as the Altai, the
Baikal region, north-east Siberia, the Liakhov Islands and beyond
into the New World (R.-D. Kahlke, 1999, p. 20; Fig. 7). Because the
polar fox is capable of traversing long distances over frozen water,
future finds from a larger number of islands within the northern
polar circle are to be expected. Towards the south, in moderate
regions, Late Pleistocene polar fox was replaced by Vulpes vulpes
and in dryer steppe habitats of Central to East Asia by V. corsac.

5. Discussion
5.1. Preconditions and precursors

The origin and evolution of Eurasian Mammoth Faunas and their
precursors are the result of geological and climatic processes of global
dimension that started well before the onset of the Quaternary. The
collision of the African and Indian tectonic plates with Eurasia began
as early as during the early Caenozoic. It resulted in the rise of a
massive, continent-spanning orogen, which prevented the influx of
moist air from the Indian and western Pacific Oceans into Asia’s
interior. At least since the late Miocene, the aridification of Central
Asia, north of the Himalayan—Tibetan uplift, had a fundamental
impact on the evolution of corresponding mammalian faunas.
Moreover, from c. 15 Ma onwards, a trend of global cooling also
strongly affected Eurasia’s faunal evolution. Roughly between 2.9 and
2.6 Ma, a circumpolar extended tundra belt was formed, opening
ecological niches for mammals that could increasingly endure high
Arctic climate and vegetation conditions. The configuration of the
Eurasian landmass as a whole, with its wide east—west-extension in
mid- and high latitudes of the Northern Hemisphere, formed the
basis for the development of pronounced continentality in regions of
greater distances to the oceans and with stable atmospheric high-
pressure conditions. A number of geographic factors, such as tem-
poral ice advances, sea level lowering with resulting shelf exposure,
and changes in the ocean current system supported the increase of
continentality (see Sections 2.1. and 2.2.).

Species with progressing adaptation to pronounced aridity,
decreasing temperatures and rapid temperature fluctuations
inclusive of intervals of extreme cold, met the principal require-
ments to evolve into elements of Mammoth Faunas. This is the case
for a number of herbivores which originated in the continental,
open landscape of Central Asia, such as Saiga and Mammuthus
trogontherii (see Section 3.2.). Most of these species did not pri-
marily originate in high-altitude regions. The majority of larger
mammals of Tibetan/Himalayan origin, such as argali (Ovis
ammon), blue sheep (Pseudois nayaur), chiru (Pantholops hodgsonii),
yak [Bos (Poéphagus) mutus], Tibetan wild ass (Equus kiang), and
snow leopard (Uncia uncia) (Deng et al., 2011) have always been

restricted to the mountainous habitats of Tibet and the surrounding
regions and did not disperse far into the Eurasian landmass.
However, Deng et al. (2011) showed that the first member of the
continental adapted rhinos, Coelodonta thibetana, apparently ori-
ginated in the Tibetan high-plateau. So not only the dry regions
north of the Himalayan—Tibetan uplift, but also the mountain
region itself was part of the area of the origin of ancestors, which
subsequently evolved into species of pan-Eurasian Mammoth
Faunas. Another region that essentially contributed to the mammal
spectrum of the Mammoth Faunas was the Far North. Species of
Subarctic to Arctic origin, such as Ovibos moschatus, Rangifer tar-
andus, Mammuthus primigenius and Alopex lagopus, were also
adapted to low temperature conditions combined with extreme
seasonality inclusive of frost drought.

For a long time, faunas of both continental Asian steppe and
Arctic tundra were spatially separated from each other. They shared
only a few common faunal elements, such as the ubiquistic canid
Canis (Xenocyon) ex gr. lycaonoides. Among the first large herbivo-
rous species that occurred in both continental Eurasian steppe and
in high latitude environments was Mammuthus trogontherii, which
became the dominating Palaearctic proboscidean from the onset of
the Middle Pleistocene onwards. For other large herbivores from
Central Asian and Arctic faunal assemblages, which were princi-
pally adapted to open environments, a taiga-like forest belt (see
Section 4.1.) acted as an effective barrier to further expansion. As a
single exception among the larger mammals, early Saiga reached
north-east Siberia via occasional migration paths, which probably
opened up somewhere in the eastern Palaearctic. These early routes
would have passed over patches of steppic communities that
sometimes scattered into boreal habitats (Guthrie, 2001, p. 552). In
return, the tundra-derived Ovibos moschatus and Rangifer tarandus
appeared during the cool and relatively dry periods of the 640—
480 ka span in temperate regions of Central and North Western
Europe as seasonal immigrants (Soergel’s “Wintergdste”: Soergel,
1939, p. 834). Thus, almost like pioneers, early saiga, musk oxen
and reindeer anticipated the subsequent fusion of Arctic and steppe
assemblages to Eurasian Mammoth faunas.

5.2. Formation and expansion

Following a 41 ka periodicity in global temperature and climate
evolution lasting millions of years, and a subsequent period of more
or less irregular variations between 1.2 and 0.9 Ma BP, the Middle
and Late Pleistocene was governed by a clear 100 ka periodicity
(Raymo and Nisancioglu, 2003, Fig. 1; Lisiecki and Raymo, 2005,
Fig. 4). The resulting prolongation of single climatic cycles extended
the spans of relatively stable cold and warm conditions respec-
tively. Such a renewed environmental framework caused drastic
changes in the structure of mammal faunas and in consequence a
dramatic alternation between different faunal types in wide areas
of the Palaearctic (R.-D. Kahlke et al., 2011). This principal scenario
was modulated by a continuing trend of global cooling.

An entirely new biogeographic situation was created by the
pronounced cold period of MIS 12 (Elsterian, Anglian, Okian),
between 480 and 400 ka. For the first time the forested belt sepa-
rating the central Eurasian steppe from the Arctic tundra was sig-
nificantly reduced or even temporarily eliminated (see Sections 4.1.
and 4.2.), thus opening the way for expansions of species from both
faunal assemblages. A new type of biome, the so-called tundra-
steppe or mammoth steppe, evolved (Fig. 8). Although this kind of
cold steppe appeared in many local variants, it has no modern large
scale analogue (Guthrie, 1990b, 2001). Increased aridity, cooling
and continentality allowed species of Arctic tundra origin to dis-
perse south- and south-westwards, as species of steppe origin
spread into northern and western regions of the Palaearctic. The
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Fig. 8. Origin of a new type of biome (diagrammatic): The expansion of continental
Asian steppe to the north (dark arrow) and of Arctic tundra to the south (pale arrow),
both at the expense of an inserted forest belt, resulted in the formation of the Eurasian
steppe-tundra. a: Arctic tundra with ice-wedge polygons (Tajmyr peninsula), b: Taiga
(Yakutia), c: Central Asian steppe (Buryatia); photographs: R.-D. Kahlke.

initial formation of a pan-Eurasian Mammuthus—Coelodonta Faunal
Complex is fixed by the regular sympatry of Coelodonta tologoij-
ensis, i.e. the first member of the woolly rhinoceros group invading
the western Palaearctic, along with early Rangifer tarandus, in
addition to the steppe mammoth Mammuthus trogontherii. Such a
sympatry was recorded for the first time at the Bad Frankenhausen
fauna in Central Europe, dated to around 460 ka BP (see Section
4.3.).

Large mammals of other origins than the two mentioned biomes
benefited to a much lesser extent from the environmental changes
in Eurasia’s mid- and high latitudes during the Plio-/Pleistocene.
Species of undoubtedly Ethiopian origin, most notably predators,
arrived in the Palaearctic long before the formation of Mammoth
Faunas (see Section 3.1.). After the Eurasian Mammuthus—
Coelodonta Faunal Complex evolved, Africa did not contribute to
its large mammal assemblages.

Although a plurality of elements of the Mammoth Fauna, such as
Ovibos, Saiga, Bison, Rangifer, Equus, Mammuthus and Alopex, was

repeatedly distributed in continuous Holarctic belts, there are
forms that permanently remained in Eurasia or North America
respectively, even during most pronounced Middle- and Late
Pleistocene cold periods. Coelodonta is believed to have never
reached the New World, probably because of a moisture barrier in
the Beringian region of what is now the Bering Strait (see Section
4.4.). Guthrie (2001) pointed out that the marine influence of the
Bering and Chukchi seas at least partially broke the continuity of
the Pleistocene mammoth steppe. As in the case of the woolly
rhinoceros, the westward expansion of some Nearctic mammals,
such as the musk ox Bootherium and the western camel Camelops,
ended at the Bering Strait (Harington, 1997, 2002, 2003; Zazula
et al.,, 2011).

During the warmer periods of the Middle and Late Pleistocene
the mammoth steppe biome retreated from its transcontinental
extension and huge areas of Palaearctic mid-latitudes were refor-
ested (Eastern Siberia: Shichi et al., 2007; Western Siberia:
Arkhipov et al., 2005; Eastern Europe: Velichko et al., 2005). Most
of the elements of Eurasia’s Mammoth Fauna withdrew to regions
of the Asian core steppe (see Section 2.1.) or to the circumpolar
tundra belt respectively. Due to scarcity, and in some cases insuf-
ficient biostratigraphic resolution of Central as well as north-east
Asian Middle Pleistocene mammal sites, the scope of these inter-
glacial refugia have not yet been redrawn in detail. With successive
cooling towards the next climatic cycle there followed renewed
reductions of the Eurasian taiga belt. Once more, the barriers
restricting a reunion of faunal elements from the inner continental
core steppe and tundra regions were torn down. A transcontinental
expansion of Mammoth Faunas re-emerged, comprising almost the
same spectrum of genera/species as their precursors. In most cases
individual species were morphologically more evolved (R.-D.
Kahlke, 1999; see Sections 3.2. and 3.3.), as has been discussed in
particular for Mammuthus primigenius by Lister et al. (2005) and for
Coelodonta antiquitatis by Kahlke and Lacombat (2008).

Recently, evidence has been produced of the development of
some faunistic peculiarities in the Central Asian core steppe regions
independent to the evolution of Eurasian Mammoth Faunas. With
the realization that Mammuthus trogontherii survived — at least in
northern China — until the Late Pleistocene (see Section 4.4.),
regardless of the origin of Woolly Mammoth (M. primigenius)
around 400 ka BP (see Section 3.3.), a new point of view on the
evolutionary history of eastern Palaearctic mammoths has been
opened up. M. trogontherii, which was adapted to continental
environmental conditions, survived in Central Asian steppe regions
parallel to the successively evolving M. primigenius in the more
northern altitudes of Eurasia for more than 350 ka. A corresponding
phenomenon of coexisting mammoth species, adapted to con-
tinental steppe and tundra steppe habitats respectively, is known
from the New World. Here, Mammuthus columbi s.l. (Agenbroad,
1989), an American stage of the mammoth evolutionary line,
which in many respects resembles M. trogontherii, occupied steppe/
prairie habitats, whereas M. primigenius synchronously spread into
the mammoth steppe. Occasionally both species were recorded to
co-occur in one and the same site, as in the case of the uppermost
section of a karst sinkhole filling of Hot Springs (South Dakota, USA;
Agenbroad, 1994), indicating temporal replacement or short term
(perhaps seasonal) sympatry of M. columbi by M. primigenius in the
American Midwest around 30 ka BP.

Similar phylogeographic patterns seem to have been developed
in Eurasia by saigas and the woolly rhino group. Baryshnikov and
Tikhonov (1994) distinguish Saiga borealis as a member of Mam-
moth Faunas from the more gracile S. tatarica of inner Asian steppe
assemblages (see Section 3.2.). A number of poorly known Coelo-
donta finds from northern China/Inner Mongolia indicate a branch
of woolly rhinos that evolved independently from the northern
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Fig. 9. Sketch of the maximum extension of the Eurasian Mammuthus—Coelodonta faunal complex during the Late Pleistocene (MIS 5d-2) according to the available fossil record of
trace species (based on maps Figs. 2—7). Fading indicates reduction of amount of involved species.

C. tologoijensis/antiquitatis linage (see Section 4.2.). Detailed studies
of these putative steppe forms are required to understand their
phylogeny and ecology. However, it seems obvious that ecological
differences between continental steppe dominated habitats and
the tundra steppe caused different adaptations of sister taxa. Fur-
thermore, it becomes clear that while Central Asia’s steppe faunas
essentially contributed to the mammal spectrum of the Mammoth
Faunas, not all of the inner continental core steppe developed into
the Middle to Late Pleistocene tundra steppe biome.

Generally speaking, the synopsis of the history of evolution and
dispersal of trace mammal species proves the repeated formation
and expansion of Mammoth Faunas during the late Middle and Late
Pleistocene cold stages in Eurasia’s mid- and high latitudes. The
principally uniform species composition of the successive stages of
the Mammuthus—Coelodonta Faunal Complex differs from both the
Central Asian steppe and Arctic tundra assemblages, but is phylo-
genetically closely related to each of them. A projection of the
distribution areas of essential elements of Eurasian Mammoth
Faunas show its maximum extension during the Late Pleistocene,
when it covered about 140 degrees of longitude and 40 degrees of
latitude (Fig. 9).

6. Conclusions

The cause for the emergence of Eurasian Mammoth Faunas can
not be seen to lie solely at the door of Neogene/Quaternary climate
cooling. Rather, it was the result of an ensemble of tectonic, geo-
graphical, climatic, ecological and phylogenetic processes that were
interacting in a unique way. Key environmental factors controlling
the origin and evolution of Palaearctic cold-adapted large mammal
faunas were the successive aridification of major parts of Eurasia,
rhythmic global climatic cooling with prolonged and intensified
cold stages, and increasing continentality.

A huge east—west expanding transcontinental orogene that rose
from the Eocene onwards was the principal precondition for the

aridification of Central Asia. This mountain system, especially the
prominent Himalayan—Tibetan uplift, cut off the flow of humid air
from Indian and western Pacific oceans to the north. The corre-
sponding development of Asia’s core steppe turned out to be one of
the most radical environmental changes in the Northern Hemi-
sphere during the Caenozoic. A parallel tendency of global cooling
resulted in synchronous ice sheet formations in different regions of
the Far North from the Late Pliocene onwards. The genesis of the
earliest circumpolar tundra belt, between 2.9 and 2.6 Ma, was
completed by the onset of the Pleistocene. The Paratethys’ shrink-
age, exposure of huge areas of continental shelf, particularly in
Eurasia’s north and north-east due to lowered sea levels during
glacial periods, in addition to the periodical deflection of larger
portions of the Gulf Stream southwards, progressively affected
adjacent regions by increased continentality.

Old World Mammoth Faunas were mainly composed of
autochthonous Eurasian elements. The majority of involved genera,
such as Ovibos, Saiga, Bison, Rangifer, Alces, Megaloceros, Coelodonta
and Alopex originated in the Palaearctic inclusive of Beringia as a
whole during the Plio-/Early Pleistocene. A lesser number of gen-
era, such as Mammuthus, Panthera and Crocuta have their phylo-
genetic roots in Africa or, as in the case of Equus, in North America.
However, corresponding species were indigenous elements of
Palaearctic mammal faunas well before the origin of cold adapted
Mammoth Faunas. During the Early to earliest Middle Pleistocene,
roughly between 2.6 Ma and 700 ka, largely independent mammal
faunas were established in continental Asian steppe regions as well
as in the circumpolar tundra. Both faunal complexes were adapted
to open environmental conditions, but were widely separated from
each other by a forested zone.

The reconstruction of the history of origins and dispersal of
key species of the Middle to Late Pleistocene Mammuthus—
Coelodonta Faunal Complex outlines its main faunistic resources.
The principal requirements for species to evolve into members of
Mammoth Faunas are progressing adaptation to aridity, decreasing
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temperatures and rapid temperature fluctuations inclusive of
intervals of extreme cold. A number of species, such as Saiga
tatarica ssp., Coelodonta tologoijensis and Mammuthus trogontherii,
which originated in Asian steppe landscapes, fulfilled these con-
ditions, as did others of northern origin, such as Ovibos moschatus
ssp., Rangifer tarandus ssp. and Alopex sp. Correspondingly, Eurasian
Mammoth Faunas were mainly composed of the descendants of
either Central Asian steppe or Arctic tundra faunal elements. The
majority of species of Central Asian origin emerged in regions north
of the Himalayan—Tibetan uplift. However, a recent discovery of
earliest Coelodonta brings the Tibetan high plateau itself into the
formation region of ancestor species of future Mammoth Faunas.

During the early Middle Pleistocene 640—480 ka span, saiga,
musk-ox and reindeer occasionally spread far beyond the limits of
their respective traditional areas, thus anticipating the subsequent
merge of steppe or tundra originated species in Eurasian Mammoth
Faunas. Cooling and significant prolongation of cold climatic phases
within the 100 ka temperature periodicity pattern, as well as the
consequent aridification of large areas of the Eurasian landmass
finally caused a regular south- and south-west directed expansion
of tundra species into a newly formed type of biome, the so-called
tundra-steppe or mammoth steppe. Descendents of Central Asian
steppe species that could cope with the decreasing temperatures
also dispersed into new habitats north and northwest of their
ancestral distribution areas. As a result, faunal elements of tundra,
as well as of steppe, origins co-occurred in wide areas of Eurasia.
During the pronounced cold period of MIS 12, around 460 ka BP,
this drastic faunal turnover led to the formation of the earliest pan-
Eurasian Mammoth Fauna, which extended from eastern Asia up to
Central Europe. This group shared common roots with Arctic tun-
dra assemblages on the one hand, and with Central Asian steppe
assemblages on the other.

Independent from Eurasian Mammoth Faunas, sister taxa of
several involved species underwent separate evolutions in Central
Asia, thus indicating ecological differences between Asian core
steppe and Eurasian tundra-steppe. The phylogeny and ecology of
these species is still poorly understood.

During temperate and more humid stages of the late Middle to
Late Pleistocene the Palaearctic mammoth steppe collapsed in its
transcontinental extension. Huge areas of Eurasia’s mid-latitudes
became reforested and the majority of Mammoth Fauna species
were forced back to continental steppe or Arctic tundra refugia.
With the reduction of the forested belts during the subsequent cold
stages, the formation of renewed Mammoth Faunas was repeated.
The temporo-spatial extension of late Middle to Late Pleistocene
stages of the Mammuthus—Coelodonta Faunal Complex varied to
some degree. Its maximum geographic distribution was accom-
plished during the Late Pleistocene (MIS 5d-2), when the Palae-
arctic Mammoth Fauna covered up to 190 degrees of longitude and
40 degrees of latitude.
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