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Introduction 

The Sorex araneus group has a rich but understudied Eurasian fossil record that spans more than 
two million years and stretches geographically from Britain to China. Their fossils have been 
found in association with mammoths, lions, hyenas, Neanderthals and even the mysterious 
Denisovans, people whose ancient DNA reveals them to be distinct from both Neanderthals and 
modern humans (Schreve, 2000; Currant and Jacobi, 2001; Agadjanian and Serdyuk, 2005; 
Rzebik-Kowalska, 2008). When combined with molecular phylogenetic data from extant species, 
the fossil record provides a broad picture of the timing and geographic context of the group’s 
diversification (Fig. 13.1), including the fragmentation of the range of the common shrew during 
glacial cycles. 

The group evolved in the context of the Quaternary (the last 2.58 million years), a time of 
remarkable environmental change. Global temperatures have been colder over the last two and a 
half million years than any time since the late Palaeozoic (about 300 ma; million years ago). 
Cooling began in earnest during the Pliocene (Fig. 13.1) driven by the rise of the Tibetan 
Plateau, the northern Rocky Mountains and the Andes and by the closure of the Isthmus of 
Panama which collectively changed atmospheric and oceanic circulation patterns (Raymo and 
Ruddiman, 1992; Pagani et al., 2010). Atmospheric CO2 concentrations dropped from Miocene 
levels of around 400 ppm to about 200 ppm by the beginning of the Quaternary because of 
increased rates of chemical weathering of sediments from the new mountain ranges. As the 
insulating effects of CO2 waned, climate was increasingly influenced by cyclical variation in 
insolation driven by interaction of Earth’s eccentricity, axial tilt and precession. Since the 
beginning of the Quaternary more than 50 of these so-called Milankovitch cycles have occurred, 
first with a 41 thousand year periodicity and, from about one million years ago, with a 100 
thousand year periodicity (Hays et al., 1976). The result was repeated build-up of ice sheets in 
the northern hemisphere and vegetative shifts in Eurasia from boreal forest to tundra, mammoth 
steppe and alpine vegetation (Guthrie, 2001; Kleiven et al., 2002; Graham, 2011). The most 
recent glacial cycle (71 – 15 ka, thousand years ago) figures heavily in our understanding of the 
phylogeography of the common shrew (Chapter 4). Any account of the phylogeography and 
evolution of the common shrew must take into account the complex history of the Quaternary 
(Hewitt, 1999; Willis and Whittaker, 2000; Stewart and Lister, 2001). 
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In this chapter, I review the phylogeny and fossil record of the S. araneus group in the context of 
the climatic and environmental history of Eurasia. Special focus is given to the timing of 
speciation events, to the origin of the common shrew and the larger S. araneus group, and to the 
location and environments of glacial refugia because of their relevance to the origin of 
chromosomal races. The fossil record records the history of common shrew through at least eight 
complete glacial-interglacial cycles, raising new questions whether the patterns seen in its 
genetics and chromosomes are the product of only the most recent glacial episode or by a longer 
iterative series of glacially driven expansions and contractions. The evidence presented in this 
chapter also indicates that glacial refugia of the common shrew were more widespread than has 
been assumed, offering potential explanations for some phylogeographic data while raising new 
questions about the process of chromosomal diversification. 

 

Figure 13.1  Phylogenetic relationships of living and fossil species of the Sorex araneus group (see text for details). 
Broken lines show a consensus phylogenetic relationships of living taxa and heavy black lines show the known 
temporal range of species based on fossil occurrences. The curve at the left shows glacial-interglacial cycles 
measured in the marine oxygen isotope record (δ18O). Glacial stages are indicated by horizontal grey background 
bars.  Small numbers on the curve show the last nine interglacial marine isotope stages (MIS). 
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Strengths and limitations of the shrew fossil record 

The palaeontological record of shrews is exceptionally good in many respects. Mammal fossils 
are common in almost all regions of the world (e.g. Kurtén, 1968; McKenna and Bell, 1997; 
Janis et al., 1998, 2008; Rössner and Heissig, 1999) and the taxonomic identity of fossil teeth, 
even isolated ones, can often be determined very precisely because of the complexity of their 
crown morphologies and the rapidity with which they evolve (Hillson, 2005; Polly et al., 2005; 
Ungar, 2010). The fossil record of the S. araneus group is no exception.  For this chapter alone, 
nearly 1 000 fossil occurrences from more than 500 distinct sites in Eurasia were reviewed.  An 
occurrence is the record of a species occurring at a particular time horizon at a particular 
collecting site. In total, these 1 000 occurrences represent between 5 000 and 10 000 actual fossil 
specimens, demonstrating that the shrew fossil record is very rich indeed (Hoek Ostende et al., 
2010). These fossils offer direct evidence for when taxa originated, when they became extinct, 
where they lived, and what palaeoenvironments they inhabited. As described below, this record 
shows that the common shrew persisted through at least ten glacial cycles and the fossil 
occurrences sketch the broad outlines of expansions and contractions of its range through the 
most recent glaciation. 

However, the fossil record also has limitations (Kidwell and Holland, 2002; Bell et al., 2010). 
Four issues that are important for interpreting the shrew fossil record are discussed here: spatial 
variability in the existence of palaeontological sites, the precision with which taxa can be 
identified from fossils, the phylogenetic position of extinct taxa and determination of the age of 
fossils. 

First, the fossil record itself is spatially variable. Quaternary fossil mammal sites are densest in 
areas with good potential for preservation, such as karstic regions with caves and sinkholes, and 
sparsest in areas that are buried under glacial till or which were denuded by glacial advances 
(Graham et al., 1996; Markova, 2007). The fossil record is therefore generally poor in places like 
Scandinavia and northern Britain, but rich in areas like southern Germany, France, Italy and 
southern Siberia. With a few exceptions, the area covered by glacial ice in Fig. 13.2 suffers from 
a sparsity of fossil sites older than 18 ka due to glacial modification of the Earth’s surface. The 
quality of the fossil record also varies regionally because of the effort made by palaeontologists 
to study it. Europe has been densely populated for centuries and has a deep tradition of scientific 
enquiry, so its fossil record is well documented and has been extensively synthesised. 
Conversely, vast stretches of central Asia and Siberia are sparsely populated and their scientific 
resources are sporadically distributed. The record of presences and absences of the common 
shrew is consequently more comprehensively documented in Europe than it is in Siberia, which 
means that we can put more reliance on absences of fossil occurrences in the former than the 
latter. Furthermore, linguistic differences and cold war political barriers meant that there were 
few attempts to integrate data between Europe and Siberia until the last few decades. These 
spatial biases limit our interpretation of the absence of shrew fossils. Lack of common shrew 
occurrences in fossil-rich regions provides credible evidence that it was genuinely absent, but 
lack of occurrences in fossil-poor areas can be ambiguous. Regardless of spatial biases, the 
presence of shrew fossils provides strong positive evidence that they were there at a particular 
place and time. 
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Second, the precision with which fossils can be identified has a hierarchical relationship to 
phylogeny. Recognising a fossil, even a fragmentary one, as a shrew is almost trivial. Placing 
that fossil within the subfamily Soricinae or the genus Sorex usually can be done confidently by 
palaeontologists who are not shrew specialists. Determining whether it is closer to Sorex araneus 
or S. tundrensis, whose divergence is between one and 2.5 million years, requires specialist 
experience. And assigning the fossil precisely to very recently diverged taxa like S. araneus, S. 
coronatus, S. granarius and S. antinorii may be impossible without morphometric analysis of 
large samples of comparatively complete fossil mandibles (Hausser and Jammot, 1974; Hausser, 
1990; Brünner et al., 2002; Zaitsev and Rzebik-Kowalska, 2003; Chapter 10). Because of this 
hierarchical bias in precision, palaeontologists commonly analyse global or continental scale data 
at the genus level because confidence in the taxonomy at that level is high. Confidence can also 
be high at the species level if material has been reviewed by a taxonomic specialist, but even so 
palaeontological species are more likely to be ‘lumped’ compared to living ones because of the 
limited number of diagnostic features available in fossilised morphology. Palaeontologists are 
therefore unlikely to distinguish closely related and morphologically similar species like S. 
coronatus, S. antinorii and S. granarius because of the statistical hurdles of separating them 
accurately from S. araneus. Some authors have linked common shrew fossils from Iberia to S. 
granarius and those in Italy to S. antinorii, but without independent morphological evidence for 
these assignments this geographic logic would be circular for any research that uses the fossil 
record to study geographic range changes or the timing of speciation events (Bell et al., 2010). 
An example was a case in which samples of common shrew fossils from Austria were originally 
referred to S. cf. coronatus because they were different from S. araneus and because S. coronatus 
was the geographically closest candidate species. Careful morphometric analysis followed by 
ancient DNA analysis later showed these samples to be incursions of S. tundrensis into Europe 
during the last glaciation (Hausser, 1990; Nagel et al., 1995; Prost et al., 2013). Similarly, 
chromosomal races cannot be reliably identified in the fossil record, even though the teeth and 
mandibles exhibit statistically significant morphological differences (Chapter 10). These closely 
related taxa therefore rightly get lumped by palaeontologists into a ‘broad sense’ concept of S. 
araneus (see below for additional explanation of taxonomic terminology used in this chapter). 

Third, species change over time. Species in the fossil record by necessity are diagnosed with 
morphological features, and morphology evolves. A living species traced deep enough in time 
may be different enough to be assigned to a different separate species, even without a speciation 
event per se (Rose and Bown, 1993). Standard phylogenetic methods cannot determine whether 
one taxon is the direct lineal ancestor of another (Engelmann and Wiley, 1977), and even though 
palaeontologically appropriate methods have been developed (Gingerich, 1979; Fisher, 1994, 
2008; Polly, 1997; Wagner, 1998; Gomez-Robles et al., 2013), they have never been applied to 
the Sorex fossil record. Indeed, the only formal phylogenetic analysis of fossil soricines 
published so far did not include members of the S. araneus group (Rofes and Cuenca-Bescós, 
2009). Ancient DNA is increasingly available for identifying fossils and studying their 
relationships, but it degrades with age and has a maximum limit of 700 thousand to 1 million 
years (Pääbo et al., 2004) confining its potential usefulness to only the last half of the history of 
the S. araneus group. For these reasons, the relationship of S. subaraneus and S. araneus remains 
ambiguous: the former may be the ancestral segment of the S. araneus lineage (Mezhzherin, 
1972; Jammot, 1977; Zaitsev and Baryshnikov, 2002) or it may be a true sister species existing 
in parallel for a time (Fig. 13.1). Furthermore, the two are so morphologically similar that they 
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may not be consistently differentiated in the literature. Sorex subaraneus is therefore considered 
here, along with S. coronatus, S. granarius and S. antinorii, as S. araneus in the ‘broad sense’. 

Finally, determining the absolute age of Eurasian Quaternary fossils is less precise when they are 
older than 55 ka. That date marks the limit for radiocarbon dating (Bronk Ramsey, 2008), a 
technique that provides an absolute age based directly on fossil material. Fossil sites older than 
55 ka are dated by biostratigraphy (a technique that assigns ages to a temporal category like 
Middle Pleistocene or Biharian based on occurrences of time-diagnostic species) and by absolute 
dating techniques for the sediments in which the fossils are found. Recent advances in stable 
isotope stratigraphy, amino acid racemisation, and optically stimulated luminescence (OSL) have 
radically improved the resolution of the Quaternary fossil record prior to 55 ka. Marine isotope 
stages (MIS), which are a numbered sequence of glacial and interglacial stages derived from the 
climatic record of ocean cores have become the most widely used standard for dating Quaternary 
fossils. In the MIS scheme, odd numbers are used for warm intervals and even numbers for 
glacial phases. MIS 1 is our current interglacial, the Holocene, and MIS 5 was the last 
interglacial, whereas the last glacial maximum (LGM) occurred during MIS 2 and the most 
intense glaciation of the Quaternary – known variously as the Anglian, Mindel, Elsterian, and 
Kansan – was during MIS 12 (Fig. 13.1). Interestingly, MIS 3, which is numbered as a warm 
interval, was an intensely variable period in the middle of the last glacial cycle that is discussed 
in greater detail below. It is increasingly possible to assign sites younger than 500 ka to a marine 
isotope stage, which have a mean duration of about 23 thousand years. Prior to 500 ka, age 
resolution becomes much coarser, sites assigned to biostratigraphic units like the Early Biharian 
or Late Villanyian, which have durations on the order of 250 thousand years. The age resolution 
of occurrences of the common shrew during the LGM are thus as much as three orders of 
magnitude more precise than the occurrences that mark the origin of S. araneus in the Early 
Pleistocene. 

Age interpretations of events like the timing of phylogenetic splits or occurrences during the 
LGM should be considered to have uncertainties: for dates less than 55 ka, the uncertainty is 
often less than a century (plus or minus); for dates between 55 and 500 ka, the uncertainty is 
about 10 thousand years; and for dates greater than 500 ka, the uncertainty may be as great as 
125 thousand years. 

 
Taxonomic terminology 

The results presented in this chapter take into account the limitations of taxonomy and dates. 
Almost all of the fossil occurrences have been evaluated by a group of taxonomic specialists 
(Storch and Qiu, 1991; Rzebik-Kowalska 1998, 2000, 2005, 2006, 2007, 2008, 2013; Storch, 
1998, 1995; Zaitsev, 1998; Horáček, 2005; Zaitsev et al., 2014; Horáček et al., 2015; Rzebik-
Kowalska and Rekovets, 2015). While there may be disagreements between authors, or even 
mistakes, the taxonomic identifications at species level can be considered to be quite credible 
with the following caveats. Only a few samples have been subject to quantitative morphometric 
analysis (e.g. Zaitsev and Baryshnikov, 2002; Zaitsev and Rzebik-Kowalska, 2003), so the level 
of precision is not fine enough to consistently distinguish S. coronatus, S. granarius, S. antinorii, 
or S. subaraneus from S. araneus in the strict sense. Fossil occurrences of these taxa are 
therefore collectively referred to in this chapter as ‘S. araneus (broad sense)’ and any unqualified 
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use of ‘S. araneus’ is meant in this way. ‘S. araneus (narrow sense)’ is used to refer to the 
common shrew exclusive of its closest relatives. Other S. araneus group species are considered 
reliably distinguishable as fossils (at the level of detail considered in this chapter) so no special 
terminology is used to refine their level of precision. The term ‘Sorex araneus group’ is used in 
its ordinary sense for the clade of shrews defined by the last common ancestor of S. arcticus and 
S. araneus, all of which share the XY1Y2 sex chromosome system (Zima et al., 1998; Chapter 5). 

 
Materials and Methods 

Many of the results presented in this chapter are based on original data compilation and analysis. 

A database of fossil occurrences was created by entering the information presented in the 
systematic reviews by Rzebik-Kowalska (1998; 2008) and supplementing it with additional 
occurrences from Young (1935), Pei (1936), Colbert et al. (1953), Rudenko et al. (1961), Sher 
(1971), Mezherzhin (1972), Qiu et al. (1985), Zheng and Cai (1991), Sun et al. (1992), Shotton 
et al. (1993), Zhang (1993), Rabeder (1995), Li and Xue (1996), Derev'anko (1998), Kalthoff 
(1998), Storch (1998, 1995), Zaitsev (1998), Currant and Jacobi (2001), Dahlmann (2001), 
Borodin et al. (2003), Chlachula et al. (2003), Price (2003), Gao et al. (2004), Zheng (2004), 
Agadjanian and Serdyuk (2005), Danukalova and Yakovlev (2006), Strukova (2006), Dodonov 
et al. (2007), Kalthoff et al. (2007), Markova (2007), Khenzykhenova (2008), Kotsakis et al. 
(2011), Sher et al. (2011), Li et al. (2013), Prost et al. (2013), Fadeeva (2016), Rofes et al. 
(2016) and Serduyk and Zenin (2016). Where possible, age determinations for fossil sites was 
based on radiocarbon or other absolute dating technique. Miocene and Pliocene biostratigraphic 
correlations were converted to absolute dates using MN age schemes from Steininger et al. 
(1996), Lindsay et al. (1997) and Opdyke et al. (1997). Absolute ages for Pleistocene 
biostratigraphic correlations were based on Kowalski (2001), Vangengeim et al. (2001), Tesakov 
(2004) and Nadachowski et al. (2011). Stratigraphic ranges for living and fossil species lineages 
were estimated from their first and last fossil occurrences. No statistical adjustments were made 
for incomplete sampling (cf. Strauss and Sadler, 1989). 

A supertree of extant species (Fig. 13.1) was constructed with matrix representation parsimony 
(MRP; Baum, 1992; Bininda-Emonds et al., 2002) from five molecular phylogenetic trees 
(Taberlet et al., 1994; Ohdachi et al., 1997; Fumagalli et al., 1999; Ohdachi et al., 2006; 
Mackiewcz et al., 2017). 

The palaeogeographic range of S. araneus (narrow sense) during the last glacial maximum 
(LGM) was estimated using species distribution modelling (Peterson, 2003; Nogués-Bravo, 
2009; Myers et al., 2015) and verified with fossil occurrences. First a digital geographic range 
map of the modern distribution of S. araneus (narrow sense) was constructed by combining the 
European range map from Mitchell-Jones et al. (1999) and the east European and Asian range 
from Dolgov (1985). Nineteen bioclimatic variables from the WorldClim data layers (Hijmans et 
al., 2005) were sampled at 50 km intervals to provide equally spaced coverage regardless of 
latitude at a scale similar to the spatial averaging in fossil sites (Polly, 2010). From these data, a 
rectilinear (BIOCLIM) climate envelope was estimated from the 99th percentile of the 
distribution of climate observations within the modern range. BIOCLIM envelopes are preferred 
for paleo range reconstruction over alternatives like GARP (Stockwell and Noble, 1992) or 
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maximum entropy (Phillips et al., 2006) because BIOCLIM does not assume that correlations 
between climate variables have been constant over time (Lawing and Polly, 2011; Svenning et 
al., 2011). The LGM range was estimated by sampling points from paleoclimate models that fell 
within the modern climate envelope. Two paleoclimate models generated by the PMIP2 project 
were used: MIROC3.2 and CCSM (Braconnot et al., 2007). Agreement between fossil 
occurrences and range estimated from the MIROC3.2 climate model was much better (18 out of 
18 occurrences fell within the estimated range) than for the CCSM climate model (0 out of 18 
occurrences within the estimated range). The CCSM model did not include Europe at all (even 
its southern peninsulas). Other authors have found that CCSM underperforms MIROC3.2 
climate models for reconstructing palaeogeographic ranges of mammals at the LGM (Davis et 
al., 2014). Even though it was constructed differently, the MIROC3.2 model agrees in general 
form to the MaxEnt reconstruction based on point occurrence records by Prost et al. (2013). 

Digital elevation used in the maps in Fig. 13.2 was resampled from TerrainBase (Hastings and 
Dunbar, 1998). Proglacial lake margins were digitised from Velichko et al. (1980) and 
georeferenced. Glacial ice extents are from Ehlers and Gibbard (2004). 

 
When did the Sorex araneus group originate? 

Keeping the above limitations in mind, the fossil record of the S. araneus group provides a broad 
outline for when the group originated and when its major clades diverged. A time-calibrated 
phylogeny is shown in Fig. 13.1. The topology (broken grey lines) is based on a supertree 
analysis of molecular studies (see Materials and Methods) and the duration of each taxon (heavy 
black lines) is based on its first and last occurrences. Node ages are based on the oldest reliable 
occurrence of its daughter taxa (see Parham et al., 2011 for principles of age calibration with 
fossils). Only two nodes could be confidently dated this way: the last common ancestor of S. 
tundrensis and S. araneus and the last common ancestor of S. araneus and S. satunini. Splits 
whose minimum age could not be determined from fossil occurrences are marked with a “?”.  

The oldest dateable split is between S. tundrensis and S. araneus, which occurred about 2.5 ma 
near the beginning of the Quaternary (S. arcticus has only a shallow fossil history so its 
divergence from the rest of the S. araneus group cannot be dated directly). The date for this split 
is determined by the oldest occurrence of S. runtonensis, an extinct taxon with a long fossil 
record predominantly in Europe (Reumer, 1984; Harrison, 1996; Rzebik-Kowalska, 1998; 
Mackiewicz et al., 2017). The species S. kennardi, which appears in older literature, is now 
considered to be conspecific with S. runtonensis (Harrison, 1996). A close relationship between 
S. runtonensis and S. tundrensis (and presumably S. asper) was established by a multivariate 
morphometric study that grouped the two together to the exclusion of S. caecutiens (Rzebik-
Kowalska, 2006, 2013; Osipova et al., 2006). This hypothesis for the relationship of S. 
runtonensis is strongest available, even though it has not been verified by formal phylogenetic 
analysis.  Some authors disagree, as discussed below. The oldest records of S. runtonensis are 
from Beremend 5 and 11, Hungary (Jánossy, 1986), Węże, Poland (Sulimski, 1962; Rzebik-
Kowalska 1994) and Stranzendorf, Austria (Rabeder, 1974). As discussed above, the precision of 
dates of this age is coarse; these sites could be as old as 4.2 ma. Their minimum date of 2.5 ma is 
used here. The next youngest occurrences of S. runtonensis have minimum ages of about 2 ma 
(“?” signifies the gap between them), and the record is dense after that. 
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The minimum age for the origin of the S. araneus group is therefore also 2.5 ma, constrained by 
the minimum age of the S. tundrensis-S. araneus split. This date would also the minimum time 
of origin of the XY1Y2 sex chromosome system (see below). The early S. runtonensis provides 
the best available environmental and ecological context for the origination of this unique system. 
Like living species of the S. araneus group, S. runtonensis was a medium size shrew that 
coexisted with smaller and larger species (Harrison, 1996; Parfitt, 1998; Osipova et al., 2006). 
Global environments at the time were comparatively mild (Fig. 13.1) and ice caps were only 
starting to form in the northern hemisphere. Independent palaeoenvironmental evidence from 
sites where S. runtonensis has been recovered – West Runton, England (Maul and Parfitt, 2010; 
Field and Peglar, 2010), Beremend 5, Hungary (Reumer, 1984) and Untermassfeld, Germany 
(Maul, 1990; Kahlke, 2006) – indicate moist, vegetated habitats similar to those frequented by S. 
araneus today (Chapter 2). This putative ancestral habitat preference suggests that the adaptation 
of S. tundrensis to colder, drier habitats occurred later in the Quaternary as climates became 
harsher. Note that Osipova et al. (2006) argued that S. runtonensis itself was associated with 
open, dry and cold habitats, but their evidence was based solely on its relationship to S. 
tundrensis and the palaeoenvironments of the early sites do not support that hypothesis. 

Two alternative phylogenetic hypotheses would, if correct, make the split between S. tundrensis 
and S. araneus younger. First, Masini et al. (2005) and Mackiewicz et al. (2017) both argued that 
S. runtonensis cannot confidently be distinguished from S. subaraneus, implying that the two 
nominal species may be a single, variable taxon that collectively represents the ancestry of the 
entire S. araneus group. If so, then the earliest occurrences of S. runtonensis may be part of the 
stem lineage predating the earliest divergence of the living species. If this hypothesis is correct, 
then the first clear differentiation of the crown group would be marked by the oldest occurrences 
of S. daphaenodon (750 ka, Olyer Svita, Kolyma, Russia; Sher, 1971) and S. macrognathus (790 
ka, Tarkő, Hungary; Jánossy, 1969), both of which are morphologically distinctive and thus clear 
markers of species-level diversification. Ancient DNA has shown that S. macrognathus is 
unequivocally affiliated with S. araneus sensu stricto (Prost et al., 2013). One strength of this 
hypothesis is that it would fill the long ghost lineage that separates the ancestor of the S. araneus 
group from the first occurrence of S. araneus. A ghost lineage is a branch of a phylogenetic tree 
that is not represented in the fossil record (Norell, 1993). While ghost lineages are exceedingly 
common, it is a little odd to have a 1.5-million-year gap in the fossil record of the S. araneus 
group when its fossil record is generally good. A second alternative hypothesis comes from 
Parfitt (1998), who argued that S. runtonensis is not part of the S. araneus group at all and that it 
is most closely related to S. caecutiens. He presented mandibular condyle ratios and qualitative 
characteristics to support this hypothesis. If correct, then the minimum age of the S. araneus 
group would be defined by the oldest occurrences of S. subaraneus at Tarkő, Hungary (Jánossy, 
1969), Sackdilling, Germany (Heller, 1956) and Varbeshnitsa, Bulgaria (Popov, 1988), all of 
which have a Late Biharian age around 790 ka. While the two hypotheses are different in their 
phylogeny, they would have the same consequence of pulling the origin of the S. araneus group 
up to 790 ka. However, neither alternative hypothesis is currently as well supported as Osipova 
et al.’s (2006). 
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The history of Robertsonian rearrangement events 

Robertsonian rearrangements are unusually frequent within the S. araneus group (Chapter 5). 
The XY1Y2 system that diagnoses the group is itself a tandem fusion with closely similar 
characteristics to a Robertsonian fusion in which an autosome joined with the true X 
chromosome and its unfused complement forms the Y2 in males (Chapter 3). The karyotypes of 
the species in the S. araneus group differ from one another in Robertsonian rearrangements and 
most species have intraspecific Robertsonian variation, especially S. tundrensis and S. araneus 
(Reumer and Meylan, 1986; Zima, et al., 1988; Basset et al., 2008). Mechanisms that facilitate 
Robertsonian rearrangements thus appear to be a synapomorphy of the clade (Fig. 13.1). The 
propensity for Robertsonian rearrangements has been hypothesised to have worked in concert 
with genetic isolation in glacial refugia and selective sweeps on metacentric combinations to 
drive speciation in S. coronatus, S. granarius and S. antinorii and to explain the origin of 
chromosomal races within S. araneus (narrow sense) (Chapters 4 and 6). The dates of speciation 
events between the S. araneus (broad sense) taxa and of the origins of chromosomal races within 
S. araneus (narrow sense) are therefore important for understanding the role of Robertsonian 
rearrangements in speciation (Chapter 11). 

Unfortunately, the fossil record provides no direct evidence about chromosomal rearrangements. 
However, phylogenetic logic and indirect evidence from morphology, stratigraphy and 
geography allow limits to be placed on these events using the fossil record, as discussed in the 
next three sections. 

 
When did the propensity for Robertsonian rearrangements arise? 

Because Robertsonian rearrangements are characteristic of the entire S. araneus group, the most 
parsimonious interpretation is arguably that they have inherited from their common ancestor a 
shared mechanism that increases the frequency of Robertsonian mutations. If so, the propensity 
for Robertsonian rearrangement and the XY1Y2 system would have evolved at least 2.5 million 
years ago when the clade originated (Fig. 13.1). This hypothesis implies that Robertsonian 
rearrangements would also have been common in S. runtonensis, S. subaraneus and S. 
macrognathus and perhaps have played roles in their speciation events. No direct evidence is 
available to test this possibility, but, like the living species, S. runtonensis and S. subaraneus are 
riddled with subtle but complex patterns of morphological variation that led some authors to split 
them into multiple species while other authors argued for synonymy (Harrison, 1996; Masini et 
al., 2005; Osipova et al., 2006; Maul and Parfitt, 2010; Rofes et al., 2016). But as noted above, 
resolving species-level taxonomy for a set of geographically and temporally widespread fossil 
occurrences is seldom a trivial task, especially if the taxa were undergoing complex speciation 
processes. Phylogenetic logic rather than direct fossil evidence therefore underpins this estimate 
of a 2.5 ma date for the onset of Robertsonian rearrangements. Alternative hypotheses are 
discussed at the end of the chapter. 
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When did Sorex coronatus, S. antinorii and S. granarius speciate? 

The origins of S. coronatus, S. antinorii and S. granarius are of particular interest with regard to 
whether Robertsonian chromosomal rearrangements facilitate speciation (Chapter 11). Sorex 
coronatus and S. antinorii both form contact zones with S. araneus (narrow sense) along suture 
lines that formed after post-glacial expansions (Neet and Hausser, 1990; Brünner et al., 2002). 
Sorex granarius, which inhabits the Iberian Peninsula, has a dominantly acrocentric karyotype 
like the one hypothesised to have been ancestral for the S. araneus group (Wójcik and Searle, 
1988). Unfortunately, the fossil record does not reveal directly when any of these species 
originated, but it does provide indirect and direct evidence that helps constrain the dates. 

The oldest date for any of these speciation events would be 790 ka, constrained by when S. 
araneus (broad sense) split from other S. araneus group species (Fig. 13.1). The minimum age of 
that divergence is established by the oldest records of S. subaraneus at Tarkő Rockshelter, 
Hungary (Jánossy, 1969, 1986), Sackdilling Cave, Germany (Heller, 1930) and Varbeshnitsa, 
Bulgaria (Popov, 1988) which are all from the Late Biharian and have minimum ages around 790 
ka. The age is secondarily established by the earliest occurrence of S. daphaenodon around 750 
ka (Olyer Svita, Kolyma River, Russia; Sher, 1971). 

There have been eight complete glacial cycles since 790 ka. The coldest most intense glacial 
cycle was MIS 12 (478 ‒ 424 ka), also known as the Anglian glaciation in Britain and the Mindel 
in continental Europe, which was followed by the so-called ‘Great Interglacial’ (MIS 11). Each 
of the cycles involved contractions of the geographic ranges followed by post-glacial expansions 
(Stewart, 2008) and community restructuring (Polly and Eronen, 2011). The originations of S. 
coronatus, S. antinorii and S. granarius could, in principle, have been associated with any one 
(or more) of these cycles.   

Morphometrics has successfully distinguished modern populations of these species (Hausser and 
Jammot, 1974; Hausser, 1990; Brünner et al., 2002; Chapter 10), but rigorous attempts to apply 
morphometrics to the fossil record are rare (see discussions by Rzebik-Kowalska, 1998; Kotsakis 
et al., 2011). Sorex granarius has been reported from the fossil record of Gibraltar (Duckworth, 
1912) and S. antinorii from Italy (Kotsakis et al., 2011), but those identifications were based 
purely on the geographic association of those species with their respective peninsulas. To the 
best of my knowledge, the only attempt to morphometrically identify any one of these species in 
the fossil record was by Thomassen (1996), who found both S. araneus (narrow sense) and S. 
coronatus at Sesselfels Cave in southern Germany (MIS 3, 50 – 70 ka). 

Even without the aid of morphometrics, the maximum date for speciation in S. granarius and S. 
antinorii can be constrained by oldest occurrences of the common shrew in the Iberian and 
Italian peninsulas. The oldest record of S araneus (broad sense) in Iberia is about 450 ka at El 
Higuerón Cave in Málaga (López Martínez, 1972; Sesé, 1994). The oldest occurrences in Italy of 
S. subaraneus (without differentiation from S. runtonensis) were about 590 ka and the oldest 
occurrences of S. araneus were about 400 ka (Kotsakis et al., 2003). Both dates were just before 
the MIS 12 glacial period. These age constraints are all considerably younger than molecular 
clock estimates for the same divergences. The split leading to S. granarius was estimated from 
fossil calibrated cytochrome b divergence to have occurred at 796 ka and the one leading to S. 
antinorii at 988 ka (Mackiewicz et al., 2017). Given that fossil data always represent the  
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Figure 13.2  (A)  Reconstructed palaeogeographic range of the common shrew during the Last Glacial Maximum 
(LGM) based on species distribution modelling (green) along with its known fossil occurrences (red dots; Table 
13.1).  (B)  Phylogenetic network of chromosomal races from Chapter 6 superimposed on the palaeogeographic 
range to show hypothesised routes of post-glacial expansion. 
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minimum time of divergence between clades, these molecular clock estimates are, in principle, 
compatible with the fossil history presented in this chapter. But the fact that palaeontological 
records of Iberia and Italy are both excellent means that the lack of fossils of S. araneus (broad 
sense) in these areas prior to 450 and 590 ka suggests caution against splits that are twice as 
deep. If the splits took place somewhere else prior to colonisation of the two peninsulas, then the 
older molecular dates are perfectly compatible with the S. araneus (broad sense) fossil record. 

Although the dates of these speciation events cannot currently be resolved in the fossil record, 
future work could improve our understanding. Ancient DNA has the potential to provide direct 
evidence for the timing of splits between these species. Morphometrics also could be applied to 
the extensive fossil samples that are already known from western Europe. It should be noted, 
however, that the morphometric variables that distinguish present-day populations may not 
successfully distinguish older populations because their phenotypes are expected to evolve and 
because differentiation may be considerably less in populations that are closer to the common 
ancestor. A morphological phylogeographic approach should therefore be adopted to account for 
variation in space and evolutionary change over time (e.g. Horáček, 1985; Polly, 2001, 2003; 
Lawing and Polly, 2011; Gómez-Robles et al., 2013). 

In summary, even though it cannot be determined directly whether S. coronatus, S. antinorii and 
S. granarius originated during the last glaciation, it is plausible that the processes that led to their 
speciation began earlier. Sorex araneus (broad sense) has occurred in the Iberian and Italian 
peninsulas for at least half a million years. Earlier glacial cycles would have disrupted gene flow 
because the same climatic and biogeographic barriers that isolated them in the last glacial cycle 
would also have done the same. The fact molecular phylogenetic evidence resolves their 
relationships into three successive speciation events instead of single multichotomy (Fumagalli 
et al., 1999; Brünner et al., 2002; Fig. 13.1) and molecular clock estimates place the splits long 
before the last glacial cycle supports the hypothesis that their originations may have been 
staggered over a much longer span of time. 

 
When did chromosomal races originate? 

As with the previous questions about chromosomes, the fossil record can only indirectly provide 
evidence for the origin of chromosomal races in S. araneus (narrow sense). Sorex araneus (broad 
sense) has been distributed widely across Eurasia for more than 790 thousand years, commonly 
so for the last 450 thousand years, and has persisted through a long series of glacial-interglacial 
cycles. If, as hypothesised above, Robertsonian rearrangements were frequent in the species 
since its inception, then it would seem unlikely that all 76 chromosomal races originated from an 
acrocentric ancestor as recently as a few tens of thousands of years ago, especially when the 
phylogenetic structure of the races so strongly suggests a series of intraspecific divergence 
events (Chapter 6).  

Morphometrics has been used to address this question by trying to link fossil samples with extant 
races using a morphological phylogenetic approach (Polly, 2001, 2003, 2007). These studies 
found that some fossil samples from the last interglacial period (125 ka) nested deeply within 
subclades of living karyotypic races, suggesting that at least some of the karyotypic phylogroups 
had split prior to the onset of the last glaciation. These studies also supported the hypothesis that 
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chromosomal races moved into Britain after the LGM already differentiated. The extant Oxford 
and Aberdeen races, which now inhabit the English Midlands and Scotland, respectively, were 
morphometrically linked to a Bølling-Allerød (ca. 14 ka) fossil sample from Kent, and the 
Hermitage race that now occupies Kent was linked to a deeper clade including fossils 
populations from the last interglacial in southern Germany (Polly, 2001, 2003). These 
relationships are broadly consistent with the idea that common shrews recolonised Britain in 
successive waves prior to 8 ka when Britain became isolated by the most recent flooding of the 
English Channel (Searle, 1984; Searle and Wilkinson, 1987; Searle et al., 2009; Chapter 4). 
However, the same studies recovered other morphometric patterns that are difficult to reconcile 
with chromosomal and mitochondrial data, including groupings of Aberdeen race with S. 
coronatus and S. antinorii (Polly, 2003), so these data should be considered equivocal. 

In summary, the fossil record is suggestive that the phylogeographic history of chromosomal 
races is deeper than the most recent glacial cycle. Neither the deep palaeontological history of S. 
araneus (broad sense) nor the phenotypic connections between pre-glacial fossil populations and 
extant chromosomal races appear to be consistent with an origin of chromosomal races since the 
last glaciation. Nevertheless, the pattern is far from clear. It may therefore be productive to re-
examine chromosomal and phylogeographic data using a model of multiple expansions and 
contractions. Alternative hypotheses that could be tested from this perspective are discussed 
briefly at the end of this chapter. 

 
Where were refugia of the common shrew during the last glacial cycle?   

The fossil record is the only direct source of evidence for the locations of glacial refugia. The 
record is rich and well dated, a large portion of the last glacial cycle falling within the 50 ka limit 
of radiocarbon dating. Global and regional temperatures during the last glacial cycle experienced 
many ups and downs that affected geographic ranges and community composition, sometimes on 
very rapid timescales. In this section, I will review the chronology of the last glacial cycle, 
examine the pattern of fossil occurrences of S. araneus (broad sense) during the last glacial, 
especially at the LGM and during the Bølling-Allerød, and review the palaeoenvironment during 
the LGM in locations relevant to refugial conditions. 

 

Chronology, geography and palaeoenvironments of the last glaciation 

The last glacial cycle lasted almost 60 thousand years, even longer depending on precisely when 
its beginning is defined (Fig. 13.3). By comparison, the warm peaks of interglacial periods, like 
the one we live in today, have typically lasted only about 10 thousand years, making glacial 
conditions the norm rather than the exception for the last half million years. However, the 
chronology of the last glaciation is dynamic and complex story that is far from the stereotype of 
a homogeneously bleak interval of ice sheets and tundra. 

In its broadest sense, the last glacial spans the time between today’s interglacial, which started 10 
thousand years ago, and the last at 115 ka (Fig. 13.3). If it were not for anthropogenic climate 
change we would be past the warmest point of the Holocene (known as Holocene climatic 
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optimum or hypsithermal), which occurred 8 000 years ago (Folland et al., 1990). The 
hypsithermal of the previous interglacial (known variously as MIS 5e, Eemian, Ipswichian, Riss-
Würm and Mikulin) occurred 125 000 years ago (Oppo et al., 2006). This ‘long’ definition of the 
last glacial is relevant because the processes of range contraction and refugial isolation would 
have started as the last hypsithermal ended. The Eemian hypsithermal was several degrees 
warmer than the Holocene hypsithermal and sea level was up to 9 m higher (Zagwijn, 1996; 
Hearty et al., 2007; Nikolova et al., 2013). Ranges of many subtropical and temperate animals 
pushed to higher latitudes than in the current interglacial, such as the hippopotamus which was a 
common element of British MIS 5e faunas (Stuart, 1976). 

 

Figure 13.3  The common shrew during the last glacial cycle.  (A) Chronology of the last glacial-interglacial cycle 
based on the oxygen isotope record (δ18O) of the North Greenland Ice Core Project (NGRIP Members, 2004).  
Numbers 1-5 are marine isotope stages (MIS); YD, Younger Dryas; B-A, Bølling-Allerød; LGM, Last Glacial 
Maximum; D-O, Dansgaard-Oeschger events.  (B) Fossil occurrences of Sorex araneus (broad sense) during the 
early part of the last glaciation (MIS 4).  (C) Fossil occurrences during the mid-glacial period (MIS 3).  (D) Fossil 
occurrences at the LGM. See also Fig. 13.2. (E) Fossil occurrences during the late glacial Bølling-Allerød warming 
event. Species distribution model of the range of the common shrew for the LGM is shown in all maps in grey. 
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In practice, the last glacial period is the period encompassing MIS 4 - 2 (71 – 14 ka) (Fig. 13.3). 
As mentioned above, marine isotope stages are glacial and interglacial phases as recognised from 
oxygen isotope signatures from deep sea cores, which can be thought of as representing global 
scale averages of ocean temperature (Lisiecki and Raymo, 2007). Isotope stages are numbered 
from the present interglacial (MIS 1), with odd numbers representing warm phases and even 
numbers representing cold phases. The last glacial cycle opened and closed with cold phases 
(MIS 2 and 4, also known as the early and late Weichselian or early and late Devensian) and had 
a long, comparatively warm but highly variable phase in the middle (MIS 3). 

The climatic history of the last glaciation is illustrated in Fig. 13.3a with an oxygen isotope 
curve. Oxygen has two common isotopes: heavier O18 with 10 neutrons and lighter O16 with 
eight neutrons. Isotopic composition of water, ice or other substances is expressed as the ratio of 
heavier to lighter oxygen (δ18O). Cooler climates produce precipitation with smaller δ18O values 
because O18 condenses more quickly. Oxygen isotope curves therefore record rises and falls in 
temperature. In fact, modern marine isotope stage boundaries were defined based on this dataset 
(Lisiecki and Raymo, 2007). The curve in Fig. 13.1 is from deep sea cores and represents global-
scale climate for the last 3.5 ma; the curve in Fig. 13.3 is from the NGRIP ice cores in Greenland 
and represents climate in the North Atlantic for the last 120 thousand years (NGRIP members, 
2004). The NGRIP curve provides the most detailed continuous regional climatic record for 
Europe during the last glacial cycle.   

Glacial cycles usually begin with a long, stepwise deterioration in climate in which ice sheets 
build and end with an abrupt rise in temperatures that accompany a tipping point at which ice 
sheets rapidly decay (Fig. 13.1). The term ‘rapid’ is used here in a geological context because the 
LGM ice sheets were so large that they required more than two millennia to shrink to their 
current size. The last glacial cycle was no exception. The last glacial phase started with a long 
climatic downturn that started in late MIS 5 and continued through the early glacial maximum of 
MIS 4 (Fig. 13.3a). After many ups and downs, the last glaciation phase ended around 14 000 
years ago with a three to four thousand year warming phase (Bølling-Allerød) that was 
punctuated by a brief return to colder conditions during the Younger Dryas before our current 
interglacial conditions truly began (Fig. 13.3a).  

The climatic events at the end of the last glacial phase are of special interest with regard to the 
common shrew. Dating these events is more complicated than is often appreciated because, like 
any science, the chronology is built from independent lines of evidence that must be reconciled 
and because the timing of the climatic events varied geographically. The Last Glacial Maximum 
(LGM) was the final cold phase of that last glacial period, and like it, the LGM has competing 
definitions. Many geologists consider the LGM to be synonymous with MIS 2 (29 – 14 ka cal) 
(Lisiecki and Raymo, 2007). The global isotope chronology is based on data from many deep sea 
cores that have been averaged to focus on global climate change without noise from local 
fluctuations (Fig. 13.1). The dates of the isotopic excursions are derived from an age model that 
incorporates several lines of evidence and the boundaries between isotope stages are drawn at 
midpoints between cold to warm spikes (Lisiecki and Raymo, 2007).  Competing definitions of 
LGM restrict it to the intensely cold period between about 26 – 15 ka cal, which is the definition 
used in this book. Note that the units here are calendar years.  Confusion about the dates of 
climatic events, including the LGM, sometimes arises from failure to distinguish between 
radiocarbon and calendar years (cal). The ages of geological events less than 50,000 years old 



 16 

are usually derived from radiocarbon dating, which has a non-linear relationship to calendar 
years because the amount of radioactive C14 has varied over time. Some authors report raw 
radiocarbon dates, others attempt to convert them to calendar years based on one or more of the 
competing models for doing so. The height of the LGM at 22 ka in calendar years is equivalent 
to 20 ka in radiocarbon years based on the current Oxford Radiocarbon Lab’s model (OxCal 4.3; 
Bronk Ramsey, 2009). Prior to 50 ka, no distinction is made because absolute ages are 
determined from methods other than radiocarbon. All radiocarbon dates in this chapter have been 
recalibrated in calendar years unless otherwise noted. 

Because the Bølling-Allerød and Younger Dryas were brief events most strongly expressed in 
the high latitudes of Eurasia, it is ambiguous whether they occurred before or after the end of 
MIS 2 as it is usually recognised in deep sea cores. Isotopic data from the Northern Greenland 
Ice Core Project (NGRIP) provide better detail for regional Late Pleistocene climate in Europe 
(Fig. 13.3a; NGRIP members, 2004; Rasmussen et al., 2006). Based on NGRIP data, the dates 
used in this chapter for the Bølling-Allerød are 14.7 – 12.9 ka cal and 13.8 – 12.6 ka radiocarbon 
and the Younger Dryas are 12.9 – 11.7 ka cal and 12.6 – 11.6 ka radiocarbon. As mentioned 
above, the dates we use for the LGM are 26 – 15 ka cal.  

The complex mid-glacial phase of MIS 3 deserves special mention. This 28 000-year period is 
numbered as a ‘warm’ stage in the marine isotope scheme, but it falls firmly within the glacial 
phase of the normal 100 000 year cycle. Ice sheets remained widespread and climate never 
reached truly interglacial conditions. Nevertheless, MIS 3 was punctuated by 100 to 1 000 year 
Dansgaard-Oeschger events in which temperature rose as much as 7 C to near interglacial levels 
(van Andel, 2002; NGRIP members, 2004). During these warm pulses, summer temperatures in 
France and Britain were similar to today (Guiot et al., 1993; Coope et al., 1997). As described in 
more detail below, the warm events of MIS 3 were accompanied by reorganisations of faunal 
communities and expansions of the range of the common shrew.   

The complexity of Late Pleistocene climatic events and their dates should always be kept in 
mind when trying to correlate events with large uncertainties to them.  The uncertainty of dates 
for individual fossil occurrences are discussed above and they can only be confidently correlated 
to short climatic events like the Bølling-Allerød when an age corrected radiocarbon date is 
available. Molecular clock estimates of events typically have much larger uncertainties than 
fossils that are radiocarbon dated (Warnock et al., 2012). 

During the LGM glacial ice reached its maximum areal extent, covering most of northern Europe 
and the Arctic Ocean. High elevations in the Pyrenees, Alps, Altai, Central Siberian Plateau, 
Verkhoyansk Range, Kolyma Mts. and the Sredinny Range in Kamchatka hosted glaciers, but 
Siberia was mostly ice free (Fig. 13.2). Arctic ice dammed the northward flowing rivers of 
Siberia creating a chain of large periglacial lakes. The largest of these, Lake Mansiyskoe, filled 
the Ob and Yenisei River valleys. River drainages ran from Baikal through Lake Mansiyskoe 
and southwestward through the Caspian and Black Seas (Velichko et al., 1980). Ice sheet 
margins are controlled by the balance of temperature and precipitation. Ice sheets covered 
western Europe but not Siberia because of precipitation was higher off the North Atlantic than it 
was farther to the east. The importance of precipitation to ice sheet expansion is exemplified in 
the Taimyr Peninsula where ice covered the Byrranga Range during MIS 4 but was less 
extensive in MIS 3 because less moisture was available in the later phases of the glacial cycle 
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(Svendsen et al., 2004). The edges of ice sheets occur where melting balances the rate of ice 
flow. Like in the Alps today, the southern edges of glacial margins would have been moist and 
much warmer than their northern interiors. 

‘Mammoth steppe’ covered parts of Eurasia, especially the drier regions of eastern Siberia, 
during the last glacial period (Fig. 13.2). Mammoth steppe was a cold grassland biome with a 
distinctive mammal fauna dominated by woolly mammoth, woolly rhinoceros, horse, aurochs 
and extinct bison (Guthrie, 1980, 2001). There is no evidence that S. araneus lived in mammoth 
steppe environments, but S. tundrensis did and the biome boundary between these dry open 
environments and moister wooded ones could plausibly have defined the limits of the ranges of 
the two species, especially since S. tundrensis is known to have made incursions into western 
Europe during colder, drier phases when mammoth steppe expanded (Prost et al., 2013). 
Mammoth steppe biomes collapsed at the end of the Pleistocene, partly because of the extinction 
of many of the large herbivores that maintained it, and was replaced by modern tundra and taiga. 

Landmass was more extensive during the glacial phase because of low sea levels. Parts of the 
Baltic Sea, North Sea and English Channel that were not covered by ice were exposed as dry 
land because of low sea levels (Jensen et al., 1999; Gaffney et al., 2009; Lambeck et al., 2010). 
The broad expanse of land that connected Britain with Scandinavia was known as Doggerland 
after the Dogger Banks where glacial fossils are often brought up in fishing nets. As glacial ice 
melted, parts of this area were covered by freshwater pro-glacial lakes until rising seas flooded 
the area around 8 000 years ago. Until that time, suitable habitat for shrews would have extended 
between Scandinavia and Britain, including during the Bølling-Allerød and early Holocene. 
Parallel karyotypes of the Aberdeen, Oxford and Hermitage races in Britain with the Arendal, 
Sjaelland and Öland races in Scandinavia may be explained by this land connection (Chapters 4 
and 6). 

The last glacial cycle ended with an abrupt warming during the Bølling-Allerød (14.7 – 12.7 ka 
cal) followed by a short-lived return to near-glacial conditions in the Younger Dryas (12.7 – 11.5 
ka cal), after which temperatures warmed and the Holocene began. The climatic fluctuations of 
this ‘late glacial’ period were similar in magnitude to the Dansgaard-Oeschger events of MIS 3. 

 

Fossil occurrences during the last glaciation and the locations of glacial refugia 

The range of the common shrew during the last glaciation is attested by two lines of evidence. 

Dated fossil occurrences provide direct evidence for where shrews lived (Sommer and 
Nadachowski, 2006). The strengths and weaknesses of fossil occurrence data are discussed in 
detail above, but the precision of dating is better during the last part of the glacial cycle, 
including the LGM and late glacial, because it falls within radiocarbon limits than it is during 
most of MIS 3 and all of MIS 4 when dates are often only as precise as the stage boundaries. A 
common shrew fossil always provides positive evidence it was found in a particular time and 
place; absence of fossils is more difficult to interpret. Absence of shrew fossils in Siberia or 
northern Europe may simply mean that the record is less studied or that it is poor, whereas an 
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absence of common shrews in southern or central Europe where the fossil record is generally 
good provides stronger evidence that common shrews were not present.  

Species distribution modelling (SDM, also known as ecological niche modelling) provides 
indirect evidence for where conditions were favourable for common shrews during the LGM. An 
LGM species distribution model for S. araneus (narrow sense) is shown in green in Fig. 13.2 and 
in grey in Fig. 13.3. SDMs identify the past geographic areas where climate was like it is where a 
species lives today (Peterson, 2003; Nogués-Bravo, 2009; Myers et al., 2015). The common 
shrew has a climate envelope defined by the maximum and minimum values of climate variables 
like mean annual temperature and annual precipitation that occur within its current range. SDMs 
represent the places in the LGM that had climate that fell within that envelope (see Materials and 
Methods). The evidence derived from SDMs is indirect for two reasons. First, the LGM 
palaeoclimate on which the SDM is based is itself derived from climate modelling. While 
climate modelling is based on boundary conditions that come from direct palaeoenvironmental 
proxy data, they are nevertheless models that have their own strengths and weaknesses. Second, 
SDM predictions for where suitable climate for the common shrew was found does not ensure 
that were actually present there (Nogués-Bravo, 2009; Davis et al., 2014). The strength of SDMs 
is that they show where conditions were right for common shrews and fossil occurrences offer 
evidence for where shrews were actually found. 

MIS 4 (71 – 57 ka).—Fossil occurrences of the common shrew during MIS 4 suggest that its 
range contracted during the first phase of the last glacial with respect to what it had been in MIS 
5 (Fig. 13.3b). In MIS 5, common shrew fossils were found in Britain, France, Portugal, Italy, 
Germany, Poland, Hungary, Slovakia and Russia, suggesting that its range had been similar to 
today. MIS 4 records are somewhat less widespread, occurring in France, southern Germany, 
central and eastern Europe and the Altai. All but three MIS 4 occurrences fall within the LGM 
species distribution model suggesting that the common shrew’s range in the early part of the 
glacial period was similar to the later part (Fig. 13.3b).  

MIS 3 (57 – 29 ka).—Fossil occurrences during MIS 3 provide evidence for range expansion 
during the middle phase of the last glaciation. Common shrews expanded at this time into Britain 
and the Urals (Fig. 13.3c). Most likely this expanded range occurred transiently during 
Dansgaard-Oeshger warming events, but age resolution is too imprecise to link fossils to 
individual Dansgaard-Oeshger events.  

LGM (28 – 15 ka).—Species distribution modelling for the LGM indicates that suitable 
conditions for the common shrew were found over much of central and eastern Europe, northern 
Iberia, most of Italy, northern Balkans, and in a narrow band extending eastward to Lake Baikal 
(Figs 13.2 and 13.3d). Eighteen well-dated fossil occurrences demonstrate that common shrews 
were found on the northern slopes of the Pyrenees, eastern France, central Europe and the Altai 
Mts. in Siberia, as well as the arguably more expected locations of the Italian peninsula and the 
northern Balkans (Table 13.1; Figs 13.2 and 13.3d). For the reasons discussed above, these 
occurrences represent S. araneus in the broad sense. The Italian fossils could well represent S. 
antinorii, and the fossils from the Pyrenees and eastern France could represent S. coronatus. 
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Table 13.1  Location, age, and references for Last Glacial Maximum (LGM) occurrences of Sorex araneus (broad sense). 
 

Country Site Name Stratigraphic Level Dates Latitude Longitude References ID 

Bulgaria Temnata-Prohodna Cave 16 Layers 9-11 15-19 ka 43.17 24.06 Popov (2000) 17 

Croatia Sandalja Cave 2 Beds F-G 22.6-27.8 ka 44.88 13.90 Srdoč et al. (1979) 8 

Czech Rep. Velká Kobylanka Layer 13 ca. 22 ka 49.55 17.77 Ložek et al. (1958) 10 

France La Grotte de la Garenne Bed C 28.5 ka 47.27 4.77 Leroi-Gourhan and Leroi-Gourhan (1964); Chaline (1972) 2 

France Le Grand Caveau du Verpant N/A ca. 22 ka 47.51 4.53 Chaline (1972) 3 

Hungary Balla Cave Upper Level 19-22 ka 48.02 20.53 Jánossy (1986); Dobosi and Voros (1986); Mészáros (2004) 15 

Hungary Bivak Cave Level 4 18 ka 47.74 18.92 Jánossy (1986); Dobosi and Voros (1987); Mészáros (2004) 11 

Hungary Pilisszántó Rockshelter I Lower Level 18-23 ka 47.69 18.91 Jánossy (1986); Dobosi and Voros (1986); Mészáros (2004) 12 

Hungary Remetehegy Upper & Lower Levels 19-22 ka 47.57 18.91 Jánossy (1986); Dobosi and Voros (1987) 13 

Italy Broion Cave Layer 7 ca. 22 ka 45.47 11.59 Sala (1980) 5 

Italy Grotta della Ferrovia Levels 2a-6b ca. 22 ka 43.53 13.27 Bartolomei (1966); Sala and Masini (2007) 8 

Italy Paglicci Cave N/A ca. 22 ka 41.67 15.59 Bartolomei (1975); Huertas et al. (1997); Sala (1983) 7 

Italy Tagliente Rock-Shelter N/A ca. 22 ka 45.55 11.00 Capuzzi and Sala (1980) 4 

Romania Cioarei Cave Layer 14 / Level O 23.4 ka 45.11 23.02 Terzea (1987); Cârciumaru et al. (2002) 16 

Russia Denisova Cave Central Hall, Level 9 ca. 22 ka 51.40 84.68 Agadjanian and Serdyuk (2005) 18 

Slovakia Dzeravá skala cave Levels 3-4 24.7-24.8 ka 48.27 17.12 Horáček (2005); Horáček et al. (2015) 9 

Slovakia Murán Cave Level 6 24.4 ka 49.25 20.17 Horáček (2015); Horáček et al. (2015) 14 

Spain Aitzbitarte 4 Layer 2 17.9 ka 43.26 -1.89 Altuna (1972); Sommer and Nadachowski (2006) 1 

 



 

One particularly interesting LGM occurrence is in the High Tatras of Slovakia where S. araneus 
fossils have been recovered from Murán Cave at high elevations above LGM glaciers (Schaeffer, 
1975; Horáček and Sánchez-Marco, 1984; Horáček et al., 2015). It has been hypothesised that 
the small mammal fauna from these sites actually lived on the glaciers themselves in a vegetated 
environment that formed on the talus covering them. Studies of community formation on top of 
modern glaciers show that this hypothesis is plausible (Flickert et al., 2007).  

The record from the Altai deserves special mention because it provides the only direct evidence 
of common shrews in Siberia during the LGM. The material is from Denisova Cave, famous for 
its ancient DNA evidence of an unexpected human clade (Gibbons, 2011). Because of its 
archaeological significance, Denisova is well studied and carefully dated. Importantly, it 
preserves a sequence of sediments that span the entire glacial period, not just the LGM. Common 
shrews were present throughout the entire glacial cycle as well as the last interglacial 
(Agadjanian and Serdyuk, 2005) indicating that they remained continuously established there (cf. 
Chapter 6). The LGM record is from Level 9 of Denisova’s Central Hall, which was deposited at 
the height of the LGM at 22 ka. Lack of other Siberian occurrences at that time may be due to 
lack of intensive study rather than lack of a more extensive fossil record. 

The occurrence of common shrews in France and central Europe during the LGM is consistent 
with the distribution of other temperate species. Sommer and Nadachowski (2006) reviewed 47 
European sites with temperate mammal faunal elements – red deer, roe deer, red fox – all of 
which have firm dates within the LGM. These sites occur not only in the three Mediterranean 
peninsulas, but also in France, especially the Dordogne region, and a broad region around the 
Carpathians, including Austria, Hungary, Czech Republic, Slovakia and Poland. Another small 
temperate mammal, the yellow-necked mouse, has a similar central European distribution during 
the LGM (Knitlová and Horáček, 2017). 

The SDM may provide clues about geographic factors that influenced speciation in the S. 
araneus group. The reconstructed geographic range for the common shrew during the LGM 
includes the Caucasus, Tien Shan mountains and far eastern Asia even though those areas lie 
well outside its current range (Fig. 13.2). Because these areas are separated by substantial 
climatic or physiographic barriers, it is unlikely that S. araneus (narrow sense) ever inhabited 
them (but see evidence in Chapter 5 of past introgression with S. satunini). Moreover, each of 
those areas is currently inhabited by other species in the S. araneus group: the Tien Shan is 
currently inhabited by S. asper, the eastern Eurasian mainland north of Korea and on Kamchatka 
are currently inhabited by S. tundrensis and S. daphaenodon and the Caucasus is currently 
inhabited by S. satunini. These glacial patches would have been strongly isolated during both 
glacial and interglacial phases for at least half a million years. Other parts of the European part of 
the reconstructed range that are segregated only by glaciated mountains and ice are currently 
inhabited by the species most closely related to S. araneus (narrow sense): Italy is inhabited by S. 
antinorii and northern Iberia is inhabited by S. coronatus. The correlation between age of 
divergence and degree of geographic isolation in the SDM may explain why speciation occurred 
between some taxa but not among chromosomal races of S. araneus. Early in the Quaternary 
when climate was milder (Fig. 13.1), suitable habitat for shrews may well have connected all of 
temperate Eurasia. With each progressively intense glacial cycle, discontinuities in the range 
would have become increasingly pronounced. The stepwise fragmentation of shrew habitat 
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through the successive cycles may have created increasingly isolated ‘islands’ that formed nuclei 
for speciation. This hypothesis would require testing since relevant fossil evidence is unavailable 
at this time. 

Bølling-Allerød warm phase (14.7 – 12.7 ka).—Fossil occurrences during the short warm phase 
of the Bølling-Allerød record post-glacial expansion of common shrews into Britain, Denmark 
and the southern Urals (Fig. 13.3e). These records support molecular evidence in temperate small 
mammals for an initial expansion during the Bølling-Allerød followed by a partial contraction 
during the Younger Dryas and culminating in a second and more extensive expansion during the 
Holocene (Searle et al., 2009; Herman and Searle, 2011; Chapter 4). It should be noted, 
however, that correlating an expansion and contraction signature with the Bølling-Allerød and 
Younger Dryas rather than MIS 3 and the LGM or with MIS 5 and MIS 4 could be difficult 
without a very precise means of dating the molecular divergence. 

 

Refugial environments during the LGM 

The occurrence of common shrews in France, central Europe and Siberia during the LGM is 
contrary to the phylogeographic hypothesis that European glacial refugia were restricted to the 
three southern peninsulas: Iberia, Italy and the Balkans (Hewitt, 1996, 1999). Debate whether 
temperate refugia were exclusively in these peninsulas has resulted in molecular testing of 
alternative phylogeographic hypotheses (Bilton et al., 1998; Parducci et al., 2012) and re-
examination of the fossil evidence north of the Pyrenees, Alps and Balkans (Bennett et al., 1991; 
Willis et al., 2000; Stewart and Lister, 2001; Sommer and Nadachowski, 2006; Stewart et al., 
2010). 

A close look at the LGM climates and environments where shrews occurred is therefore of 
interest. Common shrews favour habitats that are moist with ample vegetation, well-developed 
litter layers, and, in colder climates, insulating snow cover in the winter (Chapter 2). This section 
briefly reviews LGM conditions across the SDM reconstruction of the common shrew’s range, 
with emphasis on those places where fossil evidence confirms it was present (Fig. 13.2). 

Much of Europe north of the Alps had permafrost conditions during the LGM (Vliet-Lanoë and 
Hallégouët, 2001), but forested taiga regions with at least some areas mixed with deciduous trees 
like oaks are known to have persisted throughout the glacial cycle in areas of France, Hungary, 
Moldova, Slovakia and Germany (Willis et al., 2000; Huntley and Allen, 2003; Willis and van 
Andel, 2004). The LGM vegetation at Abri Pataud in the Dordogne region of France, which only 
had patchy permafrost similar to the areas around Lake Baikal today, was similar to what is 
found today near the treeline in the Massif Central (Movius, 1977). Climate-vegetation models 
also reconstruct bands of deciduous forest as along an Atlantic coast of southern France, which 
was a broader area than today because of low sea level stands at the LGM (Huntley and Adams, 
2003). Many fossil sites in the Dordogne had temperate faunal elements during the LGM 
(Sommer and Nadachowski, 2006). These pieces of evidence all point to stable refugial 
conditions in southern France through the LGM. Amenable conditions for temperate mammals 
were also found in the region of Austria, Hungary, Czech Republic, Slovakia, Romania and 
southern Poland as attested not only by common shrews, but also by occurrences of other 
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temperate mammals (Sommers and Nadachowski, 2006). Common shrews were notably absent 
in the Ukraine during the LGM despite numerous fossil sites with small mammals (Popova, 
2014; Krokhmal and Rekovets, 2007). The east European and Siberian areas of the common 
shrew’s reconstructed range were covered in mixed forest and steppe vegetation (Velichko et al., 
1980; Tarasov et al., 2000; Binney et al., 2009; Dodonov et al., 2011). Tree species in these 
Siberian forest patches were similar to forests in northern Scandinavia and Siberia today: firs, 
larches, pines, spruce, birch and willows (Binney et al., 2009). 

What was the climate like in these areas? Figure 13.4 compares the modern climate envelope of 
Sorex araneus (narrow sense) with LGM paleoclimate at 12 key locations (Table 13.2). The data 
are shown in two ways. In Fig. 13.4b the modern climate distribution of the common shrew is  

 

Figure 13.4  Climate during the Last Glacial Maximum (LGM); see Table 13.2.  (A) Map showing selected LGM 

locations, A-L. Species distribution model of the range of the common shrew for the LGM is shown in grey.  (B) 

Graph showing LGM climate for the selected locations A-L in the context of the modern climate envelop of the 
common shrew (grey) for mean annual temperature and annual precipitation. Whittaker’s (1975) biome 

classification is superimposed.  (C) Mean temperatures of the coldest month at selected LGM locations A-L shown 

in the context of equivalent modern values across the current range of the common shrew (grey bars).  (D) Mean 

temperatures of the warmest month at selected LGM locations A-L shown in context of modern values for the 

common shrew’s range (grey bars).  (E) Annual precipitation at selected LGM locations A-L show in the context of 

equivalent modern values for the common shrew (grey bars). 
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Table 13.2  LGM climate conditions at 12 key locations consisting of mean annual temperature (MAT), mean temperature of the coldest month, mean temperature of the warmest 
month, and annual precipitation. Data are from the PMIP2 MIROC3.2 paleoclimate model. 

Region Locality Label Latitude Longitude MAT (C) Cold Temp  
(C) 

Warm 
Temp (C) 

Ann Precip 
(mm) 

Southern England Marsworth A 51.83 -0.51 1.9 -4.4 8.5 854 

Central France Clermont-Ferrand B 45.98 2.93 6.9 -0.2 14 894 

Central Spain Valladolid C 41.49 -4.91 10.8 3.1 18.9 608 

Southern Germany Stuttgart D 48.68 9.11 5.7 -2.5 13.7 770 

Central Italy Marsciano E 42.84 12.34 11.0 3 19.2 1040 

Czech Republic Brno F 49.13 16.30 4.0 -5.4 12.9 506 

Bosnia Sarajevo G 43.74 18.31 3.4 -5.2 11.7 896 

Southern Greece Corinth H 37.90 22.63 12.4 4.9 20.5 840 

Ukraine Kiev I 50.47 30.31 -3.1 -15 7.9 406 

Southern Urals Magnitogorsk J 53.17 58.27 -10.7 -27.9 5.2 274 

Altai Denisovo K 55.41 85.87 -6.6 -23.4 9.5 231 

Siberia South Baikal L 51.37 106.37 -9.1 -27.7 8.1 325 
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shown as a bivariate plot of mean annual temperature (MAT) and annual precipitation, the two 
variables used by Whittaker (1975) to define biomes. The grey dots in the graph represent the 
temperature and precipitation at individual points within the modern range of S. araneus sampled 
every 50 km. LGM values for the 12 key locations are plotted in the same space. In Fig. 13.4c-e, 
histograms show the frequency of three important climate variables – mean temperature of the 
coldest month, mean temperature of the warmest month, and annual precipitation – sampled 
from the common shrew’s modern range with LGM values for the 12 sites superimposed. LGM 
climate values come from the PMIP2 MIROC3.2 climate model (Braconnot et al., 2007), which 
are in close agreement with the LGM climate models developed by the Stage III project (Barron 
and Pollard, 2002; Barron et al., 2003). 

The LGM paleoclimate of central France (B), southern Germany (D), and the Czech Republic 
(F) fell firmly within the common shrew’s modern climate envelope (Fig. 13.4). LGM values in 
the Czech Republic are near the mode for all four climate variables, suggesting that the 
paleoclimate of central Europe was near ideal for the common shrew, a hypothesis that is 
supported by the density of LGM fossil occurrences there (Figs 13.2 and 13.3). The traditional 
refugia in the three southern peninsulas (C, E, H) had LGM paleoclimates that fell within the 
common shrew’s modern climate envelope, but toward marginal extremes. All three locations 
had much warmer winters than most of the common shrew’s range does today, and they were 
wetter than most of its habitats. The presence of shrews is verified by fossils in Italy, Pyrenees, 
and northern Balkans, but not in central Iberia or the southern parts of the Balkan peninsula. 
Habitats were patchy within the peninsulas: wetter and more densely vegetated at high elevations 
and more arid in lower areas (Willis, 1994). The LGM climates of southern Britain (A) and the 
Ukraine (I) also fell within the shrew’s envelope, but their cold summers made it extremely 
marginal habitat. No fossil shrews are known from southern Britain during the LGM and there is 
strong evidence that they were absent in the Ukraine (Popova, 2014; Krokhmal and Rekovets, 
2007). Southern Siberia (K, L) was relatively cold and dry during the LGM, but this area’s 
climate also fell within the common shrew’s climate envelope. The presence of S. araneus 
(broad sense) in the Altai during the LGM is demonstrated by fossils at Denisova Cave. 

No direct evidence exists for past snow depths, but paleoclimate models are capable of 
estimating what it would have been. Winter snow depth probably were around 20 – 50 cm in a 
belt running from southeast Britain across northern France, southern Germany, central and 
eastern Europe, and into Siberia (Barron and Pollard, 2002). 

 
Post-glacial recolonisation 

The evidence presented in the previous section indicates that the common shrew’s glacial refugia 
were in France, central and eastern Europe, northern Balkans and Siberia. Modern genetic and 
chromosomal diversity is arguably compatible with expansion from these areas. The 
phylogeographic pattern of extant chromosome races is illustrated in Fig. 13.2 superimposed on 
the reconstructed LGM palaeogeographic range by plotting the type locality of each 
chromosomal race connected by lines that represent the phylogenetic network reconstructed from 
shared metacentrics by White et al. (2010) (Chapter 6). The SDM reconstruction of the common 
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shrew’s palaeogeographic range is consistent with several existing hypotheses about glacial 
refugia and post-glacial expansions. 

The large, isolated LGM range patches in Siberia are in close proximity to living chromosomal 
races with unusually large range sizes (Polyakov et al., 1996). These races are also 
morphologically distinctive, both from one another and from European races (Polyakov et al., 
2002; Chapter 10), suggesting greater isolation from one another as would be expected if the 
LGM range was broken up by unfavourable climates as in this reconstruction. The Siberian races 
are also known for having a comparatively consistent chain of Robertsonian chromosomal 
rearrangements in the races that occur along a roughly east-west gradient (Polyakov et al., 
2000a,b, 2001; Chapter 5). The karyotypic chain is consistent with glacial populations having 
been distributed in fragmented linear patches across Siberia like the LGM reconstruction. 

The reconstructed LGM range in Europe (as well as the fossil occurrences that document it) 
suggests that suitable habitat may have been found in a fairly continuous belt from central 
France, across southern German and eastern Europe and south into the Balkans. If these regions 
were broken into multiple refugia, they were not as strongly isolated from one another in terms 
of climatic and vegetation habitat as the Siberian refugia. Vegetation, temperatures and snow 
cover in mid Europe would have been well within tolerable ranges for much of the area. Today, 
the jumble of chromosomal races in this area show very little geographic patterning or 
cytochrome b differentiation (Chapters 4 and 6) both of which consistent with the weak, perhaps 
intermittent refugial isolation implied by the SDM range reconstruction and fossil occurrences. 

 
Summary discussion 

The fossil history presented in this chapter is potentially at odds with standard interpretations of 
the phylogeographic history of chromosomal races and of the speciation events that led to S. 
coronatus, S. antinorii and S. granarius. Most phylogeographic studies based on molecular 
markers or chromosomal rearrangements have linked those divergences the last glaciation and 
post-glacial expansion during the Bølling-Allerød and Holocene. But the fossil record provides a 
much longer window of time for these events, one that included at least eight full glacial cycles. 
All else being equal, it would be logical for the divergences to have been staggered over the last 
three quarter million years rather than clustered together in the last 25 thousand. At least three 
hypotheses can explain the discrepancy between these views. 

The first hypothesis is simply that the exclusive association between these events and the last 
glaciation is simply wrong. Instead, the three speciation events would have been completed 
during earlier glacial phases when populations were separated by glacier-covered mountain 
barriers that enhanced isolation during glacial phases. The chromosomal races would have 
originated successively over several glacial phases, but would never have led to complete 
speciation because incomplete refugial isolation would have led to weaker genetic 
differentiation, some of which could have been lost in successive interglacial cycles because 
Robertsonian rearrangements are imperfect barriers to gene flow (cf. Bengtsson and Frykman, 
1990; Hausser, 1994; Polly et al., 2013). This hypothesis assumes that the probability of 
Robertsonian rearrangements has been roughly constant since the origin of the S. araneus group 
and that they facilitate speciation by reducing gene flow. It also predicts that the fossil record 



 26 

will extend back well before the last glaciation, that all speciation events should be accompanied 
by Robertsonian rearrangements similar to those found between chromosomal races, that all 
species of the S. araneus group should have intraspecific Robertsonian variation, and (if 
phenotypic variability is correlated with chromosomal variation) that fossil members of the 
group should exhibit complex patterns of morphometric variation that corresponds to 
unobservable karyotypic variation. Evidence that supports this hypothesis includes the length of 
the fossil history of S. araneus (broad sense) (this chapter); the existence of Robertsonian 
differences between species; the complex morphometric variability of S. runtonensis and S. 
subaraneus (this chapter); the molecular clock estimates that divergences between S. araneus, S. 
granarius, S. coronatus and S. antinorii are at least 465 thousand years old (Mackiewicz et al., 
2017); the morphometric evidence that links some extant S. araneus (narrow sense) populations 
and not others to fossil populations that predate the last glaciation (Polly, 2001, 2003; this 
chapter); and the circumstantial evidence that earlier glacial cycles ought to have promoted 
divergence and speciation just as much as the last one. This first hypothesis is favoured in this 
chapter, but it provides only one possible explanation for why there is so little genetic 
differentiation between races and why gene flow across race boundaries is so rampant. 

An alternative hypothesis is that the propensity for Robertsonian rearrangements was lower prior 
to the last glaciation. If so, then the probability of forming chromosomal races or of speciating 
would have been lower in the past. If a mutation that facilitated Robertsonian rearrangments 
occurred sometime in the last 125 thousand years it could produce the explosion of species- and 
race-level chromosomal diversity that we see today. This hypothesis predicts that intraspecific 
Robertsonian variation should be lower in species other than S. araneus and its three closest 
relatives, that there should be no recognisable connections between individual chromosomal 
races and fossil samples prior to the last glacial cycle, and that (if phenotypic variability is 
correlated with chromosomal variability), then fossil taxa should have less variability than extant 
S. araneus (narrow sense). While no such mutational mechanism is known, and the evidence 
presented above is contrary to its prediction, this hypothesis is consistent with the observation 
that chromosomal diversity is much greater than genetic diversity (both between species and 
between races), which suggests that the chromosomal diversity originated very recently. 

A second and considerably more plausible hypothesis is that Robertsonian rearrangements were 
always common in S. araneus group but that intraspecific Robertsonian variation was lost during 
each glacial cycle. If so, then the last glacial cycle would have started from an acrocentric 
condition, regardless whether metacentric races had arisen in prior cycles. This hypothesis 
predicts that there should be no connection between individual chromosomal races and fossil 
samples prior to the last glaciation and that each cycle of post-glacial diversification began from 
acrocentric populations, but otherwise its predictions are the same as the first hypothesis. The 
only available evidence that strictly contradicts it is the morphometric links between extant 
chromosomal races and fossil samples from the last glaciation, which are somewhat equivocal 
(this chapter). Arguably there are two scenarios in which metacentric diversity could be lost 
during glacial cycles. The first is derived from the observation that acrocentric individuals are 
favoured in hybrid zones (Searle, 1986; Hatfield et al., 1992; Chapter 8). Acrocentric individuals 
can hybridise with any metacentric combination without meiotic complications and do not suffer 
the reduction in fitness as metacentric heterozygotes. If several metacentric races were pushed 
into the same small refugium, rampant hybridisation might favour the loss of metacentric 
karyotypes and production of acrocentrics. The second scenario has to do with the nature of 
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range contraction during glacial phases. One model would be that all populations contract during 
glacial cycles, in which case all chromosomal races should be represented in refugia. But an 
alternative model is that peripheral populations cannot migrate because of competition from 
adjacent populations and therefore become increasingly maladapted as glacial conditions 
advance, eventually becoming extinct. Under this model only the populations that would be 
found in refugia would be those that already inhabited it before the glacial cycle began. That 
would happen if those populations were acrocentric, which they would if the ancestor was 
acrocentric and if the metacentric races had formed as part of the previous post-glacial 
expansion. These two scenarios could work in concert to erase metacentric diversity during each 
glacial cycle. Some existing evidence lends support to this hypothesis, notably the acrocentric 
karyotypes found in refugial areas in Iberia, central France and some parts of the Balkans 
(Chapters 4 and 6). However, other evidence contradicts it, such as the lack of acrocentric races 
in the Carpathian or Siberian refugia. Note however, that the Baikal race in Siberia has only one 
more non-polymorphic metacentric chromosome than the acrocentric Cordon Race, hi, which 
could have been gained by introgression (Pavlova et al., 2017). Nevertheless, this alternative 
hypothesis is plausible enough to merit further testing. 

Regardless, the fossil evidence raises important questions about the evolution of the common 
shrew that have yet to be answered. 

 
References 
 
Agadjanian, A. K. and Serdyuk, N. V. (2005). The history of mammalian communities and 

paleogeography of the Altai Mountains in the Paleolithic. Paleontological Journal, 39 (Suppl. 6), 
S645‒S821. 

Altuna, J. (1972). Fauna de Mamíferos de los Yacimientos Prehistóricos de Guipúzcoa, con Catalogo de 
los Mamíferos Cuaternarios del Cantábrico y del Pirineo Occidental. PhD dissertation. San 
Sebastián: Sociedad de Ciencias Naturales Aranzadi. 

Barron, E. and Pollard, D. (2002). High-resolution climate simulations of Oxygen Isotope Stage 3 in 
Europe. Quaternary Research, 58, 296‒309. 

Barron, E., van Andel, T. H., and Pollard, D. (2003). Glacial environments II: reconstructing the climate 
of Europe in the last glaciation. In Neanderthals and Modern Humans in the European Landscape 
During the Last Glaciation, ed. T. H. van Andel and W. Davies. Cambridge: McDonald Institute for 
Archaeological Research, pp. 57‒78. 

Bartolomei, G. (1966). Diagramma microfaunistico con Sicista della Grotta della Ferrovia nella “Gola 
della Rossa” del fiume Esino presso Iesi (Ancona). Annali dell’Università di Ferrara (Nuova Serie), 
Sezion 9, 4, 69–75.  

Bartolomei, G. (1975). Indicazioni paleoecologiche. Il Gravettiano della Grotta Paglicci nel Gargano, A. 
Palma di Cesnola.  Rivista di Scienze Preistoriche, 30, 159‒65. 

Basset, P., Yannic, G., and Hausser, J. (2008). Chromosomal rearrangements and genetic structure at 
different evolutionary levels of the Sorex araneus group. Journal of Evolutionary Biology, 21, 842‒
52. 

Baum, B. R.  (1992).  Combining trees as a way of combining data sets for phylogenetic inference, and 
the desirability of combining gene trees. Taxon, 41, 3‒10. 



 28 

Bell, C. J., Gauthier, J. A., and Bever, G. S. (2010). Covert biases, circularity, and apomorphies: a critical 
look at the North American Quaternary herpetofaunal stability hypothesis.  Quaternary International, 
217, 30‒6. 

Bengtsson, B. O. and Frykman, I. (1990). Karyotype evolution: evidence from the common shrew (Sorex 
araneus L.). Journal of Evolutionary Biology, 3, 85‒101. 

Bennett, K. D., Tzedakis, P. C., and Willis, K. J. (1991) Quaternary refugia of north European trees. 
Journal of Biogeography, 18, 103‒15. 

Bilton, D. T., Mirol, P. M., Mascheretti, S., et al. (1998). Mediterranean Europe as an area of endemism 
for small mammals rather than a source for northwards postglacial colonization. Proceedings of the 
Royal Society of London B, 265, 1219‒26. 

Bininda-Emonds, O. R. P., Gittleman, J. L., and Steel, M. A. (2002). The (super) tree of life: procedures, 
problems, and prospects. Annual Reviews of Systematics and Ecology, 33, 265‒89. 

Binney, H.A., Willis, K. J., Edwards, M. E., et al. (2009). The distribution of late-Quaternary woody taxa 
in northern Eurasia: evidence from a new macrofossil database. Quaternary Science Reviews, 28, 
2445‒64. 

Borodin, A. V., Strukova, T. V., and Stefanovsky, B. B. (2003). Fossil remains of small mammals from 
alluvial and lake deposits of the Trans-Urals. In Quaternary Paleozoology of the Urals.  
Ekaterinburg: Ural University Press, pp. 73‒85. (In Russian). 

Braconnot, P., Otto-Bliesner, B., Harrison, S., et al. (2007). Results of PMIP2 coupled simulations of the 
mid-Holocene and Last Glacial Maximum. Part 1: experiments and large-scale features. Climate of 
the Past, 3, 261–77. 

Bronk Ramsey, C. (2008). Radiocarbon dating: revolutions in understanding. Archaeometry, 50, 249‒75. 
Bronk Ramsey, C. (2009). Bayesian analysis of radiocarbon dates. Radiocarbon, 51, 337‒60. 
Brünner, H., Lugon-Moulin, N., Balloux, F., Fumagalli, L., and Hausser, J. (2002). A taxonomical re-

evaluation of the Valais chromosome race of the common shrew Sorex araneus (Insectivora, 
Soricidae). Acta Theriologica, 47, 245‒75. 

Bulatova, N., Searle, J. B., Bystrakova, N., et al. (2000). The diversity of chromosome races in Sorex 
araneus from European Russia. Acta Theriologica, 45 (Suppl. 1), 33‒46. 

Cârciumaru, M., Moncel, M.-H., Anghelinu, M., et al. (2002). The Cioarei-Borosteni Cave (Carpathian 
Mountains, Romania): Middle Palaeolithic finds and technological analysis of the lithic assemblages. 
Antiquity, 76, 681‒90. 

Capuzzi, P. and Sala, B. (1980). Il Riparo Tagliente. Analisi delle faune, biostratigrafia e cronologia dei 
livelli tardiglaciali. In Il Territorio Veronese dalle Origini all’Età Romana, ed. L. Fasani.  Verona: 
Fiorini, pp. 130‒6. 

Chaline, J. (1972). Les Rongeurs du Pléistocene Moyen et Supérieur de France.  Cahiers de 
Paléontologie. Paris: Centre National de la Recherche Scientifique. 

Chlachula, J., Drozdov, N. I., and Ovodov, N. D. (2003). Last Interglacial peopling of Siberia: the Middle 
Palaeolithic site Ust’-Izhul’, the upper Yenisei area. Boreas, 32, 506–20. 

Colbert, E. H., Hooijer, D. A., and Granger, W. (1953). Pleistocene mammals from the limestone fissures 
of Szechwan, China. Bulletin of the American Museum of Natural History, 102, 1‒134. 

Coope, G. R., Gibbard, P. L., Hall, A. R., et al. (1997).  Climate and environmental reconstructions based 
on fossil assemblages from the Middle Devensian (Weichselian) deposits of the River Thames at 
South Kensington, central London. Quaternary Science Reviews, 16, 1163‒96.   

Currant, A. and Jacobi, R. (2001). A formal mammalian biostratigraphy for the Late Pleistocene of 
Britain. Quaternary Science Reviews, 20, 1707‒16. 



 29 

Dahlmann, T. (2001). Die Kleinsäuger der unter-pliozänen Fundstelle Wölfersheim in der Wetterau 
(Mammalia: Lipotyphla, Chiroptera, Rodentia). Courier Forschungsinstitut Senckenberg, 227, 1‒129. 

Danukalova, G. and Yakovlev, A. (2006). A review of biostratigraphical investigations of Palaeolithic 
localities in the southern Urals region. Quaternary International, 149, 37‒43. 

Davis, E. B., McGuire, J. L., and Orcutt, J. D. (2014). Ecological niche models of mammalian glacial 
refugia show consistent bias. Ecography, 37, 1133‒8. 

Derevyanko, A. P., Agadjanian, A. K., Kylik, N. A., et al. (2001).  Basic results of the study of the 
multilayer site Ust’-Kanskaya Cave.  Problemi Arkheologii, Etnografii, Antropologii Sibirie i 
Sopredel’nykh Territorii, 7, 109-14. (In Russian). 

Dobosi, V. T. and Vörös, I. (1986). Chronological revision of the Pilisszántó Rock Shelter II.  Folia 
Archaeologica, 37, 25‒45. 

Dobosi, V. T. and Vörös, I. (1987). The Pilisszántó Rock Shelter revision. Folia Archaeologica, 38, 7‒64. 
Dodonov, A. E., Tesakov, A. S., Titov, V. V., et al. (2007). New data on the stratigraphy of the Plio-

Pleistocene of the lower Don River banks on the margins of the Tsimlyansk Reservoir.  In Geological 
Events of the Neogene and Quaternary of Russia, ed. Y. B. Gladenkov. Moscow: Geological Institute 
of the Russian Academy of Sciences, pp. 43‒53. (In Russian). 

Dolgov, V. A. (1985).  Red-toothed Shrews of the Old World. Moscow: Moscow University Press. (In 
Russian). 

Duckworth, W. L. H. (1912). Cave exploration at Gibraltar in 1911. Journal of the Royal Anthropological 
Institute, 42, 515‒28. 

Ehlers, J. and Gibbard, P. L., eds. (2004). Quaternary Glaciations: Extent and Chronology.  Part 1: 
Europe. Amsterdam: Elsevier. 

Engelmann, G. F. and Wiley, E. O. (1977). The place of ancestor-descendant relationships in phylogeny 
reconstruction. Systematic Biology, 26, 1‒11. 

Fadeeva, T. (2016). Insectivorous mammals (Lipotyphla, Soricidae) of the Perm Pre-Ural in the Late 
Pleistocene and Holocene time. Quaternary International, 420, 156‒70. 

Field, M. H. and Peglar, S. M. (2010). A palaeobotanical investigation of the sediments from the West 
Runton Mammoth site. Quaternary International, 228, 38‒45. 

Fisher, D. C. (1994). Stratocladistics: morphological and temporal patterns and their relation to 
phylogenetic process. In Interpreting the Hierarchy of Nature, ed. L. Grande and O. Rieppel. 
Cambridge, MA: Academic Press, pp. 133‒71. 

Fisher, D. C. (2008). Stratocladistics: integrating temporal data and character data in phylogenetic 
inference. Annual Review of Ecology, Evolution, and Systematics, 39, 365‒85. 

Flickert, T., Friend, D., Grünneger, F., et al. (2007).  Did debris-covered glaciers serve as Pleistocene 
refugia for plants?  A new hypothesis derived from observations of recent plant growth on glacier 
surfaces.  Arctic, Antarctic, and Alpine Research, 29, 245‒57. 

Folland, C. K., Karl, T. R., Vinnikov, K. Y.  (1990). Observed climate variations and change. In Climate 
Change, the IPCC Scientific Assessment. Cambridge: Cambridge University Press, pp. 201‒38.  

Fumagalli, L., Taberlet, P., Stewart, D. T., et al. (1999). Molecular phylogeny and evolution of Sorex 
shrews (Soricidae: Insectivora) inferred from mitochondrial DNA sequence data. Molecular 
Phylogenetics and Evolution, 11, 222‒35. 

Gaffney, V., Thomson, K., and Fitch, S. (2007). Mapping Doggerland: the Mesolithic Landscapes of the 
Southern North Sea. Oxford: Archaeopress.   

Gao, X., Huang, W., Xu, Z., Ma, Z., and Olsen, J. W. (2004). 120–150 ka human tooth and ivory 
engravings from Xinglongdong Cave, Three Gorges Region, South China. Chinese Science Bulletin, 
49, 175‒80. 



 30 

Gibbons, A. (2011).  Who were the Denisovans?  Science, 333, 1084‒7. 
Gingerich, P. D. (1979). The stratophenetic approach to phylogeny reconstruction in vertebrate 

paleontology. In Phylogenetic Analysis and Paleontology, ed. J. Cracraft and N. Eldredge. New York: 
Columbia University Press, pp. 41‒77. 

Gómez-Robles, A., Bermúdez de Castro, J. M., Arsuaga, J.-L., Carbonell, E., and Polly, P. D. (2013). No 
known hominin species matches the expected dental morphology of the last common ancestor of 
Neanderthals and modern humans. Proceedings of the National Academy of Sciences USA, 110, 
18196‒201. 

Graham, A. (2011). A Natural History of the New World:  The Ecology of Plants in the Americas.  
Chicago: University of Chicago Press. 

Graham, R. W., Lundelius, E. L. Jr., Graham, M. A., et al. (1996). Spatial response of mammals to late 
Quaternary environmental fluctuations. Science, 272, 1601‒6. 

Guiot, J., de Beaulieu, J. L., Cheddadi, R., et al. (1993). The climate in western Europe during the last 
glacial/interglacial cycle derived from pollen and insect remains.  Palaeogeography, 
Palaeoclimatology, Palaeoecology, 103, 73‒94.  

Guthrie, R. D. (1980). Bison and man in North America. Canadian Journal of Anthropology, 1, 55–73. 
Guthrie, R. D. (2001). Origin and causes of the mammoth steppe:  a story of cloud cover, woolly mammal 

tooth pits, buckles, and inside-out Beringia. Quaternary Science Reviews, 20, 549‒74. 
Hastings, D. and Dunbar, P. (1998).  Development and assessment of the Global Land One-km Base 

Elevation digital elevation model (GLOBE). In IAPRS Commission IV Symposium on GIS – Between 
Visions and Applications, ed. D. Fritsch, M. Englich, and M. Sester. IAPRS, 32, 218‒21.  

Hatfield, T., Barton, N., and Searle, J. B. (1992). A model of a hybrid zone between two chromosomal 
races of the common shrew (Sorex araneus). Evolution, 46, 1129‒45. 

Harrison, D. L. (1996). Systematic status of Kennard’s shrew (Sorex kennardi Hinton, 1911, Insectivora: 
Soricidae): a study based on British and Polish material. Acta Zoologica Cracoviensia, 39, 201‒12. 

Hausser, J. (1990). Sorex coronatus Millet, 1882 ‒ Schabrackenspitzmaus. In Handbuch der Säugetiere 
Europas, Band 3/1, ed. J. Niethammer and F. Krapp. Wiesbaden: Aula-Verlag, pp. 279‒86. 

Hausser, J. (1994). The Sorex of the araneus-arcticus group (Mammalia: Soricidae): do they actually 
speciate? In Advances in the Biology of Shrews, ed. J. F. Merritt, G. L. Kirkland Jr., and R. K. Rose. 
Pittsburgh: Carnegie Museum of Natural History, Special Publication No. 18, pp. 295–306. 

Hausser, J. (1995).  Säugetiere der Schweiz / Mammifères de la Suisse / Mammiferi della Svizzera: 
Verbreitung, Biologie, Ökologie, Répartition.  Berlin: Birkhauser. 

Hausser, J. and Jammot, D. (1974). Etude biométrique des mâchoires chez les Sorex du groupe araneus 
en Europe continentale (Mammalia, Insectivora). Mammalia, 38, 324‒43. 

Hausser, J., Catzeflis, F., Meylan, A., and Vogel, P. (1985). Speciation in the Sorex araneus complex 
(Mammalia: Insectivora). Acta Zoologica Fennica, 170, 125‒30. 

Hays, J., Imbrie, J., and Shackleton, N. (1976). Variations in the Earth’s orbit: pacemaker of the ice ages. 
Science, 194, 1121‒32. 

Hearty, P. J., Hollin, J. T., Neumann, A. C., et al. (2007). Global sea-level fluctuations during the Last 
Interglaciation (MIS 5e). Quaternary Science Reviews, 26, 2090‒112. 

Heller, F. (1930) Eine Forest-Bed Fauna aus der Sackdillinger Hohle (Oberpfalz). Neues Jahrbuch für 
Mineralogie, Geologie und Palaontologie. Abteilung B, 63, 247‒98. 

Herman, J. S. and Searle, J. B. (2011). Post-glacial partitioning of mitochondrial genetic variation in the 
field vole. Proceedings of the Royal Society B, 278, 3601–7. 

Hewitt, G. M. (1996). Some genetic consequences of ice ages, and their role in divergence and speciation. 
Biological Journal of the Linnean Society, 58, 247‒76. 



 31 

Hewitt, G. M. (1999). Post-glacial re-colonization of European biota. Biological Journal of the Linnean 
Society, 68, 87‒112. 

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., and Jarvis, A. (2005). Very high resolution 
interpolated climate surfaces for global land areas. International Journal of Climatology, 25, 1965‒
78. 

Hillson, S. (2005). Teeth. Cambridge: Cambridge University Press. 
Hoek Ostende, L. W. van den, Reumer, J. W. F., and Doukas, C. S. (2010). The nature of the fossil record 

of Neogene insectivores. Hellenic Journal of Geosciences, 44, 117‒24. 
Horáček, I. (1985). Quaternary morphoclines and changes in community structure in European shrews 

(Mammalia, Soricidae). In Evolution and Morphogenesis, ed. J. Mlíkovský and V. J. A. Novák. 
Prague: Academia, pp. 799‒810.  

Horáček, I. (2005). Small vertebrates of the Weichselian series in Dzeravá Skala Cave: list of the samples 
and a brief summary. In Pleistocene Environments and Archaeology of the Dzeravá Skala Cave, 
Lesser Carpathians, Slovakia, ed. L. Kominská, J. K. Kozłowski, and J. Svoboda. Kraków: Polska 
Akademia Umiejętności, pp. 157‒67. 

Horáček, I. and Sánchez-Marco, A. (1984). Comments on the Weichselian small mammal assemblages in 
Czechoslovakia and their stratigraphical interpretation. Neues Jahrbuch für Geologie und 
Paläontologie Monatshefte, 9, 560‒76. 

Horáček, I., Ložek, V., Knitlová, M., et al. (2015). Darkness under candlestick: glacial refugia on 
mountain glaciers. In Forgotten Times and Spaces, ed. S. Sázelová, M. Novák, and A. Mizerová. 
Brno: Institute of Archaeology of the Czech Academy of Sciences and Masaryk University, pp. 363‒
77. 

Huertas, A. D., Iacumin, P., and Longinelli, A. (1997). A stable isotope study of fossil mammal remains 
from the Paglicci cave, southern Italy, 13 to 33 ka BP: paleoclimatological considerations. Chemical 
Geology, 141, 211‒23. 

Huntley, B. and Allen, J. R. M. (2003).  Glacial environments III: Palaeo-vegetation patterns in Late 
Glacial Europe. In Neanderthals and Modern Humans in the European Landscape During the Last 
Glaciation, ed. T. H. van Andel and W. Davies. Cambridge: McDonald Institute for Archaeological 
Research, pp. 79‒102. 

Jammot, D. (1977). Les Musaraignes (Soricidae, Insectivora) du Plio-Pléstocène d’Europe.  Dissertation, 
Université de Bourgogne, Dijon. 

Janis, C. M., Scott, K. M., and Jacobs, L. L., eds. (1998). Evolution of Tertiary Mammals of North 
America. Vol. 1. Cambridge: Cambridge University Press. 

Janis, C. M., Gunnell, G. F., and Uhen, M. D., eds. (2008). Evolution of Tertiary Mammals of North 
America. Vol. 2. Cambridge: Cambridge University Press. 

Jánossy, D.  (1969). Stratigraphische Auswertung der europäischen mittelpleistozänen Wirbeltierfauna. 
Berichte der Deutschen Gesellschaft für Geologische Wissenschaften, Reihe A, 14, 367‒438. 

Jánossy, D. (1986). Pleistocene vertebrate faunas of Hungary. Developments in Paleontology and 
Stratigraphy, 8, 2‒208. 

Jensen, J. B., Bennike, O., Witkowski, A., et al. (1999). Early Holocene history of the southwestern 
Baltic Sea: the Ancylus Lake stage.  Boreas, 28, 437‒53. 

Kahlke, R.-D. (2006). Untermassfeld: a Late Early Pleistocene (Epivillafranchian) Fossil Site near 
Meiningen (Thuringia, Germany) and its Position in the Development of the European Mammal 
Fauna, BAR International Series 1578. Oxford: Archaeopress. 

Kalthoff, D. C. (1998). Die Kleinsäuger (Mammalia) der Fundstelle Kettig (Rheinland-Pfalz, 
Deutschland) im Rahmen der allerödzeitlichen Säugetierfauna Mittel-und Süddeutschlands. 
Paläontologische Zeitschrift, 72, 407‒24. 



 32 

Kalthoff, D. C., Mörs, T., and Tesakov, A. (2007). Late Pleistocene small mammals from the 
Wannenköpfe volcanoes (Neuweid Basin, western Germany) with remarks on the stratigraphic range 
of Arvicola terrestris. Geobios, 40, 609‒23. 

Kidwell, S. M. and Holland, S. M. (2002). The quality of the fossil record: implications for evolutionary 
analyses. Annual Reviews of Ecology and Systematics, 33, 561‒88. 

Khenzykhenova, F. I. (2008). Paleoenvironments of Palaeolithic humans in the Baikal region. Quaternary 
International, 179, 53‒7. 

Kleiven, H., Jansen, E., Fronval, T., and Smith, T. (2002). Intensification of northern hemisphere 
glaciations in the circum-Atlantic region (3.5-2.4 ma) ‒ ice-rafted detritus evidence. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 184, 213–23. 

Knitlová, M, and Horáček, I. (2017). Late Pleistocene-Holocene paleobiogeography of the genus 
Apodemus in central Europe.  PLoS One, 12, e0173668. 

Kotsakis, T., Marcolini, F., De Rita, D., Conti, M., and Esu, D. (2011). Three Late Pleistocene small 
mammal faunas from the Baccano maar (Rome, central Italy). Bollettino della Società Paleontologica 
Italiana, 50, 103‒10. 

Kotsakis, T., Abbazzi, L., Angelone, C., et al. (2003). Plio-Pleistocene biogeography of Italian mainland 
micromammals. Deinsea, 10, 313‒42. 

Kowalski, K. (2001). Pleistocene rodents of Europe. Folia Quaternaria, 72, 1‒389. 
Krokhmal, A. I. and Rekovets, L. I. (2007).  Pleistocene Small Mammal Localities from the Ukraine and 

Adjacent Territories.  Kiev: LAT & K Publishers. (In Ukrainian). 
Kurtén, B. (1968). Pleistocene Mammals of Europe. Chicago: Aldine Publishing. 
Lambeck, K., Purcell, A., Zhao, J., et al. (2010). The Scandinavian ice sheet: from MIS 4 to the end of the 

last glacial maximum.  Boreas, 39, 410‒35.   
Lawing, A. M. and Polly, P. D. (2011). Pleistocene climate, phylogeny, and climate envelope models: an 

integrative approach to better understand species' response to climate change. PLoS One, 16, e28554. 
Leroi-Gourhan, A. and Leroi-Gourhan, A. (1964). Chronologie des grottes d'Arcy-sur-Cure (Yonne). 

Gallia Préhistoire, 7, 1‒64. 
Li, C. L. and Xue, X. X. (1996). Biogeography and the age of the fossil rodent fauna from Xishuidong, 

Lantian, Shaanxi. Vertebrata Palasiatica, 34, 156‒62. 
Li, Y. X., Zhang, Y. X., and Ao H. (2013). Sorex fossils (Soricidae, Insectivora) from the Middle 

Pleistocene cave site of Shanyangzhai, Hebei Province, China. Quaternary International, 298, 187‒
95. 

Lindsay, E. H., Opdyke, N. D., and Fejfar, O. (1997). Correlation of selected late Cenozoic European 
mammal faunas with the magnetic polarity time scale. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 133, 205‒26. 

Lisiecki, L. E. and Raymo, M. E. (2005). A Pliocene-Pleistocene stack of 57 globally distributed benthic 
d18O records. Paleooceanography, 20, PA1003. 

López Martínez, N. (1972).  Los Micromamíferos del Cuaternario de Rincón de la Victoria. Boletín de la 
Real Societad Espaniola de Historia Natural (Geologia), 70, 223‒33. 

Ložek, V., Tyráček, J., and Fejfar, O. (1958). Die Quärtaren Sediment der Felsnicsche auf der Velká 
Kobylanka bei Hranice (Weiskirchen). Anthropozoikum, 8, 177‒203. 

Mackiewicz, P., Moska, M., Wierzbicki, H., et al. (2017).  Evolutionary history and phylogeographic 
relationships of shrews from the Sorex araneus group.  PLoS One, 12, e0179760. 

Markova, A. K. (2007). Pleistocene mammal faunas of Eastern Europe. Quaternary International, 160, 
100‒11. 



 33 

Masini, F., Giannini, T., Abbazzi, L., et al. (2005). A latest Biharian small vertebrate fauna from the 
lacustrine succession of San Lorenzo (Sant’Arcangelo Basin, Basilicata, Italy). Quaternary 
International, 131, 79‒93. 

Maul, L. C. (1990). Überblick über die unterpleistozänen Kleinsäugerfaunen Europas. 
Quartärpaläeontologie, 8, 153‒91. 

Maul, L. C. and Parfitt, S. A. (2010). Micromammals from the 1995 Mammoth Excavation at West 
Runton, Norfolk, UK: morphometric data, biostratigraphy, and taxonomic reappraisal. Quaternary 
International, 228, 91‒115.  

McKenna, M. C. and Bell, S. K. (1997). Classification of Mammals Above the Species Level. New York: 
Columbia University Press. 

Mészáros, L. G. (2004). Taxonomical revision of the Late Würm Sorex (Mammalia, Insectivora) remains 
of Hungary, for proving the presence of an alpine ecotype in the Pilisszántó Horizon. Annales 
Universitatis Scientiarum Budapestinensis, Sectio Geologica, 34, 9‒25. 

Mezhzherin, V. A. (1972). Shrews (Sorex, Insectivora, Mammalia) from Pleistocene deposits of the 
USSR.  In Theriologica 1, ed. L. D. Kolosov and I. V. Lukyanov. Novosibirsk: Nauka, pp. 117‒30. 
(In Russian). 

Mitchell-Jones, A. J., Amori, G., Bogdanowicz, W., et al. (1999). The Atlas of European Mammals.  
London: Poyser.  

Movius, H. L., Jr. (1977).  Excavation of the Abri Pataud, Les Eyzies (Dordogne).  Cambridge, MA: 
Peabody Museum of Archaeology and Ethnology. 

Myers, C. E., Stigall, A. L., and Lieberman, B. S. (2015). PaleoENM: applying ecological niche modeling 
to the fossil record. Paleobiology, 41, 226‒44. 

Nadachowski, A., Stefaniak, K., Szynkiewicz, A., et al. (2011). Biostratigraphic importance of the Early 
Pleistocene fauna of Żabia Cave (Poland) in Central Europe. Quaternary International, 243, 204‒18. 

Nagel, D., Rabeder, G., and Reiner, G. (1995). Die Insektivoren und Rodentier (Mammalia) aus dem 
Spätglazial der Gamssulzenhöhle im Toten Gebirge (Oberösterreich). Mittellungen der Kommission 
für Quartärforschung der Österreichischen Akademie der Wien, 9, 61‒8. 

Neet, C. R. and Hausser, J. (1990). Habitat selection in zones of parapatric contact between the common 
shrew Sorex araneus and Millet’s shrew S. coronatus. Journal of Animal Ecology, 59, 235–50. 

NGRIP members (2004).  High-resolution record of Northern Hemisphere climate extending into the last 
interglacial period.  Nature, 431, 147‒51. 

Nikolova, I., Yin, Q., Berger, A., et al. (2013). The last interglacial (Eemian) climate simulated by 
LOVECLIM and CCSM3. Climate of the Past, 9, 1789‒806. 

Nogués-Bravo, D. (2009). Predicting the past distribution of species climatic niches. Global Ecology and 
Biogeography, 18, 521‒31. 

Norell, M. A. (1993). Tree-based approaches to understanding history: comments on ranks, rules, and the 
quality of the fossil record. American Journal of Science, 293A, 407‒17.  

Opdyke, N., Mein, P., Lindsay, E., et al. (1997). Continental deposits, magnetostratigraphy and vertebrate 
paleontology, late Neogene of eastern Spain. Palaeogeography, Palaeoclimatology, Palaeoecology, 
133, 129‒48. 

Ohdachi, S. D., Masuda, R., Abe, H., et al. (1997). Phylogeny of Eurasian soricine shrews (Insectivora, 
Mammalia) inferred from the mitochondrial cytochrome b gene sequences. Zoological Science, 14, 
527‒32. 

Ohdachi, S. D., Hasegawa, H., Iwasa, M. A., et al. (2006). Molecular phylogenetics of soricid shrews 
(Mammalia) based on mitochondrial cytochrome b gene sequences: with special reference to the 
Soricinae. Journal of Zoology, 270, 177‒91. 



 34 

Oppo, D. W., McManus, J. F., and Cullen, J. L. (2006). Evolution and demise of the Last Interglacial 
warmth in the subpolar North Atlantic.  Quaternary Science Reviews, 25, 3268‒77. 

Osipova, V. A., Rzebik-Kowalska, B., and Zaitsev, M. V. (2006). Intraspecific variability and 
phylogenetic relationship of the Pleistocene shrew Sorex runtonensis (Soricidae). Acta Theriologica, 
51, 129‒38. 

Pääbo, S., Poinar, H., Serre, D., et al. (2004). Genetic analyses from ancient DNA. Annual Reviews of 
Genetics, 38, 645‒79. 

Pagani, M., Liu, Z., LaRiviere, J., and Ravelo, A. C. (2010). High Earth-system climate sensitivity 
determined from Pliocene carbon dioxide concentrations. Nature Geoscience, 3, 27‒30. 

Parducci, L., Jørgensen, T., Tollefsrud, M. M., et al. (2012). Glacial survival of boreal trees in northern 
Scandinavia. Science, 335, 1083–6. 

Parfitt, S. A. (1998). The interglacial mammalian fauna from Barnham. In Excavations at the Lower 
Palaeolithic site at East Farm, Barnham, Suffolk 1989-94, ed. N. A. Ashton, S. G. Lewis, and S. A. 
Parfitt. London: British Museum Press, pp. 111‒47. 

Parham, J. F., Donoghue, P. C., Bell, C. J., et al. (2011). Best practices for justifying fossil calibrations. 
Systematic Biology, 61, 346‒59. 

Pavlova, S. V., Borisov, S. A., Timoshenko, A. F., and Sheftel, B. I. (2017). “European” race-specific 
metacentrics in East Siberian common shrews (Sorex araneus): a description of two new 
chromosomal races, Irkutsk and Zima. Comparative Cytogenetics, 11, 797–806. 

Pei, W. C. (1936). The mammalian remains from Locality 3 at Choukoutien. Palaeontologica Sinica C, 7, 
1‒108. 

Peterson, A. T. (2003). Predicting the geography of species' invasions via ecological niche modeling. 
Quarterly Review of Biology, 78, 419‒33. 

Polly, P. D. (1997).  Ancestry and species definition in paleontology: a stratocladistic analysis of 
Viverravidae (Carnivora, Mammalia) from Wyoming.  Contributions from the Museum of 
Paleontology, University of Michigan, 30, 1‒53 

Polly, P. D. (2001). On morphological clocks and paleophylogeography: towards a timescale for Sorex 
hybrid zones. Genetica, 112/113, 339‒57. 

Polly, P. D. (2003). Paleophylogeography of Sorex araneus: molar shape as a morphological marker for 
fossil shrews. Mammalia, 68, 233‒43. 

Polly, P. D. (2007). Phylogeographic differentiation in Sorex araneus: morphology in relation to 
geography and karyotype. Russian Journal of Theriology, 6, 73‒84. 

Polly, P. D. (2010). Tiptoeing through the trophics: geographic variation in carnivoran locomotor 
ecomorphology in relation to environment. In Carnivoran Evolution: New Views on Phylogeny, 
Form, and Function, ed. A. Goswami and A. Friscia.  Cambridge: Cambridge University Press, pp. 
374‒410. 

Polly, P. D. and Eronen, J. T. (2011). Mammal associations in the Pleistocene of Britain:  implications of 
ecological niche modelling and a method for reconstructing palaeoclimate. In The Ancient Human 
Occupation of Britain, ed. N. Ashton, S. G. Lewis, and C. Stringer. Amsterdam: Elsevier, pp. 279‒
304. 

Polly, P. D., Le Comber, S. C., and Burland, T. M. (2005). On the occlusal fit of tribosphenic molars: are 
we underestimating species diversity in the Mesozoic? Journal of Mammalian Evolution, 12, 283‒99. 

Polly, P. D., Polyakov, A. V., Ilyashenko, V. B., et al. (2013). Phenotypic variation across chromosomal 
hybrid zones of the common shrew (Sorex araneus) indicates reduced gene flow. PloS One, 8, 
e67455. 



 35 

Polyakov, A. V., Volobouev, V. T., Borodin, P. M., et al. (1996). Karyotypic races of the common shrew 
(Sorex araneus) with exceptionally large ranges: the Novosibirsk and Tomsk races of Siberia. 
Hereditas, 125, 109‒15. 

Polyakov, A. V., Zima, J., Banaszek, A., et al. (2000a). New chromosome races of the common shrew 
Sorex araneus from Eastern Siberia. Acta Theriologica, 45 (Suppl. 1), 11‒7. 

Polyakov, A. V., Zima, J., Searle, J. B., et al. (2000b). Chromosome races of the common shrew Sorex 
araneus in the Ural Mts: a link between Siberia and Scandinavia? Acta Theriologica, 45 (Suppl. 1), 
19‒26. 

Polyakov, A. V., Panov, V. V., Ladygina, T. Y., et al. (2001). Chromosomal evolution of the common 
shrew Sorex araneus L. from the southern Urals and Siberia in the Postglacial Period. Russian 
Journal of Genetics, 37, 351‒7. 

Polyakov, A. V., Onischenko, S. S. Ilyashenko, et al. (2002). Morphometric difference between the 
Novosibirsk and Tomsk chromosome races of Sorex araneus in a zone of parapatry. Acta 
Theriologica, 47, 381‒7. 

Popov, V. V. (1988). Middle Pleistocene Small Mammals (Mammalia: Insectivora, Lagomorpha, 
Rodentia) from Varbeshnitsa (Bulgaria). Acta Zoologica Cracoviensia, 31, 193‒234. 

Popov, V. V. (2000). The small mammals (Mammalia: Insectivora, Chiroptera, Lagomorpha, Rodentia) 
from Cave 16 and the paleoenvironmental changes during the Late Pleistocene.  In Temnata Cave: 
Excavation in Karlukova Karst Area, Bulgaria, ed. J. K. Kozłowski, H. Laville, and B. Ginters.  
Cracow: Jagellonian University, pp. 159‒240. 

Popova, L. V. (2014). Small mammal fauna as an evidence of environmental dynamics in the Holocene of 
Ukrainian area. Quaternary International, 357, 82‒92. 

Price, C. R. (2003). Late Pleistocene and Early Holocene Small Mammals in Southwest Britain: 
Environmental and Taphonomic Implications and their Role in Archaeological Research. Oxford: 
Archaeopress. 

Prost, S., Klietmann, J. Van Kolfschoten, T., et al. (2013). Effects of late Quaternary climate change on 
Palearctic shrews. Global Change Biology, 19, 1865‒74. 

Qiu, Z., Zhang, Y., and Hu, S. (1985). Human tooth and paleoliths found at locality 2 of Longtanshan, 
Chenggong, Kunming. Acta Anthropologica Sinica, 4, 233‒41. 

Rabeder, G. (1974). Die Kleinsäugerfauna des Jungpliozäns von Stranzendorf. Mitteilungen den  
Quartärkommission der Österreichische Akademie Wissenschaften, 1, 137‒9. 

Rabeder, G. (1995). Die Gamssulzenhöhle im Toten Gebirge. Mitteilungen den Quartärkommission der 
Österreichische Akademie Wissenschaften, 9, 1‒133. 

Rasmussen, S. O., Andersen, K. K., Svensson A. M., et al. (2006). A new Greenland ice core chronology 
for the last glacial termination. Journal of Geophysical Research, 111, D06102.  

Raymo, M. E. and Ruddiman, W. F. (1992). Tectonic forcing of late Cenozoic climate. Nature, 359, 117‒
22. 

Reumer, J. W. F. (1984). Ruscinian and early Pleistocene Soricidae (Insectivora, Mammalia) from 
Tegelen (The Netherlands) and Hungary. Scripta Geologica, 73, 1‒173. 

Reumer, J. W. F. and Meylan, A. (1986). New developments in vertebrate cytotaxonomy IX: 
chromosome numbers in the order Insectivora (Mammalia). Genetica, 70, 119‒51. 

Rofes, J. and Cuenca-Bescós, G. (2009). A new genus of red-toothed shrew (Mammalia, Soricidae) from 
the Early Pleistocene of Gran Dolina (Atapuerca, Burgos, Spain), and a phylogenetic approach to the 
Eurasiatic Soricinae. Zoological Journal of the Linnean Society, 155, 904‒25. 

Rofes, J., Moya-Costa, R., Bennàsar, M., Blain, H.-A., and Cuenca-Bescós, G. (2016).  Biostratigraphy, 
palaeogeography, and palaeoenvironmental significance of Sorex runtonensis Hinton, 1911 



 36 

(Mammalia, Soricidae): first record from the Iberian Peninsula. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 459, 508‒17. 

Rose, K. D. and Bown, T. M. (1993). Species concepts and species recognition in Eocene primates. In 
Species, Species Concepts, and Species Evolution, ed. W. H. Kimbel and L. B. Martin. New York: 
Plenum Press, pp. 299–330. 

Rössner, G. E. and Heissig, K. (1999). The Miocene Land Mammals of Europe. Munich: Verlag Dr. 
Friedrich Pfeil. 

Rudenko, S. I., Wormington, H. M., and Chard, C. S. (1961). The Ust’-Kanskaia Palaeolithic cave site, 
Siberia. American Antiquity, 27, 203‒15. 

Rzebik-Kowalska, B. (1994). Pliocene and Quaternary Insectivora (Mammalia) of Poland. Acta 
Zoologica Cracoviensia, 37, 77‒136. 

Rzebik-Kowalska, B. (1998). Fossil history of shrews in Europe. In Evolution of Shrews, ed. J. M. Wójcik 
and M. Wolsan. Białowieża, Poland: Mammal Research Institute, pp. 23–92. 

Rzebik-Kowalska, B. (2000). Insectivora (Mammalia) from the Early and Middle Pleistocene of Betfia in 
Romania. I. Soricidae Fischer von Waldheim, 1817. Acta Zoologica Cracoviensia, 43, 1‒53. 

Rzebik-Kowalska, B. (2005). Poland. In The Fossil Record of the Eurasian Neogene Insectivores 
(Erinaceomorpha, Soricomorpha, Mammalia), Part I, ed. L. W. van den Hoek Ostende, C. S. 
Doukas, and J. W. F. Reumer. Scripta Geologica Special Issue, 5, 119‒34. 

Rzebik-Kowalska, B. (2006). Erinaceomorpha and Soricomorpha (Mammalia) from the Late Pleistocene 
and Holocene of Krucza Skała Rock Shelter and Komorowa Cave (Poland). Acta Zoologica 
Cracoviensia, 49A, 83‒118. 

Rzebik-Kowalska, B. (2007). New data on Soricomorpha (Lipotyphla, Mammalia) from the Pliocene and 
Pleistocene of Transbaikalia and Irkutsk region (Russia). Acta Zoologica Cracoviensia, 50A, 15‒48. 

Rzebik-Kowalska, B. (2008). Insectivores (Soricomorpha, Mammalia) from the Pliocene and Pleistocene 
of Transbaikalia and Irkutsk region (Russia). Quaternary International, 179, 96‒100. 

Rzebik-Kowalska, B. (2013). Sorex bifidus n. sp. and the rich insectivore mammal fauna 
(Erinaceomorpha, Soricomorpha, Mammalia) from the Early Pleistocene of Żabia Cave in Poland. 
Palaeontologia Electronica, 16.2.12A, 1‒35. 

Rzebik-Kowalska, B. and Rekovets, L. I. (2015). Recapitulation of data on Ukrainian fossil insectivore 
mammals (Eulipotyphla, Insectivora, Mammalia). Acta Zoologica Cracoviensia, 58, 137‒71. 

Sala, B. (1980). Interpretazione crono-bio-stratigrafica dei depositi pleistocenici della Grotta del Broion 
(Vicenza). Geografia Fisica e Dinamica Quaternaria, 3, 66‒71. 

Sala, B. (1983). Variations climatiques et séquences chronologiques sur la bas des variations des 
associations fauniques à grands mammifères. Revista di Scienze Preistoriche, 38, 161‒80. 

Sala, B. and Masini, F. (2007). Late Pliocene and Pleistocene small mammal chronology in the Italian 
peninsula. Quaternary International, 160, 4‒16. 

Schaeffer, H. (1975). Die Spitzmäuse der Hohen Tatra seit 30,000 Jahren (Mandibular Studie). 
Zoologischer Anzeiger, 95, 89‒111. 

Schreve, D. C. (2000). The vertebrate assemblage from Hoxne, Suffolk. In The Quaternary of Norfolk 
and Suffolk Field Guide, ed. S. G. Lewis, C. A. Whiteman, and R. C. Preece. London: Quaternary 
Research Association, pp. 155‒63 

Searle, J. B. (1984). Three new karyotypic races of the common shrew Sorex araneus (Mammalia: 
Insectivora) and a phylogeny. Systematic Zoology, 33, 184‒94. 

Searle, J. B. and Wilkinson, P. J. (1987). Karyotypic variation in the common shrew (Sorex araneus) in 
Britain – a “Celtic fringe”. Heredity, 59, 345‒51. 



 37 

Searle, J. B., Kotlík, P., Rambau, R. V., et al. (2009). The Celtic fringe of Britain: insights from small 
mammal phylogeography. Proceedings of the Royal Society B, 276, 4287–94. 

Sesé, C. (1994). Paleoclimatological interpretation of the Quaternary small mammals of Spain. Geobios, 
27, 753‒67. 

Serduyk, N. and Zenin, A. (2016). Small mammals from the Strashnaya cave (Northwest Altai, West 
Siberia, Russia). Quaternary International, 406B, 162‒8. 

Sher, A. V., Weinstock, J., Baryshnikov, G. F., et al. (2011). The first record of “spelaeoid” bears in 
Arctic Siberia. Quaternary Science Reviews, 30, 2238‒49. 

Sher, A. V. (1971). Mammals and stratigraphy of the Pleistocene of the extreme Northeast of the USSR 
and north America. International Geology Review, 16, 1‒284. (In Russian). 

Shotton, F. W., Keen, D. H., Coope, G. R. et al. (1993). The Middle Pleistocene deposits of Waverly 
Wood Pit, Warwickshire, England. Journal of Quaternary Science, 8, 293‒325. 

Sommer, R. S. and Nadachowski, A. (2006). Glacial refugia of mammals in Europe: evidence from fossil 
records. Mammal Review, 36, 251‒65. 

Srdoč, D., Sliepčevic, A., Obelic, B., et al. (1979). Rudjer Bošković Institute radiocarbon measurements 
V. Radiocarbon, 21, 131‒7. 

Steininger, F. F., Berggren, W. A., Kent, D. V., et al. (1996). Circum-Mediterranean Neogene (Miocene 
and Pliocene) marine-continental chronological correlations of European mammal units. In The 
Evolution of Western Eurasian Neogene Mammal Faunas, ed. R. L. Bernor, V. Fahlbusch, and H.-W. 
Mittmann. New York: Columbia University Press, pp. 7‒46. 

Stewart, J. R. (2008). The progressive effect of the individualistic response of species to Quaternary 
climate change: an analysis of British mammalian faunas. Quaternary Science Reviews, 27, 2499‒
508. 

Stewart, J. R. and Lister, A. M. (2001). Cryptic northern refugia and the origins of the modern biota. 
Trends in Ecology and Evolution, 16, 608‒13. 

Stewart, J. R., Lister, A. M., Barnes, I., and Dalén, L. (2010). Refugia revisited: individualistic responses 
of species in space and time. Proceedings of the Royal Society B, 277, 661–71. 

Stockwell, D. R. B. and Noble, I. R. (1992). Induction of sets of rules from animal distribution data: a 
robust and informative method of data analysis. Mathematics and Computers in Simulation, 33, 385‒
90. 

Storch, G. (1995). The Neogene mammalian faunas of Ertemte and Harr Obo in Inner Mongolia (Nei 
Mongol), China.  Senckenbergiana Lethaea, 75, 221‒51. 

Storch, G. (1998). Fossil history of shrews in Asia. In Evolution of Shrews, ed. J. M. Wójcik and M. 
Wolsan. Białowieża, Poland: Mammal Research Institute, pp. 93‒120. 

Storch, G. and Qiu, Z. (1991). Insectivores (Mammalia: Erinaceidae, Soricidae, Talpidae) from the 
Lufeng hominoid locality, Late Miocene of China. Geobios, 24, 601‒21. 

Strauss, D. and Sadler, P. M. (1989). Classical confidence intervals and Bayesian probability estimates 
for ends of local taxon ranges. Mathematical Geology, 21, 411‒27.   

Strukova, T. V., Bachura, O. P., Borodin, A. V., and Stefanovskii, V. V. (2006). First report of a 
mammalian fauna from cave deposits from the Late Pleistocene and Holocene of the northern Urals 
(Cheremukhova-1). Stratigraphy, Geology, Correlation, 14, 98‒108. (In Russian). 

Stuart, A. J. (1976). The history of the mammal fauna during the Ipswichian/Last Interglacial in England. 
Philosophical Transactions of the Royal Society of London B, 276, 221‒50. 

Sulimski, A. (1962). Supplementary studies on the insectivores from Węże 1 (Poland).  Acta 
Palaeontologica Polonica, 7, 441‒498. 



 38 

Sun, Y. F., Jin, C. Z., and Xu, Q. Q. (1992). Dalian Haimao Fauna. Dalian: Dalian University of 
Technology Press. 

Svendsen, J. I., Alexanderson, H., Astakhov, V. I., et al. (2004). Late Quaternary ice sheet history of 
northern Eurasia.  Quaternary Science Reviews, 23, 1229‒71. 

Svenning, J. C., Fløjgaard, C., Marske, K. A., Nógues-Bravo, D., and Normand, S. (2011). Applications 
of species distribution modeling to paleobiology. Quaternary Science Reviews, 30, 2930‒47. 

Taberlet, P., Fumagalli, L., and Hausser, J. (1994). Chromosomal versus mitochondrial DNA evolution: 
tracking the evolutionary history of the southwestern European populations of the Sorex araneus 
group (Mammalia, Insectivora). Evolution, 48, 623‒36. 

Tarasov, P. E., Volkova, V. S., Webb, T. I., et al. (2000). Last glacial maximum biomes reconstructed 
from pollen and plant macrofossil data from northern Eurasia. Journal of Biogeography, 27, 609‒20. 

Terzea, E. (1987). La faune du Pléistocène Supérieur de la Grotte “Pestera Cioarei” de Borosteni  (Départ. 
de Gorj). Traveux de l’Institut de Spéologie “Émile Racovitza”, 26, 55‒66. 

Tesakov, A. S. (2004). Biostratigraphy of Middle Pliocene-Eopleistocene of eastern Europe based on 
small mammals. Transactions of the Geological Institute, 554, 1‒248. (In Russian). 

Thomassen, H. (1996). De Midden Paleolitische kleine zoogdierfauna uit de Sesselfels-grot (Zuid-
Duitsland), met nadruk op de spitsmuizen (Mammalia, Insectivora, Soricidae). Cranium, 13, 47‒52. 

Ungar, P. S. (2010). Mammal Teeth: Origin, Evolution, and Diversity. Baltimore: Johns Hopkins 
University Press. 

Van Kolfschoten, T. (1988). The Pleistocene mammalian faunas from the Zuurland boreholes at Breille, 
the Netherlands.  Mededelingen Werkgroep voor Tertiaire en Kwartaire Geologie, 25, 73‒86. 

Vangengeim, E. A., Pevzner, M. A., and Tesakov, A. S. (2001). Zonal subdivisions of the Quaternary in 
eastern Europe based on small mammals. Stratigraphy and Geological Correlations, 9, 280‒92. 

Velichko, A. A., Wright, H. E., and Barnosky, C. W. (1980). Late Quaternary Environments of the Soviet 
Union. Minneapolis: University of Minnesota Press. 

Van Vliet-Lanoë, B. and Hallégouët, B. (2001). European permafrost at the LGM ‒ and at its maximal 
extent. NATO Science, Series 2, Environmental Security, 76, 195‒214. 

Wagner, P. J. (1998). A likelihood approach for evaluating estimates of phylogenetic relationships among 
fossil taxa. Paleobiology, 24, 430‒49. 

Warnock, R. C., Yang, Z., and Donoghue, P. C. (2012). Exploring uncertainty in the calibration of the 
molecular clock. Biology Letters, 8, 156-9. 

White, T. A., Bordewich, M., and Searle, J. B. (2010). A network approach to study karyotypic evolution: 
the chromosomal races of the common shrew (Sorex araneus) and house mouse (Mus musculus) as 
model systems. Systematic Biology, 59, 262‒76. 

Whittaker, R. H. (1975).  Communities and Ecosystems. New York: MacMillan Publishing. 
Willis, K. J. (1994). The vegetational history of the Balkans.  Quaternary Science Reviews, 13, 769‒88. 
Willis, K. J. and van Andel, T. H. (2004). Trees or no trees?  The environments of central and eastern 

Europe during the last glaciation. Quaternary Science Reviews, 23, 2369‒87.   
Willis, K. J. and Whittaker, R. J. (2000). The refugial debate. Science, 287, 1406‒7. 
Willis, K. J., Rudner, E., and Sümegi, P. (2000). The full-glacial forests of central and southeastern 

Europe. Quaternary Research, 53, 203‒13.   
Yannic, G., Pellissier, L., Dubey, S., et al. (2012). Multiple refugia and barriers explain the 

phylogeography of the Valais shrew, Sorex antinorii (Mammalia: Soricomorpha). Biological Journal 
of the Linnean Society, 105, 864‒80. 

Young, C. C. (1935). Note on a mammalian microfauna from Yenchingkou near Wanhsien, Szechuan. 
Bulletin of the Geological Society of China, 6, 247‒8. 



 39 

Zagwijn, W. H. (1996). An analysis of Eemian climate in western and central Europe. Quaternary 
Science Reviews, 15, 451‒69. 

Zaitsev, M. V. (1998). Late Anthropogene Insectivora from the South Urals with a special reference to 
diagnostics of the red-toothed shrews of the genus Sorex. Illinois State Museum Scientific Papers, 27, 
145‒58. 

Zaitsev, M. V. and Baryshnikov, G. F. (2002). Pleistocene Soricidae (Lipotyphla, Insectivora, Mammalia) 
from Teugolnaya Cave, Northern Caucasus, Russia. Acta Zoologica Cracoviensia, 45, 283‒305. 

Zaitsev, M. V. and Rzebik-Kowalska, B. (2003). Variation and taxonomic value of some mandibular 
characters in red-tooth shrews of the genus Sorex L. (Insectivora: Soricidae). Russian Journal of 
Theriology, 2, 97‒104.  

Zaitsev, M. V., Voyta, L. L., and Sheftel, B. I. (2014). The Mammals of Russia and Adjacent Territories:  
Lipotyphlans. St. Petersburg: Nauka. (In Russian). 

Zhang, S. S. (1993). Comprehensive study on the Jinniushan Paleolithic site. Memoirs of Institute of 
Vertebrate Palaeontology and Palaeoanthropology, Chinese Academy of Sciences, 19, 1‒164. (In 
Chinese). 

Zheng, S. H. and Cai, B. Q. (1991). Micromammalian fossils from Danangou of Yuxian, Hebei. In 
Institute of Vertebrate Paleontology and Paleoanthropology, Contribution to the XIII INQUA 
Congress, ed. Academia Sinica. Beijing: Beijing Science and Technology Publishing House, pp. 100‒
31 

Zheng, S. H. (2004). Jianshi Hominid Site. Beijing: Science Press. (In Chinese). 
Zima, J., Lukáčová, L., and Macholán, M. (1998). Chromosomal evolution in shrews. In Evolution of 

Shrews, ed. J. M. Wójcik and M. Wolsan. Białowieża, Poland: Mammal Research Institute, pp. 175‒
218. 

 


