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SUMMARY 

Molar shape of European Sorex araneus was investigated to determine (1) whether teeth can be 
used to discriminate among karyotypic races, (2) whether molar shape distances are phylogenetically 
informative, and (3) whether a phylogenetic analysis of molar shape yields results that are compatible 
with other evidence concerning the relationships among taxa.  Differences in multivariate mean of 
molar shape were significant among all fifteen groups studied.  A positive correlation was found 
between molar shape distance and mitochondrial DNA divergence in a group of seventeen species and 
populations of Sorex.  A maximum likelihood tree based on molar shape grouped S. araneus group 
shrews into a clade containing highly metacentric races and species, with acrocentric taxa forming a 
second, partly paraphyletic group.  The placement of fossil taxa on this tree suggested that divergences 
among at least some British S. araneus races predated the last Pleistocene glaciation.   
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INTRODUCTION 

Two decades of cytogenetic, protein, and mitochondrial DNA (mtDNA) studies of the Sorex 
araneus group have enriched our view of the evolution of this species complex.  The common shrew is 
now divided by most workers into five species—S. araneus, S. coronatus, S. granarius, S. samniticus, 
and S. antinorii—and one of them, S. araneus sensu stricto, is further subdivided into more than sixty 
Robertsonian karyotypic races (Zima et al., 1996; Searle and Wójcik, 1998; Brünner et al., 2002).  
Phylogenetic studies of the group using karyotypic data (Searle, 1984; Ivanitskaya, 1994; Searle and 
Wójcik, 1998), proteins (Catzeflis, F. et al., 1982; Hausser et al., 1985; Ruedi, 1998), and mtDNA 
(Fumagalli et al., 1996, 1999) have suggested a convoluted pattern of differentiation in which 
geographically disparate taxa often appear to be closely related, and in which S. coronatus, S. 
granarius, and S. samniticus sometimes are nested within clades of S. araneus races.  While the 
incongruities may be due to convergent evolution and the confounding effects of gene flow, it is 
plausible that they are the real results of a complicated phylogeographic history.  The European 
Quaternary, with its varied geographical barriers and many glacial-interglacial cycles, provided a 
remarkable theatre in which evolutionary divergences have occurred amid successions of range 
displacements, contractions, expansions, fragmentations, and recolonizations. 

Unfortunately interpretation of the Sorex araneus fossil record, which is rather rich (Rzebik-
Kowalska, 1998), has not kept pace with developments in molecular and cytogenetic taxonomy.  The 
striking karyotypic variation of these shrews is belied by their homogeneity in size, external 
appearance, and skeletal morphology.  Consequently, most fossil material has been identified only as 
S. araneus sensu lato, with only rare attempts to distinguish among the currently recognized species of 
the group.  Morphometric studies of extant shrews have allowed species of the S. araneus group to be 
distinguished using the mandible (Hausser and Jammot, 1974) and skull (Turni and Muller, 1996), and 
geographic variation is known to exist (Searle and Thorpe, 1987; Hausser, 1994; Wójcik et al., 2000; 
Wójcik, this volume).  Despite this, quantitative methods have seldom been applied to fossil material 
because appropriate unbroken skulls and mandibles are comparatively rare, and because 
paleontologists have seldom been concerned with issues below the species level. 
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In this paper, I examine the feasibility of using molar tooth shape to interpret the fossil record of 
the Sorex araneus group.  Teeth are common as fossils because the hardness of their enamel and 
dentine makes them durable and their small, compact form makes them less likely to break than larger, 
thinner bones.  Furthermore, the molar teeth of most mammals, including shrews, have complicated 
crown morphologies, with multiple cusps, notches, and cingulae, which make them amenable to 
multivariate shape analysis.  Finally, palaeontologists are often able to recognize the species identity 
of a mammal from its molar form, which is thought to have a higher genetic component than other 
skeletal elements because teeth do not remodel after mineralization.  For molar shape to be useful for 
studying sub-specific evolution in S. araneus, several questions must be answered:  Can species, 
karyotypic races, or populations of S. araneus group shrews be statistically differentiated based on 
molar shape?  Are quantitative differences in mean molar shape correlated with phylogenetic 
divergence?  Is a tree constructed from molar shape data congruent with other evidence?  Can molar 
shape analysis allow us to interpret the fossil record of the S. araneus group at the level of species or 
races?  These questions were first raised in a previous paper (Polly, 2001)—new data, whose quality 
and coverage are improved, are presented here. 

MATERIALS AND METHODS 

Molar shape landmarks were collected from two sets of samples.  The first set, used to study the 
paleophylogeography of European shrews, was composed of fifteen samples of Sorex araneus group 
shrews, two of which were fossil samples (Table 1).  Eight karyotypic races of S. araneus were 
represented, as were the species S. coronatus, S. granarius, and S. samniticus.  The karyotype of each 
sample in the first set was known or was inferred from its geographic location.  One fossil sample, 
from Ightham Fissures in Kent, clearly belonged to S. araneus sensu lato.  The Ightham shrews are 
regarded as Late Glacial in age, associated with Late Oxygen Isotope Stage (OIS) 2 about 12,900-
9,900 years before present (ybp), although the site contains a mixture of more recent material as well 
(Yalden, 1982; Currant, personal communication).  The second fossil sample, from the West Runton 
Upper Freshwater Beds in Norfolk, belonged to an extinct Sorex species, S. runtonensis.  The Upper 
Freshwater Beds form the type strata of the Cromerian and have been associated with OIS 17, about 
650,000-700,000 ybp (Preece and Parfitt, 2000).  S. runtonensis was used to root the phylogenetic tree.  
The second data set, used to determine the relationship between molar shape and mtDNA distances, 
included seventeen samples:  S. araneus (Bassins, Switzerland and Tvärminne, Finland), S. granarius 
(Ávila, Spain), S. coronatus (Isére, France), S. tundrensis, S. arcticus, S. samniticus, S. caecutiens, S. 
shinto, S. raddei, S. alpinus, S. palustris, S. pacificus, S. vagrans, S. cinereus, S. fumeus, and S. 
trowbridgii.  MtDNA cytochrome b sequences published by Fumagalli et al. (1996, 1999) were 
obtained from GenBank and aligned.  Kimura 2-parameter distances were calculated for comparison 
with molar shape Procrustes distances.  For S. araneus, S. samniticus, and S. coronatus morphological 
and mtDNA data came from the same population sample, but for other species morphological and 
mtDNA samples were not identical. 

Molar shape was measured using nine two-dimensional landmarks from the crown of the first 
lower molar (Figure 1).  Only relatively unworn teeth were included because wear can change the 
apparent shape of the crown.  Specimens were oriented in ‘functional view’ with the tooth positioned 
with its vertical shearing blades parallel to the line of sight and to the angle of mandibular movement 
during ‘phase one’ occlusion (Butler, 1961).  This position was more replicable than others and 
minimized shape distortion caused by wear.  Error in orientation and landmark placement can be 
significant so each specimen was imaged five times and averaged (Polly, 2001). 

Shapes were aligned using Procrustes analysis, which resized, translated, and rotated landmark 
configurations to remove differences in size (Rohlf, 1990).  Mean shapes were calculated for each 
sample and realigned.  Pair-wise Procrustes distances (the square-root of the summed squared 
differences between landmark configurations after alignment) were calculated among sample means as 
a measure of morphological divergence.  Molar shape distances and mtDNA divergences were 
compared in the second data set with a Mantel test with 50,000 randomizations (Manly, 1986; Thorpe, 
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1996; Polly, 2001).  The observed relationship between molar shape and mtDNA distance was 
compared to a simulated distribution.  The simulation was performed as random walks on three traits 
each with a step variance of 0.002.  Molar shape evolution is a multivariate time-series process and the 
dispersion of Procrustes distances is expected to increase proportional to the square root of time 
(mtDNA serves as a proxy for time in this study).  Three traits were used because three principal 
component axes explain more than 92% of molar shape variation.  Each walk was run for 1000 steps, 
and the multivariate Euclidean distance from the origin was calculated at every step.  The random 
walk was run 30 times.  A curve describing the relationship Procrustes distance to time since 
divergence was estimated by fitting a function of x  to the set of mean values for each step.  A 
similar curve was estimated for the observed molar shape and mtDNA distances by fitting a function 
of x  to the moving average of Procrustes distance with a window size of 6. 

A principal components analysis (PCA) was performed on the covariance matrix of the 
Procrustes residuals of the sample means in the first data set, yielding scores for each sample on 
fourteen principal components.  A maximum likelihood (ML) tree was estimated using the scores as 
continuous quantitative traits (Felsenstein, 1973, 1988).  Scores were standardized to have a mean of 
zero and a variance proportional to that explained by their respective component.   

A second PCA was performed on all 800 shapes in the first data set (all five replicates for all 
individuals in each of the fifteen samples).  The resulting scores were used in a discriminant function 
analysis to determine whether differences between sample means were significant and to assess the 
accuracy of molar shape in assigning individuals to a sample.   

RESULTS 

Molar shape was a good discriminator among S. araneus group samples.  Multivariate means 
(Mahalonobis distances) were significantly different for all pair-wise comparisons in the first data set 
(P < 0.01).  On average, individuals were correctly classified 77.2% of the time, with the percent 
correct for each sample as follows:  S. runtonensis: 100.0%, S. samniticus: 87.3%; S. antinorii: 81.0%; 
S. granarius: 70.0%; S. coronatus: 55.6%; S. araneus (Cordon): 74.0%; S. araneus (Kalvitsa): 58.6%; 
S. araneus (Jura): 74.4%; S. araneus (Ulm/Drnholec hybrid): 62.2%; S. araneus (Hermitage): 64.4%; 
S. araneus (Oxford, Islay): 96.1%; S. araneus (Oxford, Jura): 77.8%; S. araneus (Oxford, Wytham): 
98.0%; S. araneus (Aberdeen): 72.7%; S. araneus (Ightham): 76.0%.  Sorex coronatus was more 
frequently misclassified than other samples, but no obvious patterns were apparent with some 
individuals classified as S. antinorii, S. granarius, S. araneus (Clova), S. araneus (Ightham), S. 
araneus (Tvärminne), and S. araneus (Neusiedler See).  Molar shape did not discriminate samples as 
well as did mandible shape or skull measurements, which correctly classified shrews to species 
between 90% and 100% (Hausser and Jammot, 1974; Turni and Muller, 1996).  Molar shape has the 
advantage, however, of requiring only single, unworn teeth that are readily available in the fossil 
record. 

Molar shape distances had a strong phylogenetic component when mtDNA sequence divergence 
was used as the point of comparison (Figure 2b).  The relationship between Procrustes distance and 
cytochrome b percent sequence divergence was significant (Mantel P = 0.05).  The relationship 
between molar shape and mtDNA divergence is expected to be curvilinear with both mean and 
variance of Procrustes distance increasing with the square root of time.  The observed data compared 
very well to the expected pattern as revealed by the simulated data (Figure 2a).  Maximum likelihood 
tree algorithms assume such a distribution (Felsenstein, 1973, 1988). 

The maximum likelihood tree grouped samples into three major clades (Figure 3).  Clade A 
contained many highly acrocentric taxa, including S. granarius and S. samniticus.  Clade B contained 
all three Oxford race samples, plus the Late Glacial fossil sample from Ightham, England.  Clade C 
contained S. coronatus, S. antinorii, and S. araneus (Clova, Aberdeen race).  Both clades B and C 



 

 4

contained proportionally fewer acrocentric chromosomes than did clade A.  The acrocentric Cordon 
race lay outside all other living taxa. 

DISCUSSION AND CONCLUSIONS 

Results suggested that molar shape has promise as a morphological marker for interpreting the 
fossil record of Sorex araneus group shrews at an intraspecific level.  Molar shape was significantly 
different among all samples compared, even those that belong to the same karyotypic race.  
Furthermore, molar shape diverged predictably with time since common ancestry (as measured by % 
sequence divergence in cytochrome b), suggesting that standard phylogeny reconstruction methods 
such as maximum likelihood can be used effectively.  Because molar shape can be measured in both 
living and palaeontological samples, it can be used to estimate the relationships between fossil and 
extant shrews.  Molar shape differences are expected to be a proxy for genetic rather than karyotypic 
divergence, however.  Evidence suggests that the historical pattern of karyotypic and genetic 
divergence may not be the same, with metacentrics sometimes passing from one genetically distinct 
population to another (Wójcik et al., 2002).  Earlier studies on mandibular measurements failed to find 
a strong relationship between morphological divergence and karyotypic boundaries (Searle and 
Thorpe, 1987; Wójcik et al., 2000).  The molar shape data did not allow the distinction between 
genetic and karyotypic divergence to be explored rigorously, although all Oxford race samples 
grouped together on the basis of molar shape (Figure 3). 

Does the tooth-shape tree match other evidence for relationships in the S. araneus group?  Results 
showed many points of congruence with other morphological, karyotypic, allozyme, and mtDNA data, 
although there were other points where data conflicted.  Clade B contained three populations 
belonging to the Oxford race, which was consistent with chromosomal evidence linking Oxford 
shrews to one another (Searle, 1984).  Their link to the Late Glacial shrews from Ightham, Kent was 
plausible, even though the latter fall outside the current geographic range of the Oxford race, because 
the British races are thought to have entered Britain from the south following deglaciation (Searle and 
Wilkinson, 1987).  S. antinorii lay outside most S. araneus samples in the molar shape tree, except the 
ones belonging to the Cordon race, the Oxford race, and the Aberdeen race.  Chromosomal, 
mitochondrial, and morphological evidence all place S. antinorii outside other S. araneus groups 
(Searle, 1984; Brünner et al., 2002).  S. antinorii and S. coronatus were closely related in the molar 
shape tree, and these two species have a few other similarities: S. antinorii shares the lo metacentric 
with S. coronatus (polymorphic in the latter) and the two share a slow serum albumin not found in 
nearby S. araneus populations (Neet and Hausser, 1991; Brünner et al., 2002).  The placement of 
Aberdeen shrews with S. antinorii and S. coronatus was not consistent with any previous evidence, 
however, except for a previous study using molar shape, which grouped S. coronatus from Calais, 
France with Aberdeen shrews from Clova (Polly, 2001).  The position of the Cordon race shrews from 
Les Houches was congruent with evidence that shows them to be nearly genetically distinct from other 
S. araneus shrews (Brünner et al., 2002; Wójcik et al. 2002).  S. granarius is normally expected to lie 
outside S. araneus groups (Fumagalli et al., 1996, 1999), but molar shape grouped it with other 
acrocentric groups, including S. samniticus, S. araneus from Finland (Kalvitsa race), and S. araneus 
from Austria (Ulm/Drnholec hybrid).  While the latter was incongruent with mtDNA data, it matched 
allozyme data that placed S. granarius with Ulm race shrews from Hungary (Ruedi, 1998).  Molar 
shape separated the Hermitage and Aberdeen races, which sometimes share metacentric ko (Searle and 
Wójcik, 1998).  The most general pattern to emerge from the molar shape tree was the division of 
samples into metacentric (clades B and C, Figure 3B) and highly acrocentric clades (clade A).  
Previous studies agree that the ancestral karyotype of the S. araneus group was most likely completely 
acrocentric (Meylan and Hausser, 1973; Volobouev and Catzeflis, 1989; Searle and Wójcik, 1998) and 
the molar shape tree supported that idea (Figure 4). 

The number, location, and evolutionary effects of glacial refugia have been an important issue for 
understanding the modern European biota.  Based on the mtDNA phylogenies of Fumagalli et al. 
(1996) and Taberlet et al. (1994), Hewitt (1999) proposed that British S. araneus groups recolonized 
from the Iberian Peninsula, while the Eastern karyotypic groups emerged from the Balkans and the 
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groups from the Southern Alps from the Italian peninsula.  Bilton et al. (1998) proposed an alternative 
scenario, arguing that the western peninsulas were not an important source for recolonization, perhaps 
because of the mountainous barriers of the Pyrenees and Alps, but instead were isolated areas of 
endemism, with most recolonization patterns running east to west from central European refugia, the 
Balkans, and the northern Black and Caspian Sea areas.  The data presented here were consistent with 
the latter in that the peninsular species (S. granarius and S. samniticus) belonged to a single 
geographically widespread clade, while both Oxford and Aberdeen races had strong geographic 
connections in the Alpine region rather than Iberia (Figure 4).  A previous paleophylogeographic study 
linked S. araneus Hermitage race shrews with pre-glacial shrews from southern Germany (Polly, 
2001), where there may also have been glacial refugia on the north side of the Alps (Stewart and 
Lister, 2001).  Molar shape results also supported the hypothesis that the living karyotypic races in 
Britain (Aberdeen, Oxford, Hermitage, and the ‘variants’ Chysauster, Wirral, and Wrentham) invaded 
Britain in waves following deglaciation (Searle and Wilkinson, 1987).  The fossil shrews from 
Ightham (12,900-9,900 ybp) grouped exclusively with Oxford race shrews, suggesting that the 
ancestor of the Oxford race occupied territory now inhabited by the Hermitage race immediately after 
the last glaciation, and suggesting that the Oxford race was already genetically diverged from 
Hermitage and Aberdeen race shrews at that time. 

This study and its predecessor (Polly, 2001) indicated that the phylogenetic divisions among at 
least some Sorex araneus karyotypic races predate the last glacial cycle.  The question of the recency 
of Robertsonian mutations has been ongoing (Hausser et al. 1985; Reumer, 1989; Hausser, 1994; 
Wójcik et al., 2002), with most workers arguing that the origin of karyotypic variation began during 
the last glaciation.  Clear evidence exists that some racial differences have arisen since the last 
deglaciation (Fredga and Narain, 2000; Polyakov et al., 2001; Ratkiewicz et al., 2002).  However, this 
study suggested that the Oxford race was already distinct from other British races by the end of the last 
glaciation.  Also, Polly (2001) found that the divisions between Hermitage and Oxford extended into 
the last interglacial, more than 100,000 years ago.  Since the known genetic differences between these 
races are not as great as among others or as those found between S. araneus and other species such as 
S. coronatus and S. antinorii, it is logical that at least some karyotypic divisions arose during previous 
glacial/interglacial cycles and that the history of Robertsonian variation was not restricted to the most 
recent one.  A longer, iterative series of range expansions and contractions may explain the 
complicated geographic distribution of races and shared metacentrics found today.  As a caveat, 
though, molar shape serves as a proxy for genetic differentiation, not karyotypic variation; if 
karyotypic changes can spread among populations without erasing pre-existing genetic divergence 
(Wójcik et al., 2002), then the evidence presented here may not be relevant to the timing of origin of 
karyotypic races. 
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TABLE 1. 

Samples of Sorex araneus group shrews used in the analysis of tooth morphology.  Karyotypes follow 
Zima et al. (1996), with acrocentrics indicated by a single letter, metacentrics by a double letter, and 
mixed acrocentrics and metacentrics by a double letter separated by a slash.  The number of 
acrocentric chromosomes is reported as the maximum and minimum.  *= karyotype indirectly inferred 
from geographic location of sample.  For fossil samples, the locality and absolute age estimate are 
reported instead of a karyotype.   

Species Locality N Race Karyotype 
(or age) 

Acros 
(Max/Min) 

1. S. coronatus Vercors, Isère, 
France 

10 ---- af,b,ci,gr,h,jn,kq,lo,mp,tu 2/2 

2. S. granarius Ávila, Spain 6 ---- a,b,c,f,g,h,i,j,k,l,m,n,o,p,q,r,t,u 18/18 

3. S. samniticus Abruzzi, Italy 11 ---- a,b,c,f,g,h,i,j,k,l,m,n,o,p,q,r,t,u 18/18 

4. S. araneus Les Houches, 
France 

10 Cordon af,bc,g,h,i,j/l,k,m,n,o,p,q,r,tu 12/10 

5. S. araneus Tvärminne, 
Finland 

14 Kalvitsa af,bc,g,h/n,i/p,j/l,k/o,m,q,r,tu 12/4 

6. S. araneus Bassins, 
Switzerland 

8 Jura af,bc,gm,hi,j/l,kr,n/o,p,q,tu 6/2 

7. S. araneus Neusiedler See, 
Austria 

9 Ulm/ 
Drnholec*

af,bc,g/m,hi,j/l,k,n/r,o,p,q,tu 10/5 

8. S. araneus Alice Holt Forest, 
England 

9 Hermitage af,bc,gm,hi,j/l,k/o,n,p,q,r,tu 8/4 

9. S. araneus Islay, Scotland 51 Oxford af,bc,gm,hi,jl,kq,no,p/r,tu 2/0 

10. S. araneus Jura, Scotland 18 Oxford af,bc,gm,hi,jl,kq,no,p/r,tu 2/0 

11. S. araneus Wytham Wood, 
England 

20 Oxford af,bc,gm,hi,jl,kq,no,p/r,tu 2/0 

12. S. araneus Clova, Scotland 11 Aberdeen* af,bc,gm,hi,jl,ko,np,q/r,tu 2/0 

13. S. antinorii Haslital, 
Switzerland 

21 Formerly 
Valais 

af,bc,gi,hj,kn,l/o,m,p,q,r,tu 6/4 

14. S. araneus Kent, England 15 Fossil Ightham Fissures, (ca. 12,900-
9,900 ybp) 

NA 

15. S. runtonensis West Runton, 
England 

3 Fossil Upper Freshwater Bed, (ca. 
700,000 ybp) 

NA 
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FIGURES 

 

Figure 1.  Lower right first molar of Sorex araneus from Tvärminne Station, Finland showing the 
location of crown landmarks used in this study. 

 

 

 

Figure 2.  A.  Simulated distribution showing the expected pattern of molar shape distance with 
respect to time since divergence.  B.  Observed molar shape divergence (measured as pairwise 
Procrustes distances among sample means) against percent sequence divergence in mitochondrial 
cytochrome b.  The association is significant (Mantel P = 0.05). 
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Figure 3.  Maximum likelihood tree based on molar shape.  A.  Tree with original branch lengths.  
The species, locality, and race (where applicable) of each sample are indicated in the first set of 
parentheses and the sample number is indicated in the second set (c.f., Table 1 and Figure 4).  B.  
The same tree replotted without scaled branch lengths showing the three clades mentioned in the 
text  (labelled A, B, and C).  The number of acrocentric chromosomes of each taxon is indicated 
(max/min).  The average number of acrocentrics high in clade A, but lower in clades B and C.  
Palaeontological samples are indicated with a cross. 
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Figure 4.  Maximum likelihood tree based on molar shape from Figure 3 plotted geographically.  For 
simplicity, the branches connecting clades A, B, and C have not been connected.  This tree is 
consistent with the idea that the primitive karyotype of the S. araneus group is acrocentric (note 
geographic connections of acrocentric clade A) and that divergence has proceeded by multiple 
northerly recolonizations following numerous glacial/interglacial cycles (note geographic 
positions of metacentric clades B and C, as well as branch 5 of clade A). 

 


