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ARTICLE INFO ABSTRACT

Article history:

: h Cave bears are among the most well known extinct Pleistocene mammals. Their biogeography and
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taxonomy, along with the factors that led to their extinction, have been subject to long-standing con-
troversy. Here, we reconstruct the phylogeography as well as the temporal and spatial population dy-
namics of cave bears across their range using mitochondrial DNA control region sequences from 77
published as well as 65 new cave bear samples, Our analyses reveal a dramatic loss of genetic diversity in
cave bear populations after 30,000 years before present and provide evidence for a range decline from
east to west towards the onset of the last glacial maximum. Our results also suggest that the three major
haplogroups within cave bears, which may correspond to distinct species, were previously more wide-
spread, with relict populations in remote and alpine areas still harbouring haplotypes that have dis-
appeared from most of their previous range. Applying a phylogenetic dating approach, we estimated the
age of the oldest of our samples, originating from the Yana River region in north-eastern Siberia, to be
around 178,000 years, which confirms a previous estimate of a Middle Pleistocene age based on its
stratigraphic position. Our results extend our knowledge about the evolutionary history of cave bears,
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but they also show that to unravel the complexities of cave bear evolution future ancient DNA studies on
this Pleistocene species will need to go beyond short mitochondrial DNA fragments, including full
mitochondrial genomes as well as nuclear DNA sequences.

© 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Among the large mammal species that went extinct at the end of
the Pleistocene, cave bears (Ursus spealeus sensu lato) have one of
the most extensive fossil records (Kurtén, 1976; Musil, 1980;
Baryshnikov, 1998; Rabeder, 1999; Rabeder et al, 2000;
Baryshnikov, 2007). There have been numerous studies on both
the morphology and genetics of cave bears. Cave bears displayed
extensive morphological diversity both within and among cave
sites (Rabeder, 1995; Rabeder and Hofreiter, 2004; Rabeder et al.,
2008). At least six different Late Pleistocene morphotypes have
been identified, albeit with controversial taxonomic status
(Baryshnikov and Puzachenko, 2011 and references therein;
Hofreiter et al., 2004; Knapp et al., 2009; Rabeder et al., 2004). The
cave bear was also one of the first species from which Pleistocene
DNA sequences were obtained (Hdnni et al., 1994).

Recent studies have provided significant new insights into cave
bear phylogeography, evolution and extinction. Cave bears have
long been regarded as an exclusively European species (Kurtén,
1968, 1976; Musil, 1980; Kahlke, 1994), with their easternmost
distributions in the Ural and Caucasus Mountains. Recent studies,
however, have shown that they occurred as far east as the Altai
Mountains (Knapp et al.,, 2009) and North-Eastern Siberia (Sher
et al., 2011). Moreover, genetic analyses of mitochondrial (mt)
DNA have shown that cave bears from the Caucasus comprise a
group genetically distinct from those found in Europe, and, more
generally, that cave bears displayed substantial genetic diversity
across their range (Knapp et al., 2009; Stiller et al., 2009).

Other studies have shed new light on the extinction of the cave
bear, which was previously believed to coincide with the end of the
Pleistocene (Martin and Steadman, 1999; Barnosky et al., 2004).
Extensive radiocarbon dating now suggests that the extinction
happened much earlier, around 24,000 C years before present
(BP; 27,800 calibrated (cal.) BP), at the onset of the last glacial
maximum rather than at its end (Pacher and Stuart, 2009; Miinzel
et al., 2011; Bocherens et al., 2014). Furthermore, a demographic
analysis of mtDNA sequences suggested that cave bear population
size declined over an extended period of about 25,000 years before
their eventual extinction (Stiller et al., 2010). However, all of these
genetic studies were based on relatively small datasets. In fact,
despite a large body of research on various aspects of cave bear
biology, the amount of DNA sequence data available for them is still
smaller than for many large herbivores such as mammoth, bison,
musk ox, horse and reindeer (see Lorenzen et al., 2011 for an
overview). For these other species, numerous, well-preserved
specimens have been recovered from permafrost environments.
In contrast, nearly all of the specimens of cave bears have been
recovered from non-permafrost environments, resulting in
comparatively low DNA quality and quantity in the specimens.
Thus, our knowledge of cave bear evolution, distribution and spe-
cifically genetics is surprisingly incomplete.

Here we analyse 77 published and 65 new cave bear mito-
chondrial DNA sequences, representing six of the species/subspe-
cies from the Late Pleistocene cave bear complex. Using recently
developed techniques, including a phylogenetic method for esti-
mating the ages of ancient DNA sequences in the absence of
radiocarbon dates (Shapiro et al., 2011), we investigate the evolu-
tion, extinction, and geographical range of different cave bear taxa

and mitochondrial haplogroups during the last few hundred
thousand years. We discuss the implications of our findings for
future research on cave bear ecology and extinction.

2. Materials and methods
2.1. Samples and DNA extraction

We obtained 65 cave bear samples from across the currently
recognized range of the cave bear (Fig. 1). DNA was extracted from
bone or tooth sample material (100—500 mg) following the pro-
tocols described by Hofreiter et al. (2004) and Rohland and
Hofreiter (2007a, 2007b). A further 77 control region sequences
of 251 bp in length were obtained from GenBank (accession
numbers in Table S1). In total, our data set consisted of 142 cave
bear samples (Table S1).

2.2. DNA amplification and sequencing

For all samples as well as all extraction no-template controls and
PCR no-template controls we attempted amplification of an
approximately 285-bp fragment of the mitochondrial D-loop
(Hofreiter et al., 2002). We used primers from Hofreiter et al. (2002)
as well as primers that amplify shorter fragments (Hofreiter et al.,
2004; Knapp et al., 2009). Amplifications were performed using
either standard simplex PCR or multiplex PCR (Rompler et al.,
2006). Amplification conditions and annealing temperatures were
adopted from Hofreiter et al. (2002). All no-template controls were
clean. Amplification products were cloned into the pCR2.1-TOPO
vector (Life Technologies) following the supplier’s instructions. A
minimum of three clones per PCR product was sequenced on an ABI
3730 sequencer using the BigDye Terminator v1.1 Cycle Sequencing
Kit and M13 universal primers. Clone sequences were visually
aligned using the program package BioEdit (Hall, 1999) and
consensus sequences were called for all individuals. A long py-
rimidine stretch was removed from all sequences, since this region
could not be aligned unambiguously. This resulted in an alignment
of 251 bp in length.

Each sequence position was determined from two independent
PCR amplifications to avoid sequence errors caused by template
damage (Hofreiter et al., 2001). When we found consistent nucle-
otide differences between two independent amplifications we
performed a third amplification and called a consensus. We also
observed characteristic C-to-T and G-to-A changes resulting from
cytosine deamination, typical for ancient DNA.

2.3. Network and neighbor-joining analyses

To investigate the relationships among different cave bear
haplotypes through time we constructed a temporal statistical
parsimony network using the R script TempNet v1.4. (Prost and
Anderson, 2011; http://www.stanford.edu/group/hadlylab/
tempnet/; Fig. 2). We also reconstructed a Neighbor-Joining tree
in MEGA4 (Tamura et al., 2007) based on corrected (Tamura and
Nei, 1993) nucleotide distances from all sequences available,
including those for which we could not obtain reliable phylogenetic
estimates of dates. Individual node support was estimated via 1000
bootstrap replicates.
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2.4. Bayesian phylogenetic analyses

The data set included 142 sequences, of which 90 had ages
estimated by stratigraphic or radiocarbon dating (if not stated
otherwise, we use radiocarbon, rather than calibrated ages). To
estimate the ages of the remaining 52 sequences, we used a
Bayesian phylogenetic approach based on a molecular clock
(Shapiro et al,, 2011). We began by testing this approach using
leave-one-out cross-validation based only on the dated sequences.
In this test, the age of each sequence was individually estimated in
turn, with the ages of the remaining 89 dated sequences used as
calibrations. The best-fitting model of nucleotide substitution was
chosen using the Bayesian Information Criterion. Analyses were
performed using BEAST v1.7.5 (Drummond and Rambaut, 2007),
with a uniform prior on evolutionary rate (0—10~# mutations/site/
year) and a 1/x prior on the constant population size. A uniform
prior (0—10° years) was used for the age of the sequence being
estimated. Posterior distributions of parameters were estimated
using Markov chain Monte Carlo (MCMC) sampling, with samples
drawn every 3000 steps over a total of at least 30 million steps.
Some chains were extended to ensure sufficient sampling and
effective sample sizes above 100 for all parameters.

For all but 6 of the ages estimated using this technique, the
radiocarbon age was within the 95% credibility interval of the es-
timate (Table S2). We then used this phylogenetic approach to es-
timate the ages of the 52 undated sequences. Our analyses yielded
unimodal, non-zero age estimates for 45 of these sequences. We
used an empirical Bayesian approach in which these estimates
were used to specify prior distributions of the sequence ages in
subsequent phylogenetic analyses.

To test whether the data set contained sufficient temporal in-
formation for calibrating estimates of the rate and timescale, we
conducted a date-randomization test (Ramsden et al., 2009; Ho
et al,, 2011). In this test, phylogenetic analyses are performed us-
ing 10 replicates of the data set in which the ages of sequences are
randomly reassigned. If the mean rate estimate for the original data
set is not included in the 95% credibility intervals of the estimates
from the date-randomized replicates, the sequence ages are
considered to provide sufficient calibrating information. This was
the case for the data set comprising only samples with stratigraphic
and radiocarbon age estimates, as well as by the full data set
comprising 135 sequences (including the 45 sequences for which
ages were successfully estimated phylogenetically).

Bayesian phylogenetic inference was performed with BEAST,
using all of the sequences that could be dated reliably. Owing to the
intraspecific nature of the data set, we used a strict-clock model.
Estimates of posterior distributions of parameters were obtained
using MCMC sampling, with samples drawn every 2 x 10 steps
over 2 x 10% steps. We checked for convergence and sufficient
sampling using Tracer v1.5 (Drummond and Rambaut, 2007).
Comparison of coalescent models using Bayes factors revealed
support for an extended Bayesian skyline plot over a constant-size
model. The Bayesian Skyline Plot shows a population decline from
about 50,000 years ago, consistent with Stiller et al. (2010) (Fig. S2).

3. Results
3.1. Cave bear phylogeography and systematics
The cave bear specimens in this study were morphometrically

assigned to six different species or subspecies including Ursus
spelaeus spelaeus, Ursus spelaeus eremus, Ursus spelaeus ladinicus,

Ursus ingressus, Ursus rossicus and Ursus kudarensis (Table S1;
Baryshnikov, 1998; Rabeder and Hofreiter, 2004; Baryshnikov and
Puzachenko, 2011). Our phylogenetic analyses of the samples
confirmed genetic distinctiveness consistent with a taxonomic
designation for U. spelaeus, U. ingressus, U. rossicus and U. kudarensis
and the differentiation of these four groups was well supported
(Fig. 3). U. s. eremus and U. s. ladinicus were also found to be
genetically distinct from their closest relative U. s. spelaeus. How-
ever, clades within the ladinicus/eremus complex were very poorly
resolved by Bayesian and Neighbor-Joining approaches and topol-
ogies differ significantly depending on the tree building approach
(Fig. 3; Fig. S1). The cave bears from the Altai region, which had
genetically been assigned to U. s. eremus (Knapp et al., 2009) and
the specimen from Baumann’s cave in the Harz Mountains (Ger-
many) formed a separate clade but the systematic assignment of
the clade differs between both tree building approaches and is not
well supported by either approach (Fig. 3; Fig. S1). Both Bayesian
and Neighbor-Joining approaches confirmed the deep divergence
of the Caucasus cave bears (U. kudarensis) from all other cave bears,
as in Stiller et al. (2009), as well as their sister-group relationship to
the single individual from the Siberian Yana River region as
described by Knapp et al. (2009).

For the purpose of describing the origin of the samples, we split
Europe into Eastern Europe and Western Europe, with the border
running from the Adriatic Sea along the eastern borders of Italy,
Austria and Germany to the Baltic Sea. All U. s. spelaeus samples
came from Western Europe while U. ingressus had a more Eastern
European distribution, including the Balkans and the Ural moun-
tains. U. ingressus overlapped with U. s. spelaeus on the western
margin of its distribution (Fig. 1). The U. s. ladinicus/eremus complex
was found only in the Alps (including northern Italy with the
samples from Monte Generoso and Grotta Rota Imagna, Tables S1
and S2), while the Altai samples previously assigned to U. s. ere-
mus formed a sister relationship with the specimen from Bau-
mann's cave in the German Harz mountains. U. kudarensis
sequences were only found in the Caucasus and in one genetically
very distinct individual from the Yana River region in Eastern
Siberia.

Small cave bears morphologically comparable to U. rossicus have
been found in the southern parts of Western Siberia, dating to the
Middle Pleistocene (Baryshnikov and Foronova, 2001). Their ge-
netic affinity is unknown but morphological similarity of these
small bears to U. rossicus from the Late Pleistocene suggests that
they belonged to a single phylogenetic lineage. Our data set con-
tains two U. rossicus individuals, both coming from Kizel cave in the
Ural Mountains. Our phylogenetic analyses suggest that they form a
sister group to U. ingressus (Fig. 3).

3.2. Phylogenetic dating of samples

To estimate the ages of our 52 undated samples, we analysed
their DNA sequences using a Bayesian phylogenetic approach based
on a molecular clock. 45 of 52 samples yielded unimodal, non-zero
age estimates, with median age estimates ranging from 30,075
years for a sample from Hohle Fels in Germany to 178,300 years for
the sample from the Yana River region in Siberia (Table S1). It is
noteworthy that all samples younger than 34,550 years were from
Western Europe or the Balkans, with the youngest reliably dated
sample being from Geissenkldsterle (Germany, 26,530 years). All
samples from east of the Balkans and Poland, with the exception of
the Caucasus samples, are older than 40,000 years. Western Euro-
pean samples ranged in age from 26,530 (Geissenklosterle) to

Fig. 1. Phylogeography of cave bears through time. The numbers correspond to haplotype numbers in Table S1. Colours correspond to different species/subspecies: red: Us. spelaeus;
orange: Us. ladinicus; green: Us. eremus; blue: U. ingressus; purple: U. kudarensis; black: U. rossicus.
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Fig. 2. Temporal haplotype network displaying the relationships of cave bear haplotypes through time. Haplotypes are represented by ellipses. The number of sequences sharing the
same haplotype is indicated by the numbers in the ellipses (only numbers greater than 1 are shown). Small white ellipses indicate the absence of a haplotype that is otherwise
found in a different time period. Shared haplotypes between time-points are connected by two vertical lines. Within each time period, haplotypes are connected by a line if they are
separated by one mutation; each additional mutation is indicated by a small black dot. Red: U. s. spelaeus; green: U. s. eremus; yellow: U. s. ladinicus; blue: U. ingressus; cyan:

U. rossicus; rose: U. kudarensis (Yana); purple: U. kudarensis.

96,392 years (Baumann'’s cave, Germany), while Eastern European
samples (including Balkan samples) range from 26,900 (Potocka
Zijalka, Slovenia) to 100,648 years (Kizel Cave, Ural Mountains).

Some of the cave bear species/subspecies appear only within
limited time frames. The oldest accession of U. s. spelaeus was only
40,000—45,000 years old (from Scladina, Belgium). None of the 14
samples assigned to U. s. eremus and only 1 of 7 U. s. ladinicus
samples (Grotte Merveilleuse, 35,610 years) are younger than
40,000 years. Similarly, both U. rossicus accessions were estimated
to be around 100,000 years old.

3.3. Population dynamics and extinction

The temporal network was constructed with time slices of
10,000 years. It shows temporal continuity for a few major haplo-
types belonging to U. s. spelaeus, and U. ingressus (Fig. 2). Haplo-
types of U. s. eremus, U. s ladinicus, U. rossicus and U. kudarensis are
more short-lived; however relatively few samples have been
identified with these haplotypes. Haplotype diversity drops
significantly about 30,000 years ago, with only four different hap-
lotypes being younger than 30,000 years. The highest diversity can
be observed between 30,000 and 50,000 years ago (25 different
haplotypes from 30,000 to 40,000 years ago; 24 different haplo-
types from 40,000 to 50,000 years ago, Fig. 2). For the eastern
U. ingressus, the highest diversity was identified from 40,000 to

50,000 years ago with a sharp drop in more recent times. The
greatest haplotype diversity of U. s. spelaeus in our study was found
from 30,000 to 40,000 years ago.

4. Discussion

The sequence data we have obtained for this study cover only a
short fragment of the mitochondrial control region and our results
are inevitably associated with relatively large error margins.
Nevertheless, our results provide new insights and testable hy-
potheses regarding cave bear phylogeography and extinction. Our
study aims at encouraging discussion and further, more detailed
research into cave bears based on the new results presented here.

4.1. Cave bear phylogeography and evolution

The phylogenetic relationships of cave bears across their range
have been discussed in numerous publications (Rabeder et al.,
2004; Knapp et al.,, 2009; Stiller et al., 2009; Baryshnikov and
Puzachenko, 2011; Sher et al., 2011). Based on morphological fea-
tures, cave bears were subdivided into at least 6 different groups,
including U. s. spelaeus, U. s. eremus, U. s. ladinicus, U. ingressus,
U. rossicus and U. kudarensis (Hofreiter et al.,, 2004; Rabeder and
Hofreiter, 2004; Baryshnikov and Puzachenko, 2011), all of which
are represented by samples in this study. The taxonomic status of
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Fig. 3. Bayesian estimate of the cave bear phylogeny, drawn to a timescale. The horizontal time axis is in kiloyears before present. Numbers of samples are given in parentheses. The

position of the root was estimated by molecular clock rooting.

the morphologically distinct groups is controversial and it has been
argued that they may represent different species (Hofreiter et al.,
2004; Rabeder and Hofreiter, 2004), but also that they are not
even distinct enough to warrant subspecies status (Baryshnikov
and Puzachenko, 2011). The genetic data are consistent with the
principal classification above, albeit with variable support.
U. spelaeus (including spelaeus, ladinicus and eremus), U. ingressus
(together with U. rossicus), and U. kudarensis form clades that are
consistent with reproductive isolation among the haplogroups.
However similar mitochondrial population structure in the brown
bear (for example Hirata et al, 2013) warrants caution when
identifying putative species status for distinct cave bear hap-
logroups. As mitochondrial data alone is insufficient to resolve this
long-standing question, we will not speculate on the species status
of these haplogroups.

Consistent with recent findings of Dabney et al. (2013), [our data
suggest that the three main haplogroups found in Late Pleistocene
cave bears (spelaeus, ingressus, kudarensis) were already present as
early as the Middle Pleistocene (Fig. 3) and that initially their rep-
resentatives were most likely widely distributed. Interestingly, we
found ladinicus, eremus and rossicus haplotypes only in a few
samples that were either quite old (eremus from Baumann'’s cave)
or from mountain regions. In fact, in our data, there is very little
temporal overlap between U. s. eremus and U. s. ladinicus (mostly
older than 40,000 years) and U. s. spelaeus (mostly younger than
40,000 years) (Fig. 2; Table S1). Similarly, our two U. rossicus sam-
ples are substantially older than all our U. ingressus samples.
Moreover, the specimens from which the older haplotypes were
obtained tend to be smaller (rossicus) or morphologically more
archaic (ladinicus) than those from which ingressus or spelaeus
(sensu stricto) sequences were obtained. Although currently

speculative, this pattern may indicate that the classical Late Pleis-
tocene cave bear morphology developed locally, possibly two times
independently, and that these populations replaced more archaic
cave bear populations, including the associated haplotypes, except
in remote and/or high altitude areas. Further studies, combining
carbon dating, morphological analyses and DNA sequencing of both
mitochondrial and nuclear DNA are needed to reveal the details of
cave bear evolution.

U. kudarensis sequences were only found in the Caucasus and
the Yana River region in Eastern Siberia. In the Caucasus, the
earliest findings of cave bears similar in the tooth morphology to
U. kudarensis are from the Kudaro caves, dating to nearly 400 ky BP
(Baryshnikov, 1998, 2006). An earlier subspecies, U. k. praekudar-
ensis from the Middle Pleistocene reveals a successive morpho-
logical transition to U. k. kudarensis from the Late Pleistocene,
suggesting a direct relationship as ancestor and descendant. The
presence of cave bears genetically resembling U. kudarensis in the
northern parts of Siberia may be explained by a wide distribution of
representatives of this haplogroup in Northern Asia during the
Middle Pleistocene and a successive reduction in distribution range
during the Late Pleistocene, eventually becoming restricted to the
Southern Caucasus and adjacent territories.

4.2. Cave bear population dynamics

Recent studies have provided new insights into the population
and extinction dynamics of cave bears. By radiocarbon dating a
large number of cave bears from Europe and the Ural mountains,
Pacher and Stuart (2009) and Miinzel et al. (2011) were able to
show that, in contrast to previous beliefs (Kurtén, 1976; Musil,
1980), cave bears went extinct already around 24,000
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radiocarbon years ago (about 27,800 cal. BP) rather than towards
the end of the last glacial period about 13,000 years ago. We
recently used mtDNA sequences to reconstruct the population
dynamics of cave bears through time and found evidence for a
population decline that started more than 25,000 years prior to
their extinction (Stiller et al., 2010). Our new data confirm these
results (Fig. S2) and shed further light on the last 30,000 years
before cave bear extinction. Most notably, they indicate that cave
bear populations may have declined from east to west. As in a
previous study by Bon et al. (2011), all samples less than 30,000
years old were found in Western Europe or the Balkans. It should be
noted that Pacher et al. (2009) reported several samples from the
Ural Mountains that were between 30,000 and 37,000 years old.
We estimated one of the Polish samples by Baca et al. (2012) to be
37,590 years old and the youngest dated sample from the Caucasus
dates to 34,550 '4C years (Table S1), but as in previous studies (e.g.
Pacher and Stuart, 2009), the vast majority of our Eastern European
samples are older than 40,000 years.

Figs.1 and 2 illustrate the significant loss of genetic diversity and
range in samples less than 30,000 year old, a pattern observed
previously (Bon et al., 2011). A retraction from eastern habitats
towards the onset of the last glacial maximum, resulting in a range
shift to the west, would certainly be consistent with observations
that eastern U. ingressus haplotypes replaced the western
U. spelaeus haplotypes in the Ach Valley at the eastern margin of the
U. s. spelaeus range about 28,000 C years ago (ca. 32,500 cal. BP;
Hofreiter et al., 2007; Miinzel et al., 2011), but the lineage of U. s.
spelaeus persisted at least 3000 years longer in Eastern France
(Bocherens et al., 2014). Our data show a similar replacement, albeit
with less temporal resolution, for cave bears from Herdengel
(Austria). All samples from this cave were dated by stratigraphic
context and assigned to either U. s. eremus or U. ingressus. According
to their stratigraphic position, all eremus samples included in our
data set are older than 60,000 years while all included ingressus
samples from this site are younger than 37,000 years. However, it
should be noted that, when we include samples for which only part
of the mtDNA fragment analysed here could be amplified, the two
groups overlap to some extent in the stratigraphy. The Zoolithen
cave represents a third cave in which both U. ingressus and U. s.
spelaeus mtDNA sequences were observed (nine U. s. spelaeus
samples and two U. ingressus samples), but here the U. s. spelaeus
samples are consistently younger than the U. ingressus samples
(Tables S1 and S2). Table S1 also shows the absence of U. ingressus
samples greater than 50,000 year old from the Ural Mountains. This
could be a result of limited sample numbers from Eastern Europe,
but it could also suggest that the range of U. ingressus extended east
only temporarily at the time of highest diversity between 40,000
and 50,000 years ago (Baca et al., 2012).

Our analyses revealed two particularly interesting relation-
ships, connecting samples that are both geographically and
temporally very distant from each other. The sample from the
Yana River region in Siberia was found to be most closely related
to the kudarensis cave bears from the Caucasus region many
thousands of kilometres to the west. The individual from the Yana
River was assigned a mid-Pleistocene age from its stratigraphic
context by Sher et al. (2011). This is consistent with our molecular
estimates (mean: 178,300 years), making this sample much older
than the Late Pleistocene samples from the Caucasus to which it is
related. Similarly, the oldest Western European sample from
Baumann'’s cave (Germany; mean: 96,392 years) was most closely
related to three individuals from the Altai region. Although, as
discussed above, these results are suggestive of a formerly wider
distribution of the different haplogroups, given the small number
of samples from both taxonomic groups, it is impossible to say
whether this was indeed the case or whether the observed

patterns are instead the result of long-distance migrations and/or
range shifts.

Given the wide error margins of our molecular age estimates,
additional radiocarbon dating will be required to test the hypoth-
eses proposed above. If shown to be correct, a habitat retraction
from east to west would have implications for our understanding of
cave bear extinction. It would be highlighting the increasingly
continental climate in Europe towards the last glacial maximum as
a potential stressor, as has already been suggested by Pacher and
Stuart (2009). We have previously suggested that climate alone
was not responsible for the extinction of the cave bear and that
competition for cave sites between cave bears and an increasing
human population was critical factor (Stiller et al., 2010), but our
hypothesis also allows for an influence of climate change.
Bocherens et al. (2014) suggested a fragmentation of cave bear
populations in the northwestern Alpine foreland before the final
extirpation of the species in this region, while stable isotope data
showed no evidence of ecological change prior to extinction.
Furthermore, there is evidence of human hunting of cave bears,
which could also have had a significant negative influence on the
dwindling populations (Miinzel and Conard, 2004; Germonpré and
Hdmadldinen, 2007; Miinzel et al., 2011). A shrinking of the habitat
in the east would suggest that cave bears did follow the more
marine climate to the west and avoided the increasingly conti-
nental climates in the east. It would also mirror the movement of
other large mammals adapted to more temperate climates, such as
horses (Lorenzen et al., 2011), but more data are clearly required to
test the hypothesis of an east-to-west extinction of cave bears. In
addition, ecological tracking through stable isotope analyses will
provide further possibilities to test the impact of environmental
changes on the evolution of cave bear populations in different parts
of their distribution (e.g. Bocherens et al., 1994; Bocherens et al.,
2011).

Our study suggests that there is still a lot to learn about cave
bear biology and extinction. Using molecular tools to estimate the
age of previously undated samples, including samples that are
beyond the reach of radiocarbon dating, we were able to get a first
glimpse at how the range of cave bears changed through time.
While these new insights are only tentative because of the small
amount of DNA sequence data available for our analyses, they do
affect our understanding of the effects of climate change on cave
bear populations. Importantly, our study provides new hypotheses,
which can hopefully be tested in the near future. Additional (nu-
clear) DNA and radiocarbon data, in combination with new statis-
tical tools, may finally allow us to reconstruct the evolution as well
as the complex of factors that led to the extinction of the cave bear.
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