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Abstract

This chapter describes the history of mammal
species and their zoogeographical patterns dur-
ing the Late Pleistocene and Holocene. The
scientific results of the past 20 years on bioge-
ography, phylogeny, and population history of
mammals in combination with information on
the development of climate and environment
yield a complex picture of the dynamics of
species in the past and offer a better under-
standing of the Quaternary biogeography of
Europe. Overviews of the individual pattern

of the different species and the differences
among the species are presented. In addition
to the extinction pattern of typical Ice Age
species like mammoth and cave lion and colo-
nization history of temperate species from gla-
cial refugia like roe deer or beaver, the chapter
highlights how successful the different species
were during a relatively short period of funda-
mental climate change. Apart from the extinct
species, this is of high relevance for extant
species which underwent significant changes
of their distribution range during the Pleisto-
cene to Holocene shift like reindeer, saiga ante-
lope, pika, spotted hyena, or arctic fox.
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Introduction

The past 50,000 years of the Late Quaternary
(Fig. 1) are characterized by several climatic oscil-
lations and environmental changes (Dansgaard et
al. 1993; Huntley et al. 2003; Wohlfarth et al.
2008). The consequences of these environmental
dynamics on mammals in Europe over time are
documented by a complex spatiotemporal pattern
of extirpation, extinction, and (re-)colonization
for many species in Europe (Hewitt 2000;
Sommer and Nadachowski 2006; Stewart and
Cooper 2008; Sommer and Zachos 2009; Stuart
and Lister 2012; Crees 2013; Crees et al. 2016;
Stuart 2015).

From a biogeographical point of view, the fau-
nal dynamics of mammals in Europe are generally
characterized by different main patterns during
the Pleistocene/Holocene change:

1. Several typical mammal species of the Ice Age
fauna, which were adapted to the steppe-tundra
biome, the so-called “mammoth steppe,” for
example, cave lion Panthera spelaea or wholly
rhino Coelodonta antiquitatis, became extinct
in Holarctic regions several 1000 years before
or directly at the end of the Pleistocene (Stuart
and Lister 2012; Stuart 2015; Cooper et al.
2015).

2. Many extant species, distributed in the Pleisto-
cene landscape and adapted to steppe or tundra
environments, such as the arctic fox Vulpes
lagopus, reindeer Rangifer tarandus, saiga
Saiga saiga, or spotted hyena Crocuta crocuta,
experienced a local extirpation from Central
Europe during the end of the Pleistocene or
Early Holocene but were able to maintain
their distribution in either recent steppe or tun-
dra biomes in Eurasia or Africa (Nadachowski

et al. 2016; Rohland et al. 2005; Sommer et al.
2014).

3. The majority of extant mammal species,
adapted to temperate environments (mixed
woodlands or open mixed woodlands), such
as west-European hedgehog Erinaceus
europaeus, red deer Cervus elaphus, beaver
Castor fiber, or brown bear Ursus arctos,
recolonized Central and northern European
regions from glacial refugia in southern Euro-
pean regions or adjacent areas (Sommer and
Nadachowski 2006; Sommer and Zachos
2009).

4. Species adapted to different habitats like stoat
Mustela erminea and wolf Canis lupus were
distributed continuously in Europe throughout
the Pleistocene and Holocene. However, these
species underwent a considerable population
turnover/demographic change triggered by
the Last Glacial Maximum or Pleistocene/
Holocene change (McDevitt et al. 2012; Pilot
et al. 2010; Sommer and Benecke 2005b).

Since the Late Holocene, human influence has
had an increasing effect on species, which led to
extinction (Equus ferus, Bos primigenius) or loss
of large parts of the natural distribution range in
large ungulates (Alces alces, Bison bonasus) or
large carnivores (Crees et al. 2016).

This chapter describes the Late Quaternary
history of mammal species in Europe with a
focus on species of the extant fauna. Subfossil
records of the species from archaeological sites,
pattern of DNA or stable isotopes of the species
along with records of climate and vegetation
dynamics inform our understanding of develop-
ment of past patterns of mammalian biodiversity
in Europe.

Synopsis of Late Quaternary
Environmental History

The climate and vegetation history of Europe for
the Late Pleistocene and Holocene is relatively
well documented (e.g., Dansgaard et al. 1993;
Björck et al. 1998; Hubberten et al. 1998; Litt
et al. 2001, 2003; Barron et al. 2003; Davis et al.
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2003; Huntley and Allen 2003; Renssen et al.
2009). In this chapter, the European environmen-
tal history of the last 60,000 years is briefly sum-
marized in order to provide a temporal framework
for understanding the colonization history of
mammals.

From 60,000 to 27,000 years ago (ka), during
the Marine Isotope Stage 3 of the Quaternary, the
northern hemisphere was characterized by a gen-
erally cold environment punctuated by regular
warm intervals, the Greenland Interstadials,
which lasted from several 100 years to around
3000 years (Fig. 1). The landscape of Europe
north of the glacial refuge areas (Fig. 2b) was
characterized by open steppe-tundra (so-called
mammoth steppe) with an annual mean temper-
ature of �4 �C to �8 �C (Hubberten et al. 1998).
The steppe-tundra contained a mix of plant spe-
cies of today’s steppe as well as tundra biomes
and was a unique biome during the Pleistocene
with no extant analogue. During warmer Inter-
stadial periods the mean temperature rose
abruptly (within a few years) to around 10–
16 �C and led to a spread of animal and plant
species from the southern refuge areas (e.g., Bal-
kans or Iberia) to at least 50� latitude, signifi-
cantly changing regional biotic assemblages.
During the warmer Interstadial periods (Fig. 1)
the European Lowland was characterized by a
shrub tundra with occurrence of willow and juni-
per. South of 50� northern latitude there was an
open coniferous park-like landscape.

The Last Glacial Maximum (LGM) from 27
to 18 ka was characterized by the maximum
advance of the ice sheets, and all regions of
Central Europe were affected by discontinuous
permafrost. During this period of cooling, when
annual mean temperatures in Greenland were
about 21 �C lower than today, cold-adapted spe-
cies and open landscapes reached their most
southerly extent and temperate species became
isolated in southern glacial refugia (Sommer and
Nadachowski 2006; Sommer et al. 2014),
although the degree of range isolation differed
depending on their adaptation to certain biomes
such as mixed deciduous forests. During the
LGM the sea level was about 120 m lower than
today because of the large amount of water
bound in glaciers (Lambeck et al. 2002).

The onset of the last deglaciation of the north-
ern hemisphere in the Early Late Glacial (18–
14.7 ka) began around 18 ka, and by 14 ka most
northern parts of what are now Germany and
Poland, as well as the Baltic States, were degla-
ciated. Mean temperatures during the Late Gla-
cial (14.7–11.7 ka) rose by about 12 �C from the
beginning of the Greenland Interstadial 1, also
known as Bølling/Allerød Interstadial (Fig. 2c),
and led to environmental change across the
whole northern hemisphere. In Central Europe,
the warming induced the expansion of birch
Betula sp., willow Salix sp., and poplar Populus
sp., and during the Greenland Interstadial 1c–a
(Allerød) pine Pinus sp. also increased its range

Fig. 1 Climate history of the last 50,000 years based on oxygen isotope ratios δ18O in‰ from the GISP2 ice core record
(using CalPal, Weninger et al. 2008) and ice core event stratigraphy after Blockley et al. (2012)
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Fig. 2 Chronological comparison of the colonization
history of Europe by different mammal species on the

basis of the subfossil vertebrate record from archaeolog-
ical or palaeontological sites since the Last Glacial
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(Litt et al. 2001, 2003). However, Europe then
experienced a brief cool snap, the Younger
Dryas, that lasted for 1000 years and caused the
forests which had established during the Green-
land Interstadial 1c–a to vanish from northern
Central Europe (Theuerkauf and Joosten 2012).
The ice core records from Northern Europe
(which correspond with temperature changes)
unequivocally reflect a rapid rise in temperature
at the onset of the Holocene (Fig. 1), which was
followed by a slower rise during the Preboreal
(PB) and Boreal (Bo) periods (Fig. 2b). This
early Holocene warming was associated with a
major biome change in Central Europe and the
rapid spread of birch and pine, later followed by

warm-adapted tree taxa such as hazel Corylus
sp., oak Quercus sp., and elm Ulmus sp. During
the Holocene Thermal Maximum within the
Atlantic climatic period, about 9–5 ka (Fig. 2c
and Table 1), when annual mean tempera-
tures were up to 2–3 �C higher than today
(Renssen et al. 2009), Central Europe was
largely forested, with oak, elm, lime Tilia sp.,
and pine dominating in the lowlands and spruce
Picea sp., beech Fagus sp., and fir Abies sp.
predominant at higher altitudes. South of 50�

northern latitude, open forest steppe communi-
ties existed. Since 7 ka ago, the vegetation in
Europe has been increasingly influenced by
human activities.

��

Fig. 2 (continued) Maximum (LGM). Presence of a spe-
cies over time is indicated by bars (a) from the areas north
of the typical refugial regions (b) along the climate and
environmental history of northern Central European
regions. The curve in (c) indicates the oxygen isotope
ratios d18O in ‰ from the GISP2 ice core record (using
CalPal, Weninger et al. 2008) and ice core event stratigra-
phy after Björck et al. (1998). GI1Greenland Interstadial 1
(Bølling/Allerød warming epoch), GS1 Greenland Stadial
1 (Younger Dryas cooling), PB Preboreal, B Boreal. (a)
Gray bars: extinct Pleistocene megafauna species or

species that underwent substantial range shifts after the
Pleistocene; green bars: species that were able to adapt to
Pleistocene and Holocene biomes in Europe; yellow bars:
temperate species that recolonized Central Europe at the
end of the Pleistocene from glacial refugia. The vertical
pink bar in (a, c) between ca. 14.7 and 11.7 ka ago indicates
the time of the Greenland Interstadial 1 warming (GI1) and
the Greenland Stadial 1 (GS1). The bars in (a) show that
the majority of faunal shifts took place during this epoch at
the end of the Weichselian Glacial

Table 1 Event chronology of climatic epochs and environmental change during theWeichselian Glacial and Holocene in
Europe

Chronology of Weichselian
Glacial and Holocene Features of environmental change and climate events

Time interval
(years ago)

Marine Isotope Stage 4 (MIS
4), Pleniglacial

First maximum cooling of the Weichselian Glacial about
60,000 years ago

75,000–
60,000

Isotope Stage 3 (MIS 3),
Pleniglacial

Rapid stadial and interstadial oscillations (cf. Fig. 1) 60,000–
27,000

Last Glacial Maximum
(LGM)

Second maximum cooling of theWeichselian Glacial and maximum
and maximal expansion of ice sheets

27,000–
18,000

Early Late Glacial Onset of the last deglaciation 18,000–
14,700

Late Glacial Interstadial 1
(Bølling/Allerød warming)

Rapid warming and local return of forests in northern European
regions

14,700–
12,700

Late Glacial Stadial 1
(younger Dryas)

Cooling oscillation, decline of local woodlands, and subarctic
environments in northern Central Europe

12,700–
11,700

Early Holocene Appearance of birch/pine forests, later also hazelnut, in northern
Central European regions

11,700–9100

Middle Holocene Appearance of deciduous woodlands (dominated by oak and lime
tree) in northern Central European regions; Holocene Thermal
Maximum (HTM) about ca. 9000–4000 years ago; first opening of
woodlands by Neolithic settlers about 7000 years ago

9100–5800

Late Holocene Increasing influence of humans on landscape and environment 5800–present
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Pleistocene and Holocene Distribution
Dynamics of Mammals in Europe

Ungulates and Other Large Herbivores

With respect to the reconstruction of spatiotempo-
ral dynamics of mammals, ungulates are the most
representative species, because they were the
main prey of Neanderthals and modern humans
in prehistoric times and thus represent the main
part of vertebrate bones as food remains of Stone
Age hunters at archaeological sites.

The history of the woolly mammoth
Mammuthus primigenius and the woolly rhino
Coelodonta antiquitatis, most prominent and
dominant members of the Ice Age fauna in Eur-
asia, has been studied in great detail, most of all in
the framework of radiocarbon-based chronologies
and population history (Stuart et al. 2004; Stuart
and Lister 2012; Palkopoulou et al. 2013; Lister
and Sher 2015; Stuart 2015; Kahlke 2015; Chang
et al. 2017). The mammoth always occurred in the
ice-free parts of Europe during the Weichselian
Glacial until 14 ka ago, when it experienced a
global collapse caused by environmental change
during the Greenland Interstadial 1 and survived
only in restricted areas of Northern Siberia and in
some parts of the northern Russian Plain until the
Early Holocene. On the Wrangel Island in North-
eastern Siberia, the mammoth survived until about
4 ka ago (Stuart et al. 2004; Stuart 2015). The
endemic European mammoth population of the
Weichselian Glacial became extinct after 24 ka
ago and was replaced by mammoths of a Siberian
genetic clade, which had been colonizing Europe
since 34 ka ago (Palkopoulou et al. 2013).

The woolly rhino experienced a local extinc-
tion in Europe about 17 ka ago and died out
globally about 14 ka ago. Another typical mega-
fauna species of the Ice Age, the giant deer or
“Irish elk” Megaloceros giganteus, disappeared
from Europe during the terminating glacial but
persisted until at least 8 ka ago in Western Siberia
and European Russia (Stuart et al. 2004; Stuart
2015).

The range of the saiga antelope, an extant
steppe dweller of Ponto-Caspian and Asian steppe

regions, was restricted to large parts of North Asia
and steppe areas north of the Black Sea during the
Late Quaternary (Kahlke 2014). It colonized Cen-
tral and Western Europe only at irregular intervals
since the Last Glacial Maximum between 24 and
13 ka ago (Nadachowski et al. 2016; Yalden 1999)
and occupied a separate ecological niche com-
pared with other ungulate species of the mammoth
steppe (Jürgensen et al. 2017).

The reindeer Rangifer tarandus, a key species
of the Pleistocene megafauna of the northern
hemisphere (Kahlke 2014; Stuart and Lister
2012) and characteristic faunal element of extant
European taiga and tundra biomes, was distrib-
uted throughout the continent during the Last
Glacial, with the exception of the Mediterranean
peninsulas, some glaciated parts of Scandinavia,
and the northern Caspian region (Kahlke 2014). In
contrast to other megafauna species like mam-
moth or woolly rhino, which died out in most
parts of the distribution area after the collapse of
the steppe-tundra about 14 ka ago (Stuart and
Lister 2012), it showed a much weaker reaction
to the loss of the Pleistocene steppe-tundra after
the GI1 warming event with a continuous local
presence in the northern European Lowlands
(Sommer et al. 2014). It survived into the early
Holocene until about ca. 11 ka ago and in southern
Scandinavia until ca. 10.3 ka ago (Sommer et al.
2014) (Fig. 2a). In southeastern Central Europe,
Rangifer tarandus quickly became extinct after
the LGM, and in Southwestern Europe, its last
occurrence was during cold spells of the Younger
Dryas period at the end of the Ice Age (Sommer et
al. 2014) (Fig. 3b).

Among the extant deer species, the fallow deer
Dama dama colonized Central Europe only dur-
ing the Eemian Interglacial (126–115 ka ago).
During the Weichselian Glacial it was restricted
to Asia Minor, the Balkans (mainly today’s
Greece), and today’s Italy (Yannouli and
Trantalidou 1999; Masseti 1996, 1999). Only
archaeological sites of Greece and Turkey show
a continuous presence from the Late Pleistocene
into the Holocene, as displayed in Fig. 3c, which
suggests a glacial refugium and thus a natural
post-glacial origin of Dama dama also in the
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Fig. 3 Pleistocene and
Holocene distribution of
subfossil remains of
different ungulate species in
Europe showing different
spatiotemporal dynamics
and range shifts as a
reaction to the Pleistocene/
Holocene climate change.
(a) Roe deer Capreolus
capreolus as a typical
temperate species with a
restriction to southern
glacial refugia during the
LGM, a colonization of
southern Central Europe
during the Late Glacial, and
a Holocene range shift to
northern regions. (b)
Reindeer Rangifer tarandus
as a species adapted to
Pleistocene landscapes that
underwent a significant
range shift from southern to
northern regions at the end
of the Pleistocene. (c)
Fallow deer Dama dama as
a Ponto-Mediterranean
species with glacial refugia
in Anatolia and the Balkans.
During the Holocene,
Dama dama was not able to
colonize Central Europe out
of its glacial refugia. Its
present distribution range is
largely due to human
translocations since Roman
Times
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Balkans, as discussed in Baker et al. (2017). Bul-
garia was colonized by fallow deer since the Mid-
Holocene at least 10 ka ago (Fig. 3c). Fallow deer
never recolonized Central Europe during the early
toMid-Holocene by natural dispersal. Its presence
outside of Ponto-Mediterranean regions is the
result of repeated (re-)introductions and translo-
cations by humans since Roman Times (Fig. 3c).

During the Weichselian Glacial temperate spe-
cies like European roe deer Capreolus
capreolus (Fig. 3a), red deer Cervus elaphus,
and moose Alces alces, but also wild boar Sus
scrofa and aurochs Bos primigenius, were
restricted to glacial refugia in southern European
regions (Sommer and Nadachowski 2006;
Sommer and Zachos 2009). Among these temper-
ate large mammal species (typical elements of the
Holocene fauna of Europe), the red deer was more
tolerant of Pleistocene environmental conditions.
As a consequence, in warmer Interstadial periods
during the Weichselian Glacial, it co-occurred
with typical Pleistocene species like mammoth,
reindeer, wild horse, spotted hyena, or cave bear
in northern regions ofWestern Europe (Sommer et
al. 2008) and Central Europe (Sommer et al. 2008;
Musil 2003).

The recolonization process of Central and
Northern Europe by the abovementioned temper-
ate artiodactyls began already in the Late Glacial
during Greenland Interstadial 1, which started
14.7 ka ago (Fig. 2a). During this warmer epoch
of about 2000 years, the northern hemisphere was
characterized by fundamental environmental
changes which led to the collapse of the steppe-
tundra biome and global extinction of woolly
rhino and cave lion as well as local extinction of
woolly mammoth in Europe (a contribution of
humans to the decline of the mammoth inWestern
Europe may be possible, cf. Lorenzen et al. 2011).

In contrast to the other aforementioned species,
the red deer recolonized the western northern
European Lowland regions and the British Isles
already during the very early stage of this
warming during Greenland Interstadial 1e
between 14.7 and 14.0 ka ago in the wake of the
first occurrence of birch (Sommer et al. 2008).
The recolonization of the northern parts of Central
Europe by the other species after the LGM took

place during the Greenland Interstadial 1a–c (also
known as Allerød-warming), in line with a further
spread of birch and pine in northern European
regions. The moose colonized the British Isles
already during the very early Late Glacial stage
GI1e (Yalden 1999). While in Central Europe and
Britain the red deer shows a similar presence as
the moose, i.e., already during the early Late Gla-
cial, the expansion to southern Scandinavia took
place only during the Early Holocene (Aaris-
Sørensen 2009).

During the Younger Dryas cooling period, the
last 1000 years before the beginning of the Holo-
cene, the transformation of the northern regions of
the European Lowland from light birch/pine for-
ests to open park-like tundra caused a new dom-
inance of reindeer as well as the last appearance in
Southwestern Europe (Sommer et al. 2014) and
local extirpation of temperate species.

Temperate ungulate species, for example,
represented by the roe deer, survived in light
birch/pine forests south of 50� northern latitude
(Sommer et al. 2009). The moose, however,
showed a more resilient reaction to the Younger
Dryas environments in Northern Europe because
it appeared in the European Lowlands together
with the reindeer, and both species show compa-
rable economic importance in an archaeological
site of stone age hunters (Gramsch et al. 2013;
Sommer pers. data) and occurred also in Denmark
(Schmölcke and Zachos 2005).

During the Early Holocene, also other temper-
ate artiodactyls (re-)colonized southern Scandina-
via and the British Isles which were connected by
land bridges with the continent since about 10 ka
ago. The spatiotemporal complexity of this pro-
cess is shown, for instance, by red and roe deer
(Sommer et al. 2008, 2009). While the aurochs
Bos primigenius seems to represent a similar tem-
poral recolonization pattern of Central and North-
ern Europe after the LGM as typically represented
by roe deer, the European bison Bison bonasus
has a more enigmatic faunal history in Europe.
Since it has been hypothesized that Bison bonasus
is the product of a natural hybridization of the
extinct steppe bison Bison priscus and the aurochs
Bos primigenius during the Eemian Interglacial c.
120 ka ago (Soubrier et al. 2016), the faunal origin
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for its Holocene distribution is probably Europe.
Although it is recorded since the terminating Late
Glacial or Early Holocene in Central and Northern
Europe (Benecke 2004, 2005; Aaris-Sørensen
2009), its presence in the vertebrate faunal record
from archaeological sites of the early to Mid-
Holocene is extremely rare. This, however,
might partly be an artifact caused by the fact that
fragmented bone remains of aurochs and Euro-
pean bison are difficult to discriminate, and it is
likely that an unknown part of bones of the Euro-
pean bison was identified as aurochs in the Holo-
cene Vertebrate faunal record from archaeological
sites in Europe (Benecke 2005). Higher frequen-
cies as prey species for humans are recorded only
during the Late Holocene in Northeastern Europe,
for example, the Baltic States or Belarus (Benecke
2005), which coincides with the core area of the
later Holocene distribution area of Bos bonasus in
eastern Central Europe on the basis of geographic
modeling (Kuemmerle et al. 2012).

The biogeographical history of the wild horse
Equus ferus stands in clear contrast to most other
ungulate species in Europe. During the Pleisto-
cene, it was a typical element of the cold-adapted
faunal community of the steppe-tundra and expe-
rienced a decline in Northern Europe in the course
of forest growth and expansion of deciduous for-
ests and a loss of open landscape in the Mid-
Holocene (Sommer et al. 2011; Leonardi et al.
2018). In southern European and southern Central
European regions, it survived in the open forests
and even adapted to open woodlands, as
evidenced by the development of a black coat
color (Sandoval-Castellanos et al. 2017). After
the opening of the primeval forests by Neolithic
farmers, Equus ferus could recolonize the Euro-
pean Lowland to a certain extent and was replaced
by the domestic horse from the Bronze Age
onward (Sommer et al. 2011, 2018).

Carnivorans

Among the carnivorans, very prominent members
of the Ice Age megafauna were distributed in
Europe. The spotted hyena Crocuta crocuta was
distributed in Pleistocene faunal communities in

Eurasia. The traditional view that it was a separate
Pleistocene hyena on species or subspecies level
was rejected by Rohland et al. (2005), who show
that cave hyenas are a genetic clade of African
spotted hyenas, arisen through dispersal and sep-
aration in Eurasian environments during the Late
Pleistocene. Interestingly, it represents the earliest
extirpation event among the megafauna
carnivorans during the Last Glacial in Eurasia;
the latest record is dated about 30 ka ago in Italy
(Stuart and Lister 2014; Stuart 2015).

The cave bear Ursus spelaeus, well known
from numerous Pleistocene fossil bone assem-
blages in European cave systems (Münzel et al.
2011), became extinct in Europe (and globally)
about 28 ka ago (Pacher and Stuart 2009). Inter-
estingly, long before this event, a different species
of cave bear, Ursus ingressus, hypothesized to be
a separate cave bear species in Eastern Europe
only on the basis of ancient DNA (Knapp et al.
2009), appeared in the Alpine region and
coexisted with the cave bear at least for
4500 years (Münzel et al. 2011). Ursus ingressus
replaced Ursus spelaeus in the Alpine region
about 30 ka ago but outlived Ursus spelaeus
only by about 2000 years (Münzel et al. 2011).
Genetic data from cave bears in Northern Spain
(Fortes et al. 2016) show that each cave was
colonized by a unique genetic lineage of Ursus
spelaeus suggesting an extreme fidelity of cave
bears to their birth sites (homing behavior).
Brown bears Ursus arctos, which also occurred
in the same region during the Weichselian Glacial
and the LGM (Sommer and Benecke 2005a), do
not show this strong association of genetic lineage
and cave locality; thus, in times of increasing
competition between humans and brown bears, it
is very likely that this could have contributed to
cave bear extinction (Fortes et al. 2016). The
brown bear was the earliest colonizer of the
regions north of potential glacial refugia and
reached today’s British Isles during the Early
Late Glacial following the onset of the deglacia-
tion (Sommer and Benecke 2005a; Fig. 2a).Ursus
arctos colonized Northwestern Europe sporadi-
cally for probably shorter periods during warmer
interstadials, several 1000 years before the LGM
(Sommer and Benecke 2005a). The polar bear
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Ursus maritimus was distributed to an unknown
extent in the periglacial landscape of the
Weichselian Glacial, probably where northern
ice shields met open waters of the Atlantic. The
youngest record is from the Late Glacial in Den-
mark about 12.4–12.9 ka ago (Aaris-Sørensen
2009).

Among the mustelids, the stoat Mustela
erminea and the least weasel M. nivalis were
distributed in both full glacial and forested Holo-
cene landscapes of Europe (Sommer and Benecke
2004). The temperate mustelid species, isolated
into glacial refugia in Southern Europe during the
Weichselian Glacial like the forest-dependent
pine marten Martes martes, colonized Central
Europe and southern Scandinavia during the
Allerød-warming in the Late Glacial when these
regions were increasingly covered by open birch-
pine woods (Sommer and Benecke 2004). How-
ever, it is unclear to what extent these species
underwent local extinction during the unfavorable
environmental conditions of the Younger Dryas.

The biogeographical pattern of the stone mar-
tenMartes foina is in strong contrast toM. martes,
because the colonization of the stone marten dur-
ing the Mid-Holocene followed the spread of
agriculture and farming with an assumed origin
in Asia Minor; thus, the adaptation of M. foina to
human settlements has its origin already in the
Neolithic (Sommer and Benecke 2004). In con-
trast to most other carnivoran species the Eurasian
otter Lutra lutra only recolonized Central Europe
during the Holocene about 10 ka ago (Sommer
and Benecke 2004; Aaris-Sørensen 2009), per-
haps because it was only present in a single glacial
refuge in the Apennine peninsula. The Alps would
have been a migration barrier during this
recolonization process (Sommer and Benecke
2004). The relatively low genetic diversity of
otter populations in Europe (Mucci et al. 2010;
Honnen et al. 2011) may be a consequence of
this. The Pleistocene and Holocene distribution
dynamics of canids are described by Sommer
and Benecke (2005b).

The cave lion Panthera spelaea, which was a
classical faunal element and very widespread in
Eurasia during the Late Pleistocene (Stuart and
Lister 2011), became extinct about 14 ka ago

(like the woolly rhino), caused by the collapse of
the steppe-tundra, their typical biome (Stuart and
Lister 2011, 2012). After global extinction of the
cave lion, the modern lion (Panthera leo) reached
Eastern Europe about 8000 years ago and colo-
nized today’s Greece, Bulgaria, and the
Pannonian Basin during the Mid-Holocene
(Sommer and Benecke 2006; Masseti and Mazza
2013). The latest presence of Panthera leo in
Europe in Bulgaria and Greece is dated to the
Bronze and Iron Ages (Ninov 1999; Sommer
and Benecke 2006). The Eurasian Lynx Lynx
lynx was climatically less specialized and was
regularly present in Central Europe in the
Weichselian Pleniglacial before the LGM
(Sommer and Benecke 2006). During the Late
Glacial it was one of the earliest carnivorans to
colonize the northern regions, and its distribution
included Northern Iberia where it occurred sym-
patrically with the Iberian lynx Lynx pardinus
during this period. From a zoogeographical point
of view, the Iberian lynx shows an interesting
palaeoendemism, because during the LGM it
was distributed also in Northern Italy together
with L. lynx (Rodríguez-Varela et al. 2015), and
its Holocene range included parts of Southern
France until about 2000 years ago (Sommer and
Benecke 2006; Rodríguez-Varela et al. 2015).
Since the Late Holocene, the range of L. pardinus
has been restricted to Iberia (Sommer and
Benecke 2006). The wildcat Felis silvestris
reached Central Europe out of southern refugia
during the Late Glacial Allerød-warming in the
wake of the returning forests. It is unknown to
what extent the species survived the Younger
Dryas cooling period north of the Alps (Sommer
and Benecke 2006). During the Holocene Ther-
mal Maximum (HTM) the wildcat was also dis-
tributed in Scandinavia but vanished again due to
the cold climate after the HTM (Sommer and
Benecke 2006).

Rodents and Small Mammals

In contrast to carnivorans and ungulates, the bio-
geographic pattern of Pleistocene and Holocene
distribution dynamics of smaller mammals like
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rodents or bats in Europe has been studied much
less. One very good scientific reference is the
unpublished PhD thesis of J. Fahlke (2009). The
occurrence of subfossil bones of small mammals
in Pleistocene and Holocene layers often does not
indicate a clear climatic preference, which is also
caused by the fact that small and lightweight
mammal bones may be frequently relocated in
sediment layers over time (von Koenigswald
1974, 1977, 1984a, b). However, when assessing
(and re-evaluating) large numbers of subfossil
records of a species, the spatiotemporal dynamics
in reaction to past climate change can be under-
stood much better (Sommer 2007).

Among the Pleistocene small mammal fauna of
Central Europe, the Norwegian lemming Lemmus
lemmus and the collared lemmings Dicrostonyx
spp. were typical cold-adapted species which
disappeared from Central Europe and survived
in recent northern Eurasian boreal and tundra
regions. However, there is no detailed information
about the exact time of local extinction (whether
at the end of the Pleistocene or the beginning of
the Holocene). Prost et al. (2010a) showed that
previous climate warming events had a strong
influence on genetic diversity and population
size of collared lemmings D. torquatus in arctic
ecosystems. An interesting zoogeographical case
is the narrow-headed vole Microtus gregalis.
Presently distributed in both tundra and steppe
environments of Asia, it was considered to be an
indicator of cold climate in Central European fau-
nal history (von Koenigswald 2002) and already
reached northern European regions during the
Weichselian Glacial (Fahlke 2009). One of the
most prominent representatives of past Pleisto-
cene faunal communities in Europe is the steppe
pika Ochotona pusilla. As a steppe dweller, it is
presently restricted to steppe regions of Kazakh-
stan and Russia but colonized large parts of the
European steppe-tundra, including parts of North-
ern Europe (Fahlke 2009).Ochotona pusillawas a
frequent small mammal species in colder stages of
the Pleistocene in Europe and disappeared from
today’s Germany and the British Isles at the end of
the Younger Dryas Stadial (Street and Baales
1999; Fahlke 2009; Yalden 1999). Whereas the
steppe pika underwent a postglacial contraction of

its range, the mountain hare Lepus timidus, which
was continuously distributed throughout Central
Europe during the Weichselian Glacial, experi-
enced a separation which resulted in a disjunct
arctic-alpine distribution (plus the British Isles).
Assuming that the discrimination of numerous
Pleistocene and Holocene subfossil bone remains
of hares is correct, they reveal a clear pattern of an
exclusive presence of mountain hares in
Pleniglacial and Late Glacial epochs in Central
Europe and southern Scandinavia. During the
Early Holocene, it was then replaced by the
brown hare Lepus europaeus. Southern Scandina-
via was first colonized during the Neolithic, pos-
sibly in the wake of the opening of woodlands by
Stone Age farmers.

The common hamster was part of both Pleisto-
cene and Holocene faunal communities in Europe
(Fahlke 2009). As a steppe dweller, it may have
benefited, similarly to the wild horse, from open-
ing of woodlands by Neolithic farmers since the
end of the Mid-Holocene.

It is interesting that the Russian Desman
Desmana moschata, presently restricted to semi-
aquatic habitats mainly at the riverbanks of the
Volga, Don, and Ural in Russia, colonized the
northern European Lowland and southern Scan-
dinavia during the whole Late Glacial period and
disappeared with the beginning of the Holocene.
In contrast to that, the European Mole Talpa
europaea was present during Pleni- and Late Gla-
cial stages of the Pleistocene north of the Alps
(Fahlke 2009) but is first recorded from the Euro-
pean Lowland and Scandinavia during the Holo-
cene (Fahlke 2009; Aaris-Sørensen 2009).

Among the temperate species, the beaver Cas-
tor fiber shows an interesting recolonization pat-
tern very similar to temperate ungulate species
like moose, red deer, and roe deer. At first, a
post-LGM recolonization of parts of the European
Lowlands (including southern Scandinavia) dur-
ing the Greenland Interstadial 1 took place fol-
lowing the sudden climate warming and increase
in forests and appearance of typical food plants
like birch and willow. Moreover, subfossil wood
with visible cut marks from beavers from North-
eastern Germany has been dated to the Greenland
Interstadial 1c–a (Lampe et al. 2016). During the
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Younger Dryas cooling period there is a gap in the
beaver subfossil record in northern regions of
Central Europe (Fahlke 2009; Aaris-Sørensen
2009) which may indicate local extinction caused
by unfavorable climatic conditions. However,
since the early Holocene the beaver has continu-
ously been documented in the subfossil vertebrate
record of northern European regions (Benecke
1999; Aaris-Sørensen 2009).

The bank vole Myodes glareolus is known as a
typical Holocene small mammal species in Europe.
Today the species is mainly associated with wood-
lands. The species shows a remarkable flexibility in
climatic preferences in its post-LGM distribution
history and colonized the lower mountain ranges
of today’s Germany from the Early Late Glacial
onward (Fahlke 2009). The phylogeographic pat-
tern clearly suggests a post-LGM colonization out
of a Carpathian refuge (Kotlík et al. 2006). The
survival of the LGM in the Carpathian region was
also discovered in brown bear (Sommer and
Benecke 2005a) and numerous temperate mammals
such as red fox, pine marten, red deer, roe deer, and
moose (Sommer and Nadachowski 2006). The
strongly forest-dependent edible dormouse Glis
glis was restricted to deciduous forest refugia in
the Mediterranean/Pontomediterranean regions of
Southern Europe during the LGM and first colo-
nized the area north of the Alps during the Boreal
period in the wake of the northward spread of
deciduous forests (Hürner et al. 2010). The Eurasian
red squirrel Sciurus vulgaris, ecologically more
flexible than the edible dormouse due to its adapta-
tion to mixed wood and taiga biomes, was also an
exclusive Holocene colonizer of Central Europe
(Fahlke 2009), and it can be assumed that the col-
onization process took place very rapidly during the
Preboreal period. However, the species is underrep-
resented in the vertebrate faunal record and thus it is
questionable if the first record in southern Scandi-
navia with an age of 9.5 ka ago really represents its
first appearance in Northern Europe.

The west-European hedgehog Erinaceus
europaeus is an example of a Holocene immigrant
(Fig. 2a) that colonized Central Europe and southern
Scandinavia first during the Early Holocene about
11–10 ka ago and shows (in contrast to other smaller

mammal species) a clear preference ofwarmer Inter-
glacial climate (Sommer 2007). The white-breasted
hedgehog Erinaceus roumanicus, which
recolonized eastern parts of Central Europe out of
a glacial refuge from the Balkans, is only rarely
found in the vertebrate record, but a similar temporal
pattern as in E. europaeus has been suggested
(Sommer 2007).

The common shrew Sorex araneus as well as
the Eurasian Pygmy Shrew Sorex minutus show
no strong climatic preference and appear fre-
quently in Pleistocene as well as Holocene faunal
communities. The common shrew developed a
large ecomorph in Alpine regions during the
Late Glacial which led to the assumption of a
separate species Sorex macrognathus. However,
the populations of this large morph of S. araneus
were replaced by other populations after the Pleis-
tocene/Holocene change (Prost et al. 2013). This
example demonstrates the high morphological
plasticity and the dynamics of population turnover
in a small mammal species during climate change
at the end of the Pleistocene. A similar case is the
suggested extinction of the Don-hare Lepus
tanaiticus at the end of the Pleistocene in the
Russian Plains, which has genetically been iden-
tified as a morphotype of L. timidus (Prost et al.
2010b). In light of Prost et al., it would be inter-
esting to check if the large Pleistocene hamster
species Cricetus major, extinct in Europe by the
beginning of the Greenland Interstadial 1 (Fahlke
2009), may rather be an ecomorph of Cricetus
cricetus than a separate hamster species.

Concluding Remarks

Increasingly, research activities and the develop-
ment of new methods pertaining to ancient DNA
over the last decades have led to a “revolution” of
our understanding of species dynamics and faunal
development, yielding new results on species ori-
gins, dynamics of species at the population level,
morphology, and even behavior of species.

The Pleistocene and Holocene history of mam-
mals in Europe in light of modern research
increasingly suggests individualistic dynamics of
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species in response to the climatic and environ-
mental change at the end of the Pleistocene or the
Pleistocene/Holocene shift.

Without doubt, the Last Glacial Maximum
with its impact on phylogeography and as a driver
of speciation processes shaped the roots of our
extant European fauna. Apart from the Last Gla-
cial Maximum and the beginning of the Holocene,
the Greenland Interstadial 1 (Bølling/Allerød
warming) was the most important climatic event
for the timing of the faunal shifts about
10,000 years after the culmination point of the
Last Glacial Maximum. Fundamental changes in
the faunal history of extant temperate European
mammal species and basic features of the extant
distribution patterns of these species (like the col-
onization of Central European regions north of the
Alps from glacial refugia) took place during the
Bølling/Allerød warming. The intensive and
detailed analysis of subfossil records of mammals,
mainly from archaeological and palaeontological
sites, indicates that only few species like hedge-
hogs, otter, or the forest-dependent edible dor-
mouse are “real” Holocene colonizers. The
majority of species, for example, most of the
carnivorans and ungulates, recolonized important
Central European regions already during the
Greenland Interstadial 1 (Fig. 2), about
2000 years before the start of the Holocene.
Thus, the impact of this climatic event, which
caused the local extinction of the mammoth in
Western Europe, the recolonization of Central
Europe by temperate species and the global
extinction of the cave lion and the woolly rhino
during the Late Glacial, warrants further research
efforts in Quaternary zoogeography and
palaeoecology. Together with the dynamics of
vegetation and Stone Age humans this will yield
a much more detailed picture of the multifaceted
connections and interactions of mammals, cli-
mate, landscape change, and humans in the past.

The striking combination of the spatiotemporal
distribution pattern on the basis of subfossil records
(at species level) and information from ancient
DNA (at population or species level) has led, and
is still leading, to a much better understanding of
European biogeography, and it may also be key to

our understanding of how the reconstruction of past
biogeography might inform us on future develop-
ments in the face of global change.

Acknowledgments I am grateful to Frank Zachos for
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of the text.
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