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Abstract

Phylogeography – the study of within-species phylogenetic and geographic divergence – has been primarily
the domain of molecular evolutionists because molecular markers record population structure on smaller scales
than do traditional morphological traits. But when geometric morphometrics are combined with distance-based
phylogenetics molar shape divergence appears to record population-level phylogeny, a fact that allows extant and
fossil populations to be combined in a single phylogeographic study. The European Sorex araneus complex –
a genetically complicated group composed of multiple karyotypic races and species – illustrates the principle.
The phylogeographic patterns revealed by molar shape broadly agree with scenarios based on molecular data and
circumstantial evidence. Importantly, the inclusion of fossil samples of known age allows minimum divergence
times to be inferred. Some races of S. araneus may have diverged more than 120,000 years ago, but others may
have diverged less than 14,000. Supporting evidence that molar shape can be used to reconstruct phylogeographic
relationships comes from strong correlations between molar shape distances and both phylogenetic divergence
time and cytochrome b sequence divergence in datasets where these variables are known independently (fossil
carnivorans from a well-constrained stratigraphic setting and shrew species of the genus Sorex, respectively).
However, molar shape may have a ‘saturation point’ beyond which it is not applicable.

Abbreviations: Cf – Clarkforkian North American land mammal age (late Paleocene, c. 55.5–56.5 million years
ago). The Clarkforkian is divided into three subages: Cf-1 through Cf-3; NHM-P – Department of Palaeontology,
The Natural History Museum, London; NHM-Z – Department of Zoology, The Natural History Museum, London;
QMW – School of Biological Sciences, Queen Mary, University of London, London; SMNS – Staatliches Museum
für Naturkunde, Stuttgart, Germany; UIDG – Department of Geological Sciences, University of Iowa, Iowa City,
Iowa; UM – University of Michigan Museum of Paleontology, Ann Arbor, Michigan; UMMZ – University of
Michigan Museum of Zoology, Ann Arbor, Michigan; Wa – Wasatchian North American land mammal age (early
Eocene, c. 51.5–55.5 million years ago). The Wasatchian is divided into eight subages: Wa-0 through Wa-7.

Introduction

Phylogeography is a relatively new field, usually
concerned with within-species phylogenetic and geo-
graphic divergence (Avise, 1994, 2000). The field
has grown out of population-level mitochondrial DNA
studies in which it was found that within-species di-

versity commonly includes geographically homogen-
ous clades of diverging populations. A new picture
of species has emerged from phylogeographic stud-
ies, one in which gene flow is not always broadly
continuous across a species’ range and one in which
localized subdivision is the rule rather than the excep-
tion. Population movements, small-scale geographic
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barriers, and climatic history contribute to substantial
sub-specific differentiation. Over time, intraspecific
diversification may continue through arbitrary ‘speci-
ation’ boundaries or it may be reversed if gene flow
homogenizes the populations. Phylogenetic patterns
and processes, usually associated with among-species
relationships, commonly operate to produce within-
species diversity. As a result, the already fuzzy bound-
ary between ‘microevolution’ and ‘macroevolution’
has been blurred.

Despite the fact that phylogeographic hypotheses
often explain inter-population structure in terms of
geologic history (recolonization of formerly glaciated
regions, for example), the field has not directly in-
cluded the study of paleontological material. This
neglect is because the identification of intra-species
groups and the reconstruction of their phylogenetic
relationships require rapidly diverging morphological
traits. Molecular markers record such small-scale pop-
ulation structure, allowing patterns of relationship to
be studied among individuals, among populations, and
among species. Paleontologists, however, normally
deal with discrete morphological characters or uni-
variate measurements that do not provide appropriate
resolution. Species-level palaeontological studies have
therefore usually been limited to geographic range ex-
tensions and contractions (e.g., Graham et al., 1996) or
within-lineage analysis morphological of change (e.g.,
Bell, Baumgartner & Olson, 1985; Gingerich, 1993;
Polly, 1998). Within-species population structure has
generally been considered beyond the resolution of
paleontological data.

Morphological data do sometimes reflect intraspe-
cific variation (Berry, 1977; Patton & Smith, 1989;
Martin, 1993; Lister, 1995; Thorpe et al., 1995),
although traits that are both phylogenetically informat-
ive at the population-level and commonly preserved in
the fossil record may be difficult to find. Mammalian
molars are good candidates for the role of morpho-
logical population markers because they are complex
morphological structures that are well represented in
the fossil record because of their durability and small
size. Molar structure evolves quickly enough that even
isolated teeth can often be assigned to a particular
species. Furthermore, teeth have relatively low en-
vironmental variance because they do not remodel
after eruption and molar traits have heritabilities (h2)
as high as 0.66, well above average (Bader, 1965;
Mousseau & Roff, 1986). Thus, structural divergence
in molars should function as a rough guide to phylo-
genetic divergence (a proposition tested in this paper),

even though dental traits are notoriously homoplastic
among deep phylogenetic branches (Novacek, 1992).

In this study, molar shape distances are used as
data for within-and between-species phylogeographic
analysis. An increasingly varied and elegant array of
morphometric techniques are now available, many of
which are capable of quantifying extremely complex
morphologies (Bookstein, 1992; MacLeod & Rose,
1993; Thorpe, 1996; Rohlf, 1999). The multivariate
data that can be captured in morphological shapes is
analogous to multiple sites in molecular sequences,
each of which may record evolutionary substitutions.
The longer a molecular sequence, the more likely it
is to be phylogenetically informative; by analogy, the
more complex a morphological trait, the less likely it
is to have lost its phylogenetic signal through homo-
plasy or reversal and, consequently, the more useful
it is for phylogeny reconstruction. Molar size, which
is known to discriminate among closely related, sym-
patric species (Gingerich, 1974), is univariate and
evolves too quickly to serve as a phylogenetic met-
ric over many related taxa. Conversely, other complex
morphological traits, like multivariate measurements
of the mandible (Hausser & Jammot, 1974), are more
delicate than teeth and are only infrequently pre-
served intact in the fossil record. In this paper I argue
that molar shape difference is a useful indicator of
phylogenetic divergence among closely related popu-
lations, a hypothesis that I test using a dataset of molar
shape distances and molecular sequence divergences
in closely related living shrews and a dataset of molar
shape distance and phylogenetic divergence times in
fossil carnivores. I also argue that molar shape dis-
tances can be used to link extant and fossil populations
in a single phylogeographic analysis. This possibility
is explored using data from extant and fossil popu-
lations of the Sorex araneus group to test the timing
and direction of within-species migrations during the
post-glacial recolonization of Britain.

The Sorex araneus group is composed of several
Holarctic shrew species, all of which have two Y-
chromosomes in the males rather than the normal
single Y-chromosome found in most male mammals
(Hausser et al., 1985). Two European species are rel-
evant to this study: S. araneus and S. coronatus (Fig-
ure 1). Externally these species are morphologically
indistinguishable, although they can be differentiated
using a multivariate discriminate function of mandibu-
lar measurements (Hausser & Jammot, 1974; Hausser,
1994). The taxonomy of the S. araneus group was
revolutionized by the discovery that member species
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Figure 1. Map showing the distributions of three extant species in the Sorex araneus group. Sorex araneus and S. coronatus are sympatric along
the Rhine and in isolated pockets of France and Switzerland. Circles and crosses show the geographic location of samples used in this study
(extant and fossil, respectively). The samples from Hanover and Cantal are tentatively identified as S. araneus, but could belong to S. coronatus.
The thick gray line indicates the extent of ice coverage during the last glacial maximum (about 15,000 years ago).

are subdivided into many geographically homogen-
ous karyotypic races, 52 of which are recognized in
S. araneus alone (Ford, Hamerton & Sharman, 1957;
Zima et al., 1996). Robertsonian chromosomal muta-
tions produce 2N chromosome numbers that vary
substantially from race to race (Searle & Wójcik,
1998). Hausser et al. (1985) argued that speciation
within the complex is driven by incompatible meta-

centrics, even though limited gene flow may occur
across some racial boundaries (Fedyk, 1986; Neet &
Hausser, 1989; Bengtsson & Frykman, 1990; Baloux
et al., 2000). Because of the complexity of genetic dif-
ferentiation and geographic partitioning and because
of the existence of interesting hybrid zones between
some races, the S. araneus complex has become an
important source of evolutionary data. However, the
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historical context of differentiation among races and
species is largely unknown; it is not clear whether
the majority of karyotypic races diverged since the
last glacial retreat, or whether they represent deeper
divergences that have been spatially reorganized by
glacial advances and retreats (see Searle, 1984; Searle
& Wójcik, 1998; and Hewitt, 1999 for up-to-date
reviews of S. araneus phylogeography). This study
adds to our knowledge by combining quaternary fossil
samples with extant karyotypic races in a population-
level phylogeographic analysis in order to directly
assess the rate and timing of differentiation. Such
knowledge will illuminate the long-term effects of
chromosomal mutations, hybridization, and gene flow
in the complex.

Materials and methods

Data were collected from three sets of geographic-
ally localized samples housed in museum collections.
The first dataset was used to determine the extent to
which molar shape distances reflect phylogenetic di-
vergence as measured by percent molecular sequence
divergence. Because time since common ancestry re-
mains the primary predictor of sequence differences,
mitochondrial DNA divergence can be used as a proxy
for phylogenetic divergence when the phylogeny and
branch lengths are not known (Thorpe et al., 1995;
Thorpe, 1996). An association between molar shape
differences and mitochondrial DNA divergence indic-
ates that the molar shape divergence is also predic-
ated by time-since-common-ancestry. Seven closely
related shrew species with published cytochrome b se-
quences (Fumagalli et al., 1996, 1999; Ohdachi et al.
1997) were analyzed (Table 1). Sequences were down-
loaded from GenBank and aligned using Clustal X.
Uncorrected pairwise percent sequence divergences
were calculated among the seven species. No cor-
rection for multiple hits was made in calculating the
sequence divergences simply because no similar cor-
rection could be applied to molar shape distances
(see below). Applying such corrections does not sig-
nificantly affect the apparent relationship between
sequence and shape, however, although correction
slightly changes the slope of the regression of shape
distance onto sequence divergence. The strength of
association between sequence divergence and molar
shape distance was measured in two ways. First, shape
distance and sequence divergence from Sorex aran-
eus were plotted as a bivariate scatter. The slope of

a regression of shape distance onto sequence diver-
gence was tested for departure from zero. This test
has the advantage of being graphically intuitive, but
it looses power by only utilizing a subset of possible
pairwise comparisons (those between S. araneus and
the other six species). A Mantel test was also used
to test the correlation between all pairwise sequence
divergence comparisons and the corresponding shape
distances. The Mantel test uses multiple permutations
of the original data to determine the probability that
the correlation between two matrixes is due to chance
(Manly, 1986; Thorpe, 1996). Data were natural
log transformed to linearize them and 50,000 random
permutations were used for the test.

A second dataset was used to assess the direct
correlation between molar shape distance and phylo-
genetic divergence time. This set consisted of nine
samples of fossil viverravid carnivorans from three
closely related species (Table 1) whose phylogeny
has been studied (Polly, 1997, 1998). Divergence
times among these samples were estimated directly
from stratigraphic evidence, which was largely super-
positional. These times were calculated in years by
summing the total branch lengths separating samples
on the phylogenetic tree (see Polly, 1997, 2001, for
detailed information). As with the comparison with se-
quence divergences, correlation between molar shape
distance and divergence time was assessed in two
ways. First, pairwise molar shape distances from Di-
dymictis protenus (Wa-6) to each of the other eight
samples were calculated and plotted against diver-
gence time. The strength of association in those data
was assessed by testing the slope of a linear regression
for difference from zero. A Mantel test with 50,000
bootstrap replications was also performed on the com-
plete natural log transformed pairwise molar shape
distance and divergence time matrixes.

A third data set was used for phylogeographic
analysis of Sorex araneus group shrews in Western
Europe. Seven extant and four fossil samples were
analyzed (Figure 1, Table 1). Each sample was geo-
graphically localized. Four samples of extant S. aran-
eus were from British localities: Alice Holt forest
(England), Wytham wood (England), Clova (Scot-
land), and the Isle of Jura (Scotland). Three contin-
ental samples were also used: Hanover (Germany),
Cantal (France), and Calais (France). The last is
referable to S. coronatus, another species the S. aran-
eus group. The Hanover and Cantal samples were
identified as S. araneus by their collectors, but this
identification should be treated with caution because
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Table 1. Samples used in this study

Dataset Species Locality (karyotypic Age N Institution

race, if applicable)

One (mitochondrial DNA) Sorex hoyi Michigan Extant 22 UMMZ

S. araneus England “” 35 QMW

S. arcticus Arkansas Holocene 14 UIDG

S. coronatus France Extant 15 NHM-Z

S. cinereus Michigan “” 27 UMMZ

S. fumeus New York “” 1 UIDG

S. palustris Unknown “” 1 UIDG

Two (divergence time) Didymictis Bighorn Basin, Wyoming Wa-6 8 UM

protenus

“” “” Wa-3 6 UM

“” “” Wa-2 2 UM

D. proteus “” Cf-3 9 UM

“” “” Cf-2 20

D. leptomylus “” Wa-2 6 UM

“” “” Wa-1 7 UM

Viverravus acutus “” Wa-2 24 UM

“” “” Wa-1 20 UM

Three (phylogeographic) S. araneus Alice Holt Forest England (Hermitage), Extant 33 QMW

“” Wytham Wood, England (Oxford) “” 15 OUM

“” Clova, Scotland (Aberdeen) “” 13 NHM-Z

“” Jura, Scotland (Aberdeen) “” 11 NHM-Z

cf. S. araneus Hanover, Germany “” 9 UMMZ

(?Mooswald)

“” Cantal, France (?Cordon) “” 5 UMMZ

“” Ightham, England Late Glacial 15 NHM-P

“” Genkingen, Germany Riss-Würm 21 SMNS

S. coronatus Calais, France Extant 15 NHM-Z

S. runtonensis West Runton, England Cromerian 6 NHM-P

S. savini “” “” 5 NHM-P

S. coronatus and S. araneus are now known to be
sympatric in these areas. In principle, this material
could be retrospectively assigned to one species or
other using the discriminant function of Hausser and
Jammot (1974), which assigns individuals with 95%
confidence and populations with 100% confidence; in
practice, the material is currently inaccessible to the
author (it is housed in the University of Michigan,
Museum of Zoology) and appropriate data were not
collected at the time of study. However, the question
of correct species referral does not affect the primary
goals of this study (elucidating between-population
relationships and divergence times among British S.
araneus), but does cause ambiguity in assessing the
monophyly of the two species in relation to the trees
generated from this dataset. Each extant sample was

referred to a karyotypic race on the basis of its geo-
graphic locality following the race ranges described by
Searle and Wilkinson (1987) and Zima et al. (1996).
The race assignments of the British samples are re-
latively certain, but the continental assignments are
more tentative. Incorrect referral to a karyotypic race
does not affect the primary goals of the study, but
does have consequences for inferring phylogenetic re-
lationships among karyotypes. Four quaternary fossil
samples of Sorex were also included in this dataset.
One is Sorex araneus (sensu lato) from the Ightham
fissures (Kent, England). This locality is predom-
inantly late glacial in age (c. 14,000–15,000 years
before present), but also contains some younger Holo-
cene material thus raising questions about its precise
age (see discussion by Yalden, 1982). The mate-
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rial included in this study is likely to be genuinely
late glacial, representing a population that lived soon
after glacial ice began receding from England. Ig-
htham lies within the current range of the Hermit-
age race. The second fossil sample is Sorex araneus
from the Genkingen 2 locality in Baden-Württemberg,
Germany. This locality is considerably older than Ig-
htham, dating to either the Riss-Würm interglacial
(c. 100,000–130,000 years before present) or from
an early Riss interstadial (Ziegler, 1995). Thus, the
Genkingen sample represents a mid-continental pop-
ulation that lived just before the most recent glacial
cycle began. Two additional fossil samples were used
as ‘outgroups’. Both are from the mid-Pleistocene
West Runton locality (Norfolk, England), which is
Cromerian in age (c. 600,000 years before present).
One sample is S. runtonensis, which belongs incer-
tae sedis to the S. araneus group. The second is the
more distantly related Sorex (Drepanosorex) savini.
Both of these taxa probably lie outside the common
ancestry of the other samples, S. savini with near cer-
tainty and S. runtonensis with reasonable likelihood.
A pairwise matrix of molar shape distances (d) was
calculated for these 11 samples for phylogeographic
analysis.

For each of the three datasets, molar crown shape
was quantified using two-dimensional landmarks from
the first lower molar to represent the topographical
configuration of major cusps and notches (Figure 2). A
digital image of each tooth was captured through a mi-
croscope under objectives of 20x-40x. Only relatively
unworn teeth were considered for analysis. Cusp wear
reduces the accuracy with which these landmarks can
be identified (thus adding noise to the data), but more
importantly wear can change the apparent shape of the
molar crown (Polly, 1998). In wild-caught populations
of shrew, the majority of specimens have relatively
unworn molars (presumably individuals in their first
year), while a minority have extremely worn molars
(presumably the individuals that survive into a second
year). Teeth were oriented in true occlusal view, and
then tilted slightly anteriorly and lingually to arrive
at a standard orientation. The mean shape of each
sample was calculated by first superimposing the indi-
viduals using Procrustes analysis and then calculating
a consensus, or ‘average’ shape. The Procrustes pro-
cedure resizes, translates, and rescales (or normalizes
them to unit size) landmark configurations, thus re-
moving size differences from the data, leaving only
differences in shape (Rohlf, 1999). Shape differences
among samples were compared using the Procrustes

Figure 2. Landmarks used in this study. (A) Skull and two mand-
ibles of Sorex araneus with a US dime for scale. Each first lower
molar is about 1.5 mm long. (B) First lower molar of S. araneus
in occlusal view (anterior to the left and labial to the bottom).
Black dots indicate the nine landmarks. (C) Line drawing of S.
araneus first lower molar showing the same nine landmarks (after
Repenning, 1967).

distances (d) between the consensus shapes of each
sample. The Procrustes distance is usually the square-
root of the summed squared differences between two
landmark configurations. Because the data have been
rescaled to remove size, Procrustes distances have no
natural units; therefore, the Procrustes distances can
also be expressed in an alternate form as radians (2
arc sin (d/2)), which represent the distance as an angle
in the hyper-spherical Kendall’s shape space defined
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by the number of landmarks in the analysis (Rohlf,
1998).

While unworn specimens were not considered in
this study, inaccuracies in specimen orientation may
also lead to error because they may distort the appar-
ent shape of molars in occlusal view through parallax
effects. To assess this, all the individuals from three
samples were digitized multiple times. The Alice
Holt sample was digitized four times and the speci-
mens were purposefully reoriented at slightly different
angles to maximize the error. The Jura and Wytham
samples were each digitized five times but the spe-
cimens were carefully reoriented to minimize the er-
ror. Within-sample error was quantified as percent
measurement error (ME) following Bailey and Byrnes
(1990). A one-way analysis of variance was performed
on the Procrustes residuals to partition shape-variance
into within-and between-individual components. Per-
cent ME was then calculated as

%ME = 100.
s2

within

s2
within + s2

among

,

where s2
within is the mean square error (or within-

specimen variance) and s2
among is the mean square

effect (or among-specimen variance). The %ME of the
Jura sample was 11.0% and that of the Wytham sample
14.6%. In other words, between 10% and 15% of
the within-population variation is due to measurement
error and 85–90% to actual among-individual differ-
ences. In the Alice Holt sample, where orientations
were purposefully varied, the %ME rose to 57.0%.
Percent measurement error does not tell us whether
between-sample differences can be accurately estim-
ated unless we know how much difference there is
between samples relative to within-sample variance.
Differences between the populations can be described
as percentage difference (%DIFF) by performing a
one-way ANOVA on two populations and calculating.

%DIFF = 100.
s2

among

s2
within + s2

among

.

Using this measure, the Jura and Wytham samples
differed from one another by 98.2%. These two
samples are relatively similar to one another compared
to other samples in the dataset (see results below).
Thus, measurement error is not likely to mask es-
timated true among-sample distances, even when the
error is artificially high. Figure 3 shows the Jura and
Wytham samples (each with re-digitized individual
specimens represented by five data points) plotted on

relative warp axes 1 and 2 (relative warp axes are prin-
ciple components of shape, in this case summarizing
32.3 and 21.9% of the total variance, respectively).
The between-sample difference is much greater than
the within-sample variances.

Phylogenetic trees were estimated from the molar
shape distances in third dataset. UPGMA, neighbor-
joining, weighted least-squares with power equal 2
(Fitch–Margoliash method), and unweighted least-
squares (Cavalli-Sforza & Edwards method) trees
were all constructed from the original Procrustes mat-
rix. The first of these, UPGMA, assumes a clock-like
behavior (a reasonable assumption given the results for
datasets one and two presented below), but the remain-
ing three do not. UPGMA and neighbor-joining trees
are directly computed, whereas the Fitch–Margoliash
and Cavalli-Sforza and Edwards trees are optimized
using least-squares criteria. All of these methods as-
sume that the branch tips are coeval, which is not
the case in this study because four of the tips are
represented by fossil samples of varying age. There-
fore, these same tree algorithms were also applied to
a distance matrix corrected for populations sampled
serially through time (Drummond & Rodrigo, 2000;
Rambaut, 2000). In short, this correction estimates the
rate of branch variance accumulation using the ori-
ginal distance matrix and the elapsed time between
serial (non-contemporary) samples. The original dis-
tance matrix is then corrected by adding variance to
distances between non-coeval pairs. For the data in
this study, 0.00024 was added to each distance in-
volving the Ightham sample, 0.00214 was added to
each involving the Genkingen sample, and 0.00714
was added to each involving either of the two West
Runton samples. Both original and corrected distance
matrices are reported in the Appendix. The extra
distances were then pared off the trees after construc-
tion. All trees were rooted using Sorex savini. Three
goodness-of-fit statistics were used to evaluate the fit
of the tree distances to the original distance matrix.
The cophenetic correlation is the product-moment cor-
relation between the two (Sneath & Sokal, 1973). The
percent standard deviation is the sum of squared dif-
ferences, divided by n-2, and then square-rooted and
then multiplied by 100, where n is the number of spe-
cies on the tree (Fitch & Margoliash, 1967). Percent
standard deviations were only calculated for the least
squares trees. Finally, the F statistic is the sum of the
absolute values of the differences divided by the sum
of the original distances times 100 (Prager & Wilson,
1978).
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Figure 3. Shape separation between Jura and Wytham samples in relation to measurement error. Data are plotted on relative warp axes I
and II (relative warps are principle components of shape). Each datum records the position of a single specimen within the shape space
defined by the two axes. In (A), each specimen was digitized five times to assess the effect of error. Within-specimen error accounts for
about 10–15% of the sample variance, but the separation between samples is about 98%. In (B), each set of five replicates was averaged to
produce a mean value for each specimen. The apparent variance of each sample is smaller, but the separation between the two is roughly the
same.
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Results and discussion

Divergence in molar shape

The data in this study show a positive relationship
between molar shape distance and phylogenetic diver-
gence, whether the latter is measured directly as time
or indirectly using molecular sequence divergence as
a proxy. In the first dataset, 73% of the variance in
molar shape is explained by percent divergence in
mitochondrial cytochrome b sequences (Figure 4(A)).
The relationship between sequence divergence and
shape distance is statistically significant with P equal
to 0.01. The Mantel test for association between molar
shape distance and percent sequence divergence also
indicates a statistically significant relationship, with P

equal to 0.05 (Table 2). If we accept that cytochrome b
divergence reflects time since common ancestry, then
molar shape divergence in shrews must also. The cor-
relation is not without error, however, as 27% of the
variance is unexplained. Looking at the distribution of
data points on the graph, the relationship appears to
be stronger in more closely related taxa (i.e., those at
the lower left) and weaker in more distantly related
ones (i.e., Sorex cinereus, S. palustris, S. hoyi, and S.
fumeus). Either molar shape or percent sequence diver-
gence (or both) may have reached a saturation point at
the upper right, beyond which one or both cannot ac-
curately predict of phylogenetic divergence. Normally
one would expect cytochrome b sequences to begin
to show limited saturation effects by 15% divergence,
which would affect the points at the upper right (al-
though correction for multiple hits does not change
the relationship of the points). Despite the possibility
of saturation, the evidence available here suggests that
both molar shape distance and percent sequence di-
vergence are increasing with quasi-linear regularity in
respect to one another across the entire dataset, sug-
gesting that molar shape distance can be used as a
proxy for phylogenetic divergences at least as distant
as the ones in this dataset. The most distantly related
species in this dataset shared a common ancestor with
Sorex araneus about 10 million years ago, which is
equivalent to 20 million years total divergence time
(Repenning, 1967; Fumagalli et al., 1999). Thus, these
data suggest that molar shape difference is a good in-
dicator of phylogenetic divergence for taxa with a last
common ancestor up to at least 10 million-year-old.

Molar shape distance also has a linear relation
with phylogenetic divergence when the latter is meas-
ured directly in years using paleontological data. In

Figure 4. The relationship between molar shape distance and phylo-
genetic divergence. (A) Molar shape distance in seven shrew species
relative to percent sequence divergence in cytochrome b. Both axes
show distances from Sorex araneus. A linear least-squares regres-
sion with 95% confidence intervals is shown. (B) Molar shape
distance in eight samples of Paleogene viverravid carnivorans re-
lative to total divergence time. Both axes show distances from
Didymictis protenus from Wasatchian subage 6 (Wa-6). A linear
least-squares regression is shown. (C) The same data as in B, but fit
with an exponential curve. An exponential curvilinear relationship
is expected because the chance of reticulation (homoplasy) in shape
distance becomes greater with increasing phylogenetic divergence.
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Table 2. Mantel test results

Dataset P N Permutations

Shrew molar shape and cyt b 0.0496 28 50,000

sequence divergence

Viverravid molar shape and 0.0047 78 50,000

divergence time

Results of Mantel tests for correlation between molar shape dif-
ferences and both percent sequence divergence and phylogenetic
divergence times. P is the probability that correlation between ran-
domized datasets is greater than the observed. N is the number of
pairwise comparisons. Fifty thousand random permutations were
used to determine P .

the second dataset, 86% of the variance in molar
shape explained by divergence time (Figure 4(B)).
The relationship is significant at P = 0.00. A Mantel
permutation test for association between all pairwise
molar shape distances and divergence times is also
significantly positive at P = 0.00 (Table 2). The fit of
molar shape distance to divergence time is better than
to percent sequence divergence. The likely explanation
is that sequence divergence is itself a proxy (with er-
ror) for divergence time, meaning that both axes of the
graph in Figure 4(A) include variance not explained
by divergence time. The distribution of data points
in the second dataset (Figure 4(B)) again raises the
question of whether molar shape distance might not
become saturated in respect to divergence time. The
data points to the lower left (with divergence times
less than 2.0 million years) appear to have a linear
relationship with a rather steep slope, while the two
data points at the upper right suggest a lower slope. In
other words, the accumulation of molar shape distance
with divergence time may be curvilinear rather than
linear. Such a phenomenon is common to most met-
ric distance measures, including molecular sequence
divergences. For any trait in which evolutionary re-
versals are possible, the apparent distance between
two taxa separated by deep divergence times will be
proportionally less than the apparent distance between
taxa with shallow divergence times. The reason is
that the chance of reversal increases linearly with
divergence time and reversals have the effect of de-
creasing the apparent distance among taxa. Usually
apparent distance in a metric trait increases with the
square-root of time rather than linearly with time (e.g.,
Felsenstein, 1973; Berg, 1993; Gingerich, 1993). This
phenomenon is precisely analogous to multiple hits
and saturation in molecular sequence divergence; the
greater the time since divergence, the more likely base

changes are to have been overwritten. To highlight this
possibility, the same data were fit with an exponential
regression line (Figure 4(C)).

The viverravid data thus suggest that molar shape
divergence also has a saturation point, which may have
been reached by 10 million years or so total diver-
gence. This number is about one half less than the
divergence times separating the most distant shrew
species in the first dataset (20 million years total di-
vergence). Whether a saturation point has also been
reached in the shrew data or whether the two data-
sets have different saturation points is unclear. Both
datasets suggest, however, that molar shape differ-
ence is capable of resolving phylogenetic relationships
in which the total divergence time between taxa is
less than 5 million years. The samples in the third
dataset, the one used for phylogeographic analysis in
the remainder of the paper, all have total divergence
times substantially less than 5 million years. Fumagalli
et al. (1999) estimated that Sorex araneus and S. arc-
ticus (the two most distantly related species in the
S. araneus group) diverged no more than 2.3 million
years ago, just before the beginning of the Pleistocene.
While these authors did not report divergence times,
sequence divergence among S. araneus, S. coronatus,
and S. granarius is less than 6% compared to about
12% between them and S. arcticus (Fumagalli et al.,
1996). The oldest fossil samples used here are approx-
imately 650,000-year-old and both of those are pre-
sumed to be outgroups to the S. araneus group. There
should, therefore, be no theoretical problem with using
molar shape distance to reconstruction phylogenetic
relationships among these samples.

Phylogenetic relationships among Sorex samples

Molar shape can be used as data for inferring phylo-
genetic relationships in the same way that molecular
sequence divergences, given that shape distance ap-
pears to accumulate quasi-linearly with divergence
time. Furthermore, since molar shape in the Sorex
araneus group evolves rapidly enough to discriminate
among populations of different karyotypic races (Fig-
ure 2), molar shape distances can plausibly be used
to reconstruct inter-population relationships within a
species or among closely related species. While it is
not yet clear whether molar shape has the versatility of
molecular sequence data in determining relationships
at many different levels, molar shape has the advant-
age that it can be collected uniformly from both extant
and fossil mammal populations.
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A matrix of pairwise Procrustes distances (d) from
several extant and fossil populations of the S. araneus
complex was submitted to four different tree-building
algorithms, the results of which are shown in Fig-
ure 5. While there are minor differences, the trees
are largely congruent. UPGMA, neighbor-joining,
and weighted least-squares produced single shortest
trees, but the unweighted least-squares method pro-
duced three equally short trees. The neighbor-joining
trees are identical to the corresponding weighted
least-squares trees, and together these share the best
cophenetic correlation, a goodness-of-fit index that
expresses the correlation between the original dis-
tance matrix and the distances on the tree (Table 3).
The serial correction resulted in a new topology only
with the UPGMA method (which uniformly has the
worst goodness-of-fit values). Branch lengths changed
slightly as a result of serial corrections regardless of
method.

In all trees, Sorex araneus from Wytham, Jura, and
Clova clustered with S. coronatus from Calais and the
late glacial fossil sample from Ightham (this group is
referred to below as the Ightham group). S. araneus
from Alice Holt clustered either with the continental
Cantal and Hanover populations or formed a polytomy
with those and the Ightham group. The Genkingen
fossil sample grouped with the Cantal and Hanover
clade in all trees except the unweighted least-squares
tree (alternative placements of the Genkingen sample
account for the three shortest trees). The Alice Holt,
Cantal, Hanover, and Genkingen samples will here-
after be referred to as the Genkingen group. Because
of the age and position of the Genkingen sample, the
trees imply that the split between the extant Alice
Holt population and the remaining British samples
(Jura, Wytham, Clova) occurred before the begin-
ning of the last glaciation (more than 100,000 years
ago). By implication, the Hermitage karyotypic race
(represented by Alice Holt) split from the other Brit-
ish races (Aberdeen and Oxford) more than 100,000
years ago. The split between the Aberdeen and Ox-
ford races may have been much more recent, however.
The Jura, Clova, Wytham samples are all more closely
related to one another than they are to the 14,000-
year-old Ightham sample. By itself, this relationship
does not necessarily indicate when these extant pop-
ulations last shared a common ancestor, but when
combined with geographic data and the history of gla-
cial retreat, it seems possible that the northern British
populations diverged after the last deglaciation. The
northern populations (representing the Aberdeen and

Oxford races) now live in areas that were covered by
glacial ice during the last glaciation, implying that
they (or their ancestor) colonized northern Britain in
the last 14,000 years. Either the two races existed
separately further south and have both moved north-
ward in parallel or their ancestor lived in the south,
splitting into the Oxford and Wytham races during re-
colonization. The former is plausible because Searle
and Wójcik (1998) argued that each of the three Brit-
ish races have separate sister races on the Continent.
Searle and Wilkinson (1986) argued that the Aber-
deen race entered post-glacial Britain first and was
pushed into peripheral territory in Wales and Scotland
by two successive invasions by the Oxford and Her-
mitage races. If so, however, the Ightham sample must
represent a group now unknown in Britain because it
falls outside the clade containing the Oxford and Aber-
deen races. Without the evidence presented by Seale,
Wójcik, and Wilkinson, the Ightham sample could be
interpreted as the ancestor to both the Oxford and Ab-
erdeen races, implying that these two races split within
the last 14,000 years. This hypothesis could be easily
falsified using mitochondrial DNA data because se-
quence divergence over that time should only be about
0.03%.

The grouping of S. coronatus from Calais with the
northern British S. araneus samples confuses the pic-
ture. Among the possible interpretations is that the
grouping is spurious and does not reflect true phylo-
genetic relationships. A second possibility is that the
depiction of phylogenetic relationships is correct, that
S. araneus is paraphyletic with respect to S. coronatus,
but that the divergence among the northern British
populations is much older than the last glaciation. Fu-
magalli et al. (1996) reported between 4% and 5%
divergence between S. araneus and S. coronatus cyto-
chrome b sequences, which implies a divergence of
1.6–2.0 million years. Finally, it is possible (but un-
likely) that S. coronatus evolved by vicariance when
the English Channel was cut some 5,000–8,000 years
ago, with S. coronatus representing the continental
rump and the Oxford and Aberdeen races of S. aran-
eus representing the British rump. If so, cytochrome b
evolution in Sorex would have to be unusually rapid to
account for the 4–5% sequence divergence.

A second puzzling relationship in these trees is that
S. araneus from Jura (presumably belonging to the
Aberdeen race) consistently groups with the Wytham
sample (Oxford race) to the exclusion of the Clova
sample (also Aberdeen race). If the karyotypic assign-
ments are correct, then either the Aberdeen race is
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Figure 5. Eight trees showing the relationships among Sorex shrews from Western Europe (see Figure 1). The trees in the left column were
constructed from the original pairwise matrix of molar shape distances, while those in the right were constructed from an adjusted matrix to
correct for the temporal (serial) differences between the fossil and extant taxa. (A) UPGMA tree. (B) Serial UPGMA tree. (C) Neighbor-joining
tree. (D) Serial neighbor- joining tree. (E) Weighted least-squares (Fitch–Margoliash) tree. (F) Serial weighted least-squares tree. (G) Consensus
of three equal-length unweighted least-squares (Cavalli-Sforza & Edwards) trees. (H) Consensus of three equal-length serial unweighted
least-squares trees. Trees are drawn proportional to their branch lengths except in G and H. The neighbor-joining and weighted least- squares
trees have the same topology and branch lengths; they represent the tree favored in this study. In all of the trees, the northern British samples
(Wytham, Clova, and Jura) cluster together with the late glacial Ightham sample, to the exclusion of the Alice Holt forest and the continental S.
araneus samples. Curiously, the S. coronatus sample from Calais is consistently grouped with the S. araneus sample from Clova.
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Table 3. Tree statistics

Tree rp %SD F N

UPGMA 0.178 – 21.2 1

Serial UPGMA 0.878 – 10.3 1

Neighbor-joining 0.951 – 7.4 1

Serial NJ 0.942 – 8.9 1

Weighted least-squares 0.951 9.181 7.4 1

Serial weighted least-squares 0.942 8.942 8.9 1

Unweighted least-squares 0.955 0.777 6.8 3

Serial unweighted least-squares 0.947 0.777 8.4 3

Three goodness-of-fit statistics for each of the trees constructed
in the phylogeographic analysis. The cophenetic correlation (rp)
ranges from 0 to 1, with 1 being a perfect fit. The percent standard
deviation (%SD) is not directly comparable among methods, but is
valid for comparing the original and serial distance matrixes within
a method. A smaller %SD means a better fit. The F statistic is com-
parable between trees, the smaller the better the fit. The number of
best-fit trees (N ) is also reported.

not monophyletic or the details of the relationships
are not correctly indicated by these data. However,
the Scottish shrews have already proved problematic.
Searle and Wilkinson (1987), in reviewing Ford and
Hamerton’s (1970) original karyotypic race categoriz-
ations, noted that the shrews from parts of Scotland
could only questionably be assigned to the Aberdeen
race because of unusual polymorphisms. Mercer and
Searle (1991) reported that S. araneus populations on
the Isle of Islay, near Jura, contain the pr metacentric
normally associated with the Oxford race. Because the
nearest Oxford populations are nowhere near Islay,
these authors interpreted the polymorphism as a hol-
dover from the original karyotype of the populations
that spread north following deglaciation and before
Islay was isolated from the mainland (c. 9,000 years
ago). That interpretation is consistent with the posi-
tion of the Jura sample. If the Oxford and Aberdeen
races differentiated since the last glaciation (as sug-
gested here) and if the western Scottish isles were
populated before that differentiation (as suggested by
Mercer & Searle, 1991) then the Jura sample should
group with the Wytham sample as it does in these
results.

A phylogeographic scenario for British Sorex
araneus

The phylogenetic trees generated from molar distances
and the divergence times implied by the fossil samples
suggest a general phylogeographic scenario. In the
map (Figure 6) the study sample localities have been

connected according to the phylogenetic relationships
expressed by the trees in Figure 5. For simplicity, no
connections deeper than the split between the Genkin-
gen and Ightham groups are drawn on the map. Fossil
samples are indicated by a cross and extant samples by
a circle; Ightham group symbols are filled with black,
and those of the Genkingen group with gray. The thick
gray line shows the maximum extent of ice during
the last glaciation and the arrows show hypothet-
ical routes of movement into Britain following degla-
ciation.

This map clarifies the geographic and phylogenetic
relationships of the British samples (and by extension,
the British karyotypic races). Three British karyotypic
races are represented by samples in this study: the
Hermitage race (south of the Thames and along the
Welsh borderlands, represented here by the Alice Holt
forest sample), the Oxford race (north of the Thames
to the Great Glen, represented here by the Wytham
wood sample), and the Aberdeen race (in Scotland
and Wales, represented here by the Jura and Clova
samples). The two Scottish samples, the Wytham
sample in south-central Britain, and the Ightham fossil
sample in south Britain are both closely related and
in close geographic proximity. The remaining extant
British sample from Alice Holt forest in south Britain
has affinities with the two extant S. araneus popu-
lations from Hanover and Cantal and with the fossil
sample from Genkingen. From this map, it appears
that the Ightham group may have lived in southern
Britain and adjacent continental regions during the
height of the last glaciation. As the glacial ice receded
this group expanded northwards into northern England
and Scotland (either differentiating into the Oxford
and Hermitage races in the process or with these two
already distinct races moving in one after the other
as suggested by Searle & Wilkinson, 1987). Some-
time during the early Holocene, before the opening of
the English Channel some 5,000–8,000 years ago, the
Hermitage race pushed into southern Britain from the
interior of the continent. The opening of the Channel
separated the Hermitage race from its close relatives
on the Continent.

Sorex coronatus from Calais, France is problematic
for the scenario. Geographically and phylogenetically,
the Calais sample appears to fit with the Ightham group
and would most easily be interpretable as a continental
isolate following the opening of the Channel. The fact
that S. coronatus is a distinct species separated from
S. araneus by a divergence time estimated at more
than 1.6 million years suggests otherwise, however.
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Figure 6. Paleophylogeographic scenario for selected populations of the Sorex araneus group of shrews. Divergences among the Genkingen
group members and between the two groups predate the last glaciation. The Ightham group probably inhabited southern Britain and the
adjacent areas of France and Belgium towards the end of the last glaciation (Britain was connected to the continent until 5,000–8,000 years
ago). Following deglaciation, that group expanded northwards. Members of the Genkingen group entered Britain behind the Ightham group
before the Channel opened. Some of the Ightham group may have been separated at that time. The British Hermitage karyotypic race (part
of the Genkingen group) must have last shared a common ancestor with other British races more than 100,000 years ago, while the British
Aberdeen and Oxford races (Ightham group) may have diverged within the last 14,000 years.

For the purposes of this study it will be presumed that
S. coronatus has convergently evolved a similar molar
shape to the Clova population and that its grouping
in the Ightham clade does not reflect its true phylo-
genetic relationships. This problem deserves further
study.

The scenario presented here is broadly consistent
with others that have been proposed for Sorex and
other European taxa (Hewitt, 1996, 1999). The ex-
pansion of glacial ice into Europe from the north is
generally presumed to have driven the flora and fauna
southwards into peninsular refugia. These periodic
expansions and contractions have cyclically fragmen-
ted populations, allowing them to differentiate, then
brought them back into contact where they form hy-
brid zones allowing limited gene flow. The sketch
provided by Hewitt (1999) for Sorex, based on other
mitochondrial DNA analyses (Fumagalli et al., 1996,

1999) is broadly congruent with the results presented
here. The phylogeography in Figure 6 also generally
supports Searle and Wilkinson’s (1987) hypothesis
on the immigration of races into post-glacial Britain,
which suggested that the Aberdeen race was isolated
in Scotland and Wales by successive waves of pop-
ulations moving into southern Britain. The scenario
presented here goes beyond Searle and Wilkinson,
though, in suggesting that the division between the
Hermitage race and other British races predates the
last glacial cycle, while the Oxford and Aberdeen
races differentiated more recently. As stated above,
however, it is equally plausible that the last common
ancestor of the Ightham sample and Oxford and Ab-
erdeen races lived considerably earlier than 14,000
years ago. The scenario presented here is not con-
sistent with the cladistic analysis of the metacentric
fusions shared by various races published by Searle
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and Wójcik (1998). In that analysis the Hermitage and
Aberdeen races, which share a chromosomal meta-
centric known as ko, appeared to be more closely
related to one another than either was to the Ox-
ford race. In addition to the Hermitage and Aber-
deen races, the ko metacentric is found in southern
Scandinavian, northern Polish, and Ukrainian races
(although ko is not unique among metacentrics in hav-
ing a disjunct geographic distribution). Either the ko
metacentric arose independently in several races, or
the phylogeography of S. araneus races is incredibly
complex (which it almost certainly is). Hausser, Fu-
magalli and Taberlet (1998) found some incongruency
between chromosome- and sequenced-based phylo-
genetic hypotheses, suggesting that the evolution and
homoplasy in Robertsonian fusions may be poorly
understood. Molar shape evolution and homoplasy
is currently even more poorly understood, however.
The molar shape differences measured in this study
may not reflect divergence time among intra-specific
populations in the same way that they do among spe-
cies. If so, the geographic patterns in molar shape
may reflect patterns of gene flow or selection-driven
homoplasy more than patterns of divergence. The
phylogeography of the Sorex araneus group is far from
resolved.

Conclusion

It is tempting to call the regular divergence of molar
shape seen in Figure 5a ‘morphological clock’. The
patterns of shape change documented here – whether
relative to cytochrome b or absolute divergence time
– are in many ways like those of molecular sequence
data. Molar shape appears to diverge at a fairly con-
stant rate such that the difference between two closely
related populations or species seems to be a function
of the recency of their common ancestry. However,
over longer periods of time the relationship between
molar shape difference and phylogenetic divergence
is not linear. Rather it is curvilinear such that the
difference in molar shape between distantly related
populations is not as great as would be expected based
on the difference observed in closely related popula-
tions. This is analogous to the saturation points of
molecular sequences. In molar shape, the ‘satura-
tion’ is likely due to reversals, which become more
probable with increasing time since divergence. The
theoretical expectation is that shape change will be a
function of the square-root of time since divergence. In

these senses, the morphological patterns demonstrated
here are quite like the regular patterns of molecular
sequence that are used to estimate time since diver-
gence. Molecular and phenotypic evolution have never
looked more similar. As a ‘morphological clock’,
though, it is unclear from the limited data presented
here whether molar shape difference could be used to
estimate time since divergence with much accuracy;
however, the pattern is regular enough to use shape
difference as a metric to estimate the phylogenetic re-
lationships of populations (as long as they do not share
a common ancestry more distant than 10 million years
or so).

The Brownian-motion-like pattern of molar shape
divergence responsible for such ‘clock-like’ behavior
does not necessarily imply that molar evolution is
neutral. Indeed, shrew molar shape is almost certainly
under intense selection because upper and lower mol-
ars have a complexly interlocking occlusal pattern,
which is vital for normal feeding. Rather, it probably
implies that the direction and intensity of functional
selection is not constant among populations or over
time. While comparative data are scarce, the shrew
populations sampled in this study probably do not have
significantly different diets or food sources (Church-
field, 1990), and, given the similarity of diet among
even distantly related species of shrew, it is unlikely
that diets have shifted dramatically through the time-
period relevant to this study. This uniformity in diet
may, in fact, be one reason why divergence is so
regular. A certain amount of shape drift may be per-
missible within the selection regime imposed by diet
and mastication (an idea similar to the selective “rub-
ber band” proposed by Barnosky, 1993). However,
the functional demands of occlusion will require that
small evolutionary changes in one tooth to be mirrored
in the occluding tooth. While the genetic and develop-
mental mechanisms for correlation between occluding
teeth are unknown, it is known that many genes are
involved in molar crown morphogenesis and that the
pattern of control and phenotypic variation is complex
(Jernvall, 1995; Keränen et al., 1998). Selection for
precise occlusion should either remove a new shape
variant or favor corresponding changes in its coun-
terpart (see Johnson & Porter, 2001, for a population
genetics approach to developmental genetics). As long
as morphological changes leave the shrew popula-
tion capable of eating its worms and meal bugs, the
effect of stabilizing selection will be minimal and
the rate of change will probably be a function of
time since divergence. A likely corollary, however,
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Figure 7. The timing of differentiation in British Sorex araneus ka-
ryotypic races. The Wytham and Clova samples (which represent
the Oxford and Aberdeen karyotypic races, respectively) may have
diverged from one another following the last deglaciation in Britain,
as implied by their relationship to the late glacial sample from the
Ightham fissures in Kent. These two populations probably shared
a last common ancestor with the Alice Holt forest sample (which
represents the Hermitage race) more than 100,000 years ago, as
implied by the position of the Genkingen 2 sample. This implies that
the original genetic separation of populations along the well-studied
Oxford–Hermitage hybrid zone in England was more than 100,000
years in the past and that the two races came into contact no more
than (and possibly much less than) 14,000 years ago. There are
no known Oxford–Aberdeen hybrids, presumably because a river
separates the two races (Mercer & Searle, 1991). As discussed in
the text, the Oxford and Aberdeen races may have diverged earlier
than 14,000 years ago.

is that as dental function changes, so will the rate of
molar shape evolution. The selective and functional
landscape probably governs the rate and pattern of
change.

If we presume that the phylogeographic scenario
presented here is accurate, it provides a tentative
timescale for the well-studied Oxford–Hermitage hy-
brid zone in southern England (Figure 7). That hybrid
zone is about 100 km wide, with an acrocentric peak
and multiple opposing clines (Searle & Wójcik, 1998).
This zone has been the focus of hybrid fertility stud-
ies (Searle, 1986; Mercer, Searle & Wallace, 1991),
tension zones (Barton & Hewitt, 1985; Searle & Wój-
cik, 1998), and general population-genetic aspects of
hybrid zones (Searle & Wójcik, 1998). The two races
on either side of the hybrid zone are represented by
samples in this study. The Alice Holt forest popula-
tion belongs to the Hermitage race, while the Wytham
wood shrews belong to the Oxford race (Searle &
Wilkinson, 1987). If the relationships established in
this study do represent true phylogenetic relationships,
then they imply that populations belonging to the
Oxford and Hermitage races have been genetically

separated for more than 100,000 years. The scenario
advanced here also suggests that the two came into
contact sometime between 14,000 and 5,000 years
ago. The earlier date is established by the fossil sample
from Ightham and the later date by the latest possible
land connection between Britain and the Continent.
This study also suggests that the Oxford and Aberdeen
races may have diverged as little as 14,000 years ago
(but see caveats above). These races are not known to
form hybrids, probably due to their geographic separa-
tion by a river (Mercer & Searle, 1991). This timescale
may help to assess the relationship of gene flow across
hybrid zones in relation to the antiquity of the ori-
ginal separation of the two races (Searle & Wójcik,
1998).

Morphological and paleontological phylogenetic
data are more commonly associated with macroevolu-
tion than microevolution. The discrete or semi-discrete
morphological traits used to construct cladograms and
place fossils into a phylogenetic framework appear to
evolve so slowly that they are not useful for within-
species studies. Surprisingly morphological traits may
evolve as regularly (or as irregularly) as do molecular
sequences, but at much faster rates. If the data presen-
ted in Figure 5(B) are representative, molar shape
distance may reach a saturation point after only 10
million years, much less than even rapidly evolving
mitochondrial DNA sequences. To those who associ-
ate morphological analysis with macroevolution and
deep-branch phylogeny it may seem counterintuitive
that morphology evolves faster than molecular se-
quences; however, most morphological studies deal
with novel (discrete) traits and the origin of homo-
logous structures – the data explored in this study
are metric changes within a single homologous sys-
tem (the molars of closely related species). Even
though many studies have found that morphological
traits evolve at rates comparable to molecular se-
quences (see Pergams & Ashley; Kinnison & Hendry,
and Gingerich, 2001), many paleontologists and mor-
phologists may not have recognized the phylogenetic
utility of mensural traits because 10 million years is
a shorter interval than separates most between-species
macroevolutionary comparisons. Importantly, though,
10 million years encompasses the timeframe within
which speciation and interspecies divergence occurs.
Rapidly evolving morphological traits open the door
for a morphology-based phylogeography, one that can
integrate fossil and extant populations and thereby
provide a geological timescale for microevolutionary
processes.
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Appendix

Uncorrected Procrustes distance matrix

S. aran. Alice Holt forest 0.00000

S. aran. Wytham wood 0.08174 0.00000

S. aran. Jura island 0.10013 0.06044 0.00000

S. aran. Clova 0.08796 0.08270 0.06544 0.00000

S. aran. Ightham fissures 0.06684 0.07886 0.07749 0.05237 0.00000

S. aran. sl Genkingen2 0.05866 0.08931 0.10082 0.09460 0.06885 0.00000

S. aran. Cantal 0.07313 0.09368 0.08115 0.09148 0.07769 0.05770 0.00000

S. aran. Hanover 0.06948 0.09538 0.07423 0.07835 0.07444 0.06569 0.03350 0.00000

S. runtonensis West Runton 0.08800 0.11640 0.11453 0.09004 0.06712 0.07487 0.08831 0.08577 0.00000

S. savini West Runton 0.10472 0.15933 0.16753 0.13734 0.12654 0.12055 0.13167 0.12153 0.11057 0.00000

S. coronatus Calais 0.07252 0.07384 0.08586 0.05231 0.07138 0.09141 0.09353 0.08927 0.10540 0.13057 0.00000

Serial corrected Procrustes distance matrix

S. aran. Alice Holt forest 0.00000

S. aran. Wytham wood 0.08174 0.00000

S. aran. Jura island 0.10013 0.06044 0.00000

S. aran. Clova 0.08796 0.08270 0.06544 0.00000

S. aran. Ightham fissures 0.06708 0.07910 0.07773 0.05261 0.00000

S. aran. sl Genkingen 2 0.06080 0.09145 0.10296 0.09674 0.07123 0.00000

S. aran. Cantal 0.07313 0.09368 0.08115 0.09148 0.07793 0.05984 0.00000

S. aran. Hanover 0.06948 0.09538 0.07423 0.07835 0.07468 0.06783 0.03350 0.00000

S. runtonensis West Runton 0.09514 0.12354 0.12167 0.09718 0.07450 0.08415 0.09545 0.09291 0.00000

S. savini West Runton 0.11186 0.16647 0.17467 0.14448 0.13392 0.12983 0.13881 0.12867 0.12485 0.00000

S. coronatus Calais 0.07252 0.07384 0.08586 0.05231 0.07162 0.09355 0.09353 0.08927 0.11254 0.13771 0.00000
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