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Abstract Identifying routes of invasion is a critical
management strategy in controlling the spread of
invasive species. This is challenging however in the
absence of direct evidence. Therefore, indirect
methodologies are used to infer possible invasion
sources and routes, such as comparisons of genetic and
morphological data from populations from invasive
ranges and putative source areas. The greater whitetoothed shrew (Crocidura russula) was first discovered in Ireland from skeletal remains in the pellets of
birds of prey collected in 2007 and is it is now
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sufficiently established that the species has a detrimental impact on Ireland’s small mammal community. In this study, we address the uncertain origin(s) of
the Irish population of C. russula. The cytochrome
b gene of mitochondrial DNA was analysed from 143
individuals from throughout its range within a phylogenetic and approximate Bayesian computation
framework. These analyses revealed that the Irish
population stemmed from Europe as opposed to North
Africa. Additionally, mandibles from 523 individuals
from Ireland and 28 other European populations were
subjected to multivariate and distance-based analyses,
which demonstrated an association between the Irish
population and those in France, Switzerland and
Belgium. When the genetic and morphological analyses were considered together, an origin stemming
from France was deemed the most likely scenario for
the source of the invasive Irish population. This study
has demonstrated the importance of utilising a
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multidisciplinary approach when attempting to identify the origins and invasion routes of invasive species.
Keywords Approximate Bayesian computation 
Cytochrome b  Europe  Mandibles  Mitochondrial
DNA  Morphometrics

Introduction
The problems presented by invasive species have
increased with the globalisation of world trade. The
large-scale movement of people and goods by land,
sea and air has led to many species being accidentally
transported to regions well beyond their natural
ranges, with often detrimental consequences for native
biodiversity (Hulme 2009; Vila et al. 2011). Identifying the origins of these invasions is a critical
management strategy in controlling the spread of
invasive species (Hulme 2009; Boissin et al. 2012). In
the absence of direct evidence indicating the routes of
introduction and sources (such as identification or
interception at ports), indirect methods, more specifically, the analyses of genetic data from invasive
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populations and putative source areas become imperative (Searle 2008; Estoup and Guillemaud 2010;
Boissin et al. 2012). In addition, analysing morphological data in conjunction with genetic data can
provide further insights into the origin of recently
colonizing species when ambiguity may exist from
inferences based solely on genetic results (Carden
et al. 2012; Lester et al. 2014).
The island of Ireland has an impoverished faunal
assemblage (in comparison to Britain and mainland
Europe) with a complex colonisation history that has
been heavily influenced by the actions of humans from
the Mesolithic period onwards (McDevitt et al. 2011;
Montgomery et al. 2014; Tresset 2015). Several
deliberate introductions/escapees are causes for concern to local wildlife (e.g. the North American grey
squirrel Sciurus carolinensis; Sheehy and Lawton
2014), as are several cases of accidental introductions
(e.g. the bank vole Clethrionomys glareolus; Montgomery et al. 2012, 2015). The greater white-toothed
shrew (Crocidura russula) is one of the most recent
examples of a presumed accidental introduction. It
was first discovered in Ireland from skeletal remains in
the pellets of barn owls (Tyto alba) and kestrels (Falco
tinnunculus) collected in 2007, with later confirmation
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Département d’Ecologie et de Gestion de la Biodiversité,
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et Environnements, Département d’Ecologie et
Gestion de la Biodiversité, Centre National de la
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by live-trapping the following year (Tosh et al. 2008).
It was initially considered that the introduction of the
greater white-toothed shrew may prove beneficial as
an additional prey item (for birds of prey; Tosh et al.
2008), but the species is now a cause of great concern
as it is associated with the extirpation of what was
previously the island’s only shrew species, the pygmy
shrew (Sorex minutus; Montgomery et al. 2012, 2015;
McDevitt et al. 2014).
The greater white-toothed shrew is distributed in
northern Africa and western Europe, and several islands
in the Atlantic (e.g. the Channel Islands) and the
Mediterranean (e.g. Sardinia). Before its introduction to
Ireland, it was absent from the British Isles (Fig. 1a;
Mitchell-Jones et al. 1999; Churchfield 2008). It has
been proposed that the greater white-toothed shrew
colonised mainland Europe from northern Africa before
the Last Glacial Maximum (*26,000–19,000 years
before present; BP) and subsequently spread

accidentally to many Mediterranean and offshore
Atlantic islands on boats with early human seafarers
(Lo Brutto et al. 2004; Brändli et al. 2005; Cosson et al.
2005). The origin and means of introduction of the
greater white-toothed shrew onto Ireland is uncertain
(Tosh et al. 2008). Although the species was only
discovered in 2007, the size of its invasive range in
Ireland and its presence in the diets of various predators
over a large area undoubtedly points to an introduction
several years earlier (McDevitt et al. 2014; O’Meara
et al. 2014). The greater white-toothed shrew occupies a
distribution range in Ireland of *7600 km2 in size as of
November 2013, and has been rapidly expanding at an
average rate of 5.5 km per year (McDevitt et al. 2014).
The species has also been found in isolated pockets
outside the main invasive range in Ireland, meaning that
it is either being transported around with humans within
the island or that there have been separate introduction
events from outside Ireland (McDevitt et al. 2014).

Fig. 1 Sampling locations (Canary Islands not shown) for
tissue samples sequenced of greater white-toothed shrews for
cytochrome b (a) and mandibles used for morphometric
analyses (b). In Ireland, sampling location 1 is the main
invasive range (see main text) and sampling location 2 is one of

the isolated populations in Cork city (a). The extent of the
species’ distribution range in Europe and North Africa are
indicated by dashed lines according to Mitchell-Jones et al.
(1999) and Churchfield (2008). The Pyrenees mountain range is
indicated
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The purpose of the present study was to use
molecular and morphological data to provide insights
into the origin(s) of the greater white-toothed shrew in
Ireland. We sequenced a fragment of the cytochrome
b (cyt b) gene of mitochondrial DNA (mtDNA), and
determined size and shape variation of mandibles to
compare Irish individuals with those in the rest of the
species’ range (Fig. 1). Phylogenetic analyses and an
approximate Bayesian computation (ABC; Beaumont
2010) approach using genetic data, in conjunction with
multivariate and distance-based analyses of the morphological data, were used to determine the most
likely origin of the Irish population of greater whitetoothed shrews.

Materials and methods
Genetic data and analyses
Irish greater white-toothed shrews were collected
during various recent fieldwork targeting small mammals (Montgomery et al. 2012, 2015; White et al.
2012; McDevitt et al. 2014). Fourteen individuals
were taken from the main invasive range (sampling
location 1; Fig. 1a) and 10 from one of the isolated
populations (Cork city or sampling location 2;
Fig. 1a). Tissue samples from individuals from mainland Europe and several offshore islands were derived
from existing collections (Fig. 1a; Table S1). DNA
was extracted from ethanol-preserved tail tips, liver,
toe or ear clippings using a salting out procedure
modified from Miller et al. (1988).
As with previous studies on Crocidura species,
amplification of the cyt b gene was attempted using a
number of different primer combinations (Cosson
et al. 2005; Dubey et al. 2006, 2007). Initially the
universal primer pair L14841 and H15915 (Kocher
et al. 1989; Irwin et al. 1991) was used following
Brändli et al. (2005) and Cosson et al. (2005).
However, because of limited success with this primer
combination, the primers L14734 and H15985 (Ohdachi et al. 1997, 2001) or custom-designed internal
primers were used (Fig. S1; Table S2). A total of 99
individuals were sequenced (24 Irish; 14 Portuguese;
22 Spanish and 39 French mainland and island) and
these were combined with data from 44 individuals
obtained in previous studies (Brändli et al. 2005;
Cosson et al. 2005). This resulted in a dataset
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consisting of 143 individuals. A 904 base pair (bp)
fragment was used for all analyses.
A Maximum Likelihood (ML) phylogenetic tree of
the cyt b haplotypes was constructed using the BEST
approach implemented in PhyML v. 3.0.1 (Guindon
et al. 2010) using the HKY ? I ? G model
(a = 0.562) as the consensus model selected by the
Akaike Information Criterion in jModelTest 0.0.1
(Posada 2008). C. leucodon and C. suaveolens were
used as outgroup species (Cosson et al. 2005). Branch
support was calculated from 1000 bootstrap replicates.
In addition, a phylogenetic network was constructed
using the software Network v. 4.6.1.2 (www.fluxusengineering.com) with a Median-Joining (MJ) algorithm based on maximum parsimony (Bandelt et al.
1999). The total number of polymorphic sites, and
nucleotide diversity and haplotype diversity were
calculated for the whole sample of greater whitetoothed shrews, and for each region (see Results) using
DnaSP v. 5 (Librado and Rosaz 2009).
To distinguish between different colonisation scenarios, an ABC approach was implemented in
DIYABC v. 2.0.4 (Cornuet et al. 2014). This software
can produce estimates of the relative likelihood of
alternative colonisation scenarios in a coalescent
framework. We grouped individuals into three discrete
regions or ‘populations’ of interest as the likely source
for Irish greater white-toothed shrews: Iberia (south of
the Pyrenees Mountains; Pyrenees South), France/
Switzerland/Germany/Netherlands (north of the Pyrenees Mountains; Pyrenees North) and Morocco/Canary Islands (Morocco). These groupings were chosen
because of geographical barriers between them that
either restrict (the Pyrenees Mountains) or prevent (the
Mediterranean Sea) natural gene flow in small mammals. In addition, an unsampled population was
included in some of the scenarios in accordance with
Cornuet et al. (2010; see below). After preliminary
analyses, effective population sizes were allowed to
vary between 10 and 10,000 individuals for the Irish
population and between 10 and 100,000 for the other
populations. With the generation time assumed to be
one year (Brändli et al. 2005), in scenario 1, the
European populations split from the Moroccan population at t4 (150,000–1 BP) to coincide with the upper
limit of time since expansion for the European
population based on a previous molecular study
(Brändli et al. 2005). Pyrenees North and Pyrenees
South then split at t3 (31,000–1 BP, with t3 \ t4) to
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coincide with the earliest appearance of the species in
northern Iberia (López-Garcı́a et al. 2014). The Irish
population then stems from Pyrenees South at t1
(100–1 BP, with t1 \ t3 and t4) to coincide with the
species’ very recent arrival in Ireland (McDevitt et al.
2014). Scenarios 2 and 3 are similar but involve the
Irish population splitting from Pyrenees North and
Moroccan at t1, respectively. Finally, scenarios 4–6
include the unsampled population splitting from the
Pyrenees South, Pyrenees North and Moroccan populations, respectively, at t2 (31,000–1 BP, with
t2 \ t3). The Irish population then splits directly from
the unsampled population at t1. See Fig. 2 for a
graphical representation of all six scenarios.
Simulated datasets were created using the HKY
model and requesting a total of 44 summary statistics
(Table S3). One million simulated datasets per
scenario were used to produce posterior distributions.
Each scenario was considered to be equally probable
at the outset. To check the reliability of the observed
summary statistics, a Principal Component Analysis
(PCA) was performed on the summary statistics from
the simulated datasets and compared against the
summary statistics from the observed dataset in order
to evaluate how the latter is surrounded by the
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simulated datasets. If the model fits well with the
observed dataset, one should see on each PCA plane a
wide cloud of datasets simulated, with the observed
dataset roughly in the middle of the datasets generated
from the posterior predictive distribution (Cornuet
et al. 2010; Fig. S3). The posterior probabilities of
scenarios were then compared by means of a direct
estimate and logistic regression (Cornuet et al. 2008),
using the closest 1,000 simulated datasets to the
observed data for the direct estimate, and 60,000
simulated datasets for the logistic regression.
Morphological data and analyses
A total of 523 intact mandibles of greater whitetoothed shrews from 22 mainland European and 7
insular populations (including Ireland; Fig. 1b;
Table S4) were used (Cornette et al. 2012, 2014,
2015) to explore the variability in mandibular form
across its distribution (note that no North African
samples were included, see Results). Mandibles were
collected from a combination of live-trapping and barn
owl pellets in each of the sampled populations. Bones
from owl pellets are known to be well-preserved even
after digestion and have previously been utilized in

Fig. 2 Graphical representation of the six competing colonisation scenarios considered in the approximate Bayesian computation
(ABC) analysis of population history of greater white-toothed shrews (see ‘‘Materials and methods’’ for a description of the scenarios)
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Fig. 3 Illustration of the six distances on the left hemimandible. M1 describes the overall mandible length, M2 and
M3 describe the length of the toothed row. Measurements M4,
M5, and M6 all describe the height and robustness of the
posterior part of the mandible

Table 1 Abbreviations and anatomical description of the
distances measured on the mandible of greater white-toothed
shrews (see Fig. 3)
M1

Total length of the mandible

M2

Length from the third molar to the incisor

M3

Length from the third molar to the first pre-molar

M4

Distance from the coronoid process to the
angular process

M5

Height of the mandibular branch

M6

Distance from the base of the mandible
to the articular condyle

morphometric studies of small mammals (Andrews
1990). Mandibular form was determined for each of
the 29 sampled populations by taking six measurements from the left hemi-mandible (Fig. 3; Table 1).
Measurements were taken using a digital calliper
(Mitutoyo; precision: 0.01 mm) from adult mandibles
only in order to avoid variability in shape associated
with development to maturity (Jeanmaire-Besançon
1986). Adults were identified by examining tooth
eruption and tooth wear patterns. To assess the effect
of measurement error on subsequent analyses of
mandibular form, five specimens of the same sex
from the same population were measured 10 times
each (i.e. all six measures were taken ten times for
these five specimens). A PCA allowed us to quantify
and visualize shape variability and showed that
variability between subsequent measurements was
lower than the variability between specimens (data not
shown). All specimens were measured by R. Cornette
(to avoid recorder bias) (Table 2).
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To estimate the form, the sum of the size and shape
of the mandible (Needham 1950), conventional morphometrics were utilised (Marcus 1990). This
approach allows the quantification of the effects of
size and shape separately. To do so, we used Mosimann’s geometric framework (Mosimann 1970; Mosimann and James 1979) to quantify (a) the isometric
size (the mean of all log-transformed measurements
for each specimen) and (b) the shape defined as the
Log Shape Ratio (LSR), which corresponds to the
subtraction of the isometric size value from the set of
its logged measurements for each individual. LSR can
be used for multivariate analyses in a framework
similar to geometric morphometrics (Fabre et al.
2014).
We performed three types of analyses on the size
and shape data to ‘place’ the Irish population in
relation to the other populations. The first of these
(focusing on size) was a t test adjusted with a
Bonferroni correction (Rice 1989) to test for similarities and differences in log-transformed isometric size
between populations. For the second method (focusing
on form), a PCA was performed on log-transformed
measurements to quantify and visualize form variability between populations. For the final method, two
neighbour joining trees using the Mahalonobis distances were created, one on the log-transformed
measurements (i.e. using form data) and the other on
the LSR (i.e. using shape data). This allowed us to take
into account the overall shape variation using the LSR
approach and to quantify the global phenotypic
similarities and differences between populations based
on the analysis of form (Cornette et al. 2012, 2014,
2015). All statistical analyses were performed using
the packages Rmorph (Baylac 2012) and APE (Paradis
et al. 2004) in R 3.1 (R Core Team 2014).

Results
Genetic analyses
The cyt b dataset contained 126 polymorphic sites,
with 97 of these being parsimony informative. A total
of 67 haplotypes were identified among the 143
individuals, of which 37 were newly described in this
study (Table S1; Genbank Accession Nos.:
KT167326–KT167327; KT167329–KT167363). The
phylogenetic analyses revealed two distinct lineages;
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Table 2 Measures of nucleotide (p) and haplotype (h) diversities (along with the standard deviation; SD) for each grouping of
greater white-toothed shrews based on cytochrome b sequences
Grouping

n

H

p (±SD)

h (±SD)

Overall

143

67

0.00899 (0.00226)

0.943 (0.011)

Irish

24

3

0.00027 (0.00013)

0.236 (0.109)

Pyrenees South

40

26

0.00244 (0.00022)

0.958 (0.019)

Pyrenees North

59

25

0.00269 (0.00026)

0.870 (0.030)

Moroccan

15

13

0.00677 (0.00070)

0.981 (0.031)

Tunisian

5

3

0.00575 (0.00120)

0.800 (0.164)

The number of individuals (n) and haplotypes (H) of each grouping are also indicated

one occupying Morocco, mainland Europe and Ireland, and the other occupying Tunisia, Sardinia and
Pantelleria (Fig. S2). Three closely-related haplotypes
were found in Ireland (Fig. 4). Haplotype IRE1 was
found in 21 individuals, IRE2 in two individuals and
IRE3 in a single individual (Fig. 4; Table S1). All the
haplotypes found in the isolated population in Cork
city are common to those identified in the main
invasive range of the greater white-toothed shrew in
Ireland (Fig. 1a). None of the Irish haplotypes were
found within the main distribution range of the species
(Fig. 4). Haplotype IRE1 showed a single nucleotide
polymorphism (SNP) in relation to the main European
haplotype, which was found in both French and
Iberian individuals (EUR1; Fig. 4). The other two
Irish haplotypes (IRE2 and 3) had a SNP each in
relation to IRE1, but IRE2 also had a SNP in relation to
another haplotype containing both French and Iberian
individuals (EUR2; Fig. 4). Haplotype IRE3 was two
SNPs removed from one of the Moroccan haplotypes
(MOR1; Fig. 4). Nucleotide and haplotype diversities
were 0.00027 and 0.236, respectively, for the Irish
population (Table 1). These measures of diversity
were higher and similar for groupings north and south
of the Pyrenees and higher again for the African
populations (Table 1).
A total of six scenarios were tested using an ABC
approach (Fig. 2), with scenarios 4 (Pyrenees Southunsampled-Ireland) and 5 (Pyrenees North-unsampledIreland) receiving the highest support from the direct
estimate (Fig. 5a) and the logistic regression (Fig. 5b).
The direct estimate did not distinguish between these
two scenarios but the logistic regression assigned a
higher posterior probability to scenario 4 (Fig. 5b). The
estimated median substitution rate was 9.63 9 10-8
substitutions/site/year (95 % CI 8.09 9 10-8–
1.00 9 10-7 substitutions/site/year; Table S4). The

first split of the Moroccan (Ne (all medians) = 85,700;
95 % CI 54,500–99,200) and European populations
occurred at *25,000 BP, with the Pyrenees North
(Ne = 89,000; 95 % CI 67,000–99,400) and South
(Ne = 96,000; 95 % CI 82,400–99,800) splitting at
*7600 BP. The unsampled population (Ne = 7690;
95 % CI 1100–66,200) then split from Pyrenees South
at *6800 BP and the Irish population (Ne = 3560;
95 % CI 238–9580) split from this population at 48 BP
(Table S4). The PCA demonstrated that the summary
statistics from the observed dataset was within the main
cluster of the simulated datasets (Fig. S3). The posterior
distributions of model parameters for the most likely
scenario (scenario 4) are provided in Table S5.
Morphometric analyses
The Irish population is amongst the sampled populations displaying the greatest size (Fig. 6). After
adjusting the results using a Bonferroni correction
(adjusted P = 0.0001), the Irish population does not
differ statistically from 11 populations in mainland
France (FM1-3, FM6-9, FM11, FM12 and FM17), and
the Belgian and Swiss populations (BEG and SWZ;
Table S6) in terms of its isometric size. It is
significantly different from the other 15 populations
(Table S6). The first two axes of the PCA performed
on the log-transformed data account for almost 89 %
of the total variance, with the first axis accounting for
77.3 % of the variation alone (Fig. 7). The positive
part of the first axis is mainly explained by high
positive loadings of the distances M4, M5, and M6 in
particular (which characterise the posterior part of the
mandible) and the second axis by the height of the
coronoid (M6) versus the tooth row length (M2 and
M3). If we consider the first axis only, the Irish
population is positioned to the right of PC1, close to

123

864

L. M. Gargan et al.

Fig. 4 Median-joining network of cytochrome b haplotypes of
greater white-toothed shrews, colour-coded by region (see
Fig. 1a). The size of the circles corresponds to frequency, and

the lines on the branches represent mutational steps (when
greater than one). Black squares represent missing haplotypes

six populations from mainland France (FM3, FM7,
FM9, FM10, FM12 and FM17), BEG, and SWZ, all
characterised by a robust posterior mandible (Figs. 3,
7). In general, the Irish population is most different
from the Iberian (ESP and POR) and French island
populations. We find a similar pattern when analysing
shape and form using the neighbour-joining trees
(Fig. 8a, b), with the Irish population being most
closely related (i.e. shortest distance) to populations
FM3, FM5, SWZ and BEG in the analysis of shape
(Fig. 8a), and to populations FM3, FM9-11, FM17,
SWZ and BEG in the analysis of form (Fig. 8b).

et al. 2008). In this study, we attempt to provide
insights into the origin so that light can be shed on the
means of introduction. Molecular techniques have
proved indispensable in determining the source of
invasive species (Searle 2008; Guillemaud et al. 2010;
Boissin et al. 2012) and here we analyse genetic data in
conjunction with morphological data (Carden et al.
2012; Lester et al. 2014) in order to determine the most
likely source for the recently established Irish
population.
Considering the genetic data to begin with, the Irish
population of greater white-toothed shrews showed
typically low levels of genetic diversity that would be
expected of a very recent introduction to an island
(Table 1; Stuart et al. 2007; Gray et al. 2014). The
detected diversity is restricted to only three haplotypes
in Ireland, one of which (IRE1) was found in 21 out of
24 individuals (Fig. 4). All individuals from the

Discussion
The origin of the greater white-toothed shrew in
Ireland has been unclear since its discovery (Tosh
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Fig. 5 Comparison of colonisation scenarios 4–6 for the origin
of the greater white-toothed shrews on Ireland (see Fig. 2) using
the direct estimate (a) and logistic regression for each simulated
scenario (b). Scenario 4 is in red; scenario 5, blue; and scenario
6, yellow

outlier population in Cork city had haplotypes common to those in the main invasive range in Ireland,
suggesting that the Cork city population was not an
independent introduction into Ireland. Therefore, it is
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likely that the greater white-toothed shrew was
introduced to Ireland on a single occasion from a
single source, and the subsequent appearance of
several outlier populations within Ireland suggests
that the species is moving around with humans within
Ireland as opposed to separate introductions from
outside the island (McDevitt et al. 2014). Species that
were introduced deliberately to Ireland (either in
ancient or more recent times) tend to have been
brought in multiple times from multiple sources, and
the molecular data reflect this (the red deer Cervus
elaphus and badger Meles meles; Carden et al. 2012;
Frantz et al. 2014), whereas those that were accidental
stowaways generally only show the signal of a single
introduction (the bank vole and pygmy shrew; Stuart
et al. 2007; McDevitt et al. 2009, 2011). The house
mouse Mus musculus is an obvious exception to this
generalisation however (Searle et al. 2009).
Past phylogenetic analyses have revealed two
distinct and well-supported mtDNA lineages of
greater white-toothed shrews in Europe and North
Africa (Figs. 4, S2; Lo Brutto et al. 2004; Brändli et al.
2005; Cosson et al. 2005). The Irish individuals belong
in the same lineage as individuals from mainland
Europe and Morocco (Fig. S2). Individuals from
Tunisia, Sardinia (Italy) and Pantelleria (Italy) formed
the other lineage, and these can immediately be
dismissed as possible source areas for the Irish
population (Figs. 4, S2). There is no clear evidence
of further divergence within the European-Moroccan
cyt b lineage (Fig. S2), which makes identifying the

Fig. 6 Box-plot illustrating
differences in the isometric
size of the mandibles of 29
European populations of
greater white-toothed
shrews. Populations are
ordered according to size
from left to right, from the
smallest to the largest. The
Irish population is indicated
in green, populations south
of the Pyrenees in red and
those north of the Pyrenees
in blue. See Fig. 1b for
sampling localities
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Fig. 7 Principal component analysis (PCA) realised on logtransformed measurements of the mandible of 29 European
populations of greater white-toothed shrews. The first axis
explains most of the variation and tends to separate the larger
specimens from Ireland, Switzerland, Belgium, and those from

the east of France from the others, including the Iberian
populations. The Irish population is indicated in green,
populations south of the Pyrenees in red and those north of
the Pyrenees in blue. See Fig. 1b for sampling localities

Fig. 8 Neighbour-joining trees created using the Mahalanobis
distances of the (a) shape and (b) form (i.e. shape ? isometric
size) datasets of 29 European populations of greater white-

toothed shrews. The Irish population is indicated in green,
populations south of the Pyrenees in red and those north of the
Pyrenees in blue. See Fig. 1b for sampling localities

source of the Irish individuals difficult. In the first
instance, we did not find a precise match for the Irish
haplotypes in either mainland Europe or Morocco
(Fig. 4). It is important to note at this point that the
likelihood of SNPs arising and being detected in the
cyt b of Irish greater white-toothed shrews in situ over

this time scale within Ireland is highly unlikely given
what we know about substitution rates in the gene in
small mammals (Herman and Searle 2011). A previous study found that two Irish individuals (using a
457 bp fragment of cyt b) were more closely related to
previously published sequences from French and
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Swiss individuals than other sequences (O’Meara et al.
2014). However, it has been demonstrated that using
shorter fragments of mtDNA genes and insufficient
sampling can lead to misleading results when inferring
colonisation history (McDevitt et al. 2011; Frantz et al.
2014). Based on our much expanded dataset in terms
of both the length of sequence analysed and the
number of individuals utilised, the haplotype most
abundant in Ireland (IRE1) is most closely related to
the most abundant haplotype found in Europe (EUR1;
Fig. 4). EUR1 consists of individuals from both Iberia
and France, but not Switzerland. IRE2 is also closely
related to haplotype EUR2 but yet again, this consists
of both Iberian and French individuals. All three Irish
haplotypes are part of this ‘star-like’ pattern of
haplotypes (an abundant central haplotype with
closely related haplotypes of lower frequency, which
is consistent with a demographic expansion; McDevitt
et al. 2011). This ‘star-like’ group of haplotypes is
composed of individuals from Iberia, Germany, the
Netherlands and 23 French individuals. However, 16
French individuals belong to a second group of
haplotypes showing a star-like expansion (with the
central haplotype EUR3), along with all individuals
from Switzerland (Fig. 4; Table S1). It is also worth
noting that the Irish haplotype, IRE3, is closely related
to one of the Moroccan haplotypes (MOR1). It was
therefore clear that further analysis was needed to
identify the putative source of the Irish population and
the application of ABC methods to determine the
origins of invasive species (Guillemaud et al. 2010;
Boissin et al. 2012) and Irish populations of different
species (Coscia et al. 2013; Pedreschi et al. 2014) has
proven to be particularly revealing.
Our ABC analysis of the greater white-toothed
shrew gave a split between the European and Moroccan populations at approximately 25,000 BP
(Table S5). Previous estimates based on molecular
data have placed this at around 60,000 BP for cyt
b (Cosson et al. 2005) or a lower bound of 38,000 BP
for the control region (Brändli et al. 2005). All these
estimates are of course subjected to the substitution
rates used. For example, Cosson et al. (2005) used an
estimate (based on a deep calibration point inferred
from fossil records of the Crocidura–Sorex species
split around 20 million years ago) equivalent to
6.8 9 10-9 substitutions/site/year. This is an order of
magnitude lower than the median estimate here
(9.63 9 10-8 substitutions/site/year). Recent studies
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have demonstrated that calibrations based on estimates
of interspecific divergence from the fossil record are
likely to severely underestimate the substitution rate at
the intraspecific level (Ho et al. 2008, 2011). Calibrations based on ancient DNA of the species being
studied or established geophysical events (the existence and disappearance of land-bridges for example)
are much more reliable (Ho et al. 2008, 2011; Herman
and Searle 2011). Even in the absence of such data for
the greater white-toothed shrew, the estimate of
divergence between the European and Moroccan
populations from this study is more in agreement with
the first evidence of humans crossing between Iberia
and north Africa (Bouzouggar et al. 2002), with the
implication that humans transported the greater whitetoothed shrew between continents (Cosson et al. 2005).
The split between the Pyrenees South and Pyrenees
North populations was at *7600 BP. The species has
been recorded earlier in western France, with an
estimated presence between 14,000 and 11,000 BP
(Marquet 1989) and this is within the 95 % confidence
interval of the estimate from the ABC analysis
(Table S5). The Irish population split 48 years ago
(Table S5), and this is in accordance with the upper
estimate of when the species began to expand its range
within Ireland (McDevitt et al. 2014). The ABC
analysis confirmed that a European origin is highly
likely, as the scenarios suggesting an origin from
Morocco did not receive much support (Scenarios 3
and 6; Fig. 5a, b). It also revealed that the scenario in
which the Irish population arose from an unsampled
population stemming from Iberia (Pyrenees South)
was the best supported (Scenario 4; Figs. 2, 5b).
However, the scenario in which the Irish population
originated from the unsampled population stemming
from north of the Pyrenees was only slightly less likely
(Scenario 5; Fig. 5b). We therefore have the situation
where the mtDNA data does not definitively identify
the region of origin for the Irish population. Additional
greater white-toothed shrews from unsampled areas in
Europe and more molecular markers (such as
microsatellites and/or SNPs) would help provide more
precision on the origin of the Irish population (McDevitt et al. 2011; Boissin et al. 2012; Puzey and VallejoMarı́n 2014).
We therefore turn to the morphological data, which
can also provide information on the origins of recently
colonizing species, and become particularly powerful
when combined with inferences based on genetic data
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(Carden et al. 2012; Lester et al. 2014). Environmental
factors can influence comparisons of any morphological trait between distant populations and mandibles
are certainly no exception (Cornette et al. 2012, 2015).
Renaud et al. (2015) demonstrated that the mandibles
of invasive house mice on a small Sub-Antarctic island
show significant change over the period of a few
decades. However, the extremely short period of time
since the greater white-toothed shrew arrived in Ireland
(Tosh et al. 2008; McDevitt et al. 2014) and the
relatively large size of the island make it unlikely that
substantial morphological divergence has occurred
from its source population. With the genetic data
pointing to a European rather than North African
origin, size and shape variation of mandibles from the
Irish population were compared with 28 populations
within the European range to determine which population(s) the Irish shrews were most similar to. In terms
of size, the Irish population was similar to populations
in the central, southern and eastern regions of France,
Belgium, and Switzerland (Fig. 6). It was significantly
differentiated from populations in northern France, the
French islands and the Iberian populations (Table S6).
Similar results were found when analysing shape and
form, with the Irish population showing similarities to
southern and eastern French, Belgian, and Swiss
populations as opposed to Iberian and French island
populations (Figs. 7, 8a, b). Whereas the genetic data
could not definitively distinguish between a source
from north or south of the Pyrenees, the morphological
data points to an origin from north of the Pyrenees for
the Irish population. The Irish, Swiss, and eastern
French populations (FM6, FM9, FM10 and FM17)
were morphologically similar for all analyses but were
more distantly related in terms of the genetic data.
Individuals that were sequenced from Switzerland and
eastern France had either the EUR3 haplotype, or had
haplotypes closely related to it within that group
(Fig. 4). Alternatively, individuals that were
sequenced from areas close to the other populations
that Ireland was most morphologically similar to
(BEG, FM3, FM7 and FM12), had haplotypes associated with both the EUR1/2 group and the EUR3 group
(Fig. 4). If we therefore consider both the morphological and genetic data together, an origin for the Irish
population stemming from France (or further north in
the Benelux countries) is the most likely scenario.
The European countries where the species is
present are part of the European Union (or have
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equivalent trade agreements in place in the case of
Switzerland), so the present-day movement of goods
and people by sea and air between these countries is
obviously large. Most importantly perhaps given the
results presented in this study is that freight is very
frequently moved between the ports of Rosslare/Cork
in the south of Ireland and Roscoff/Cherbourg in
northern France and this could have provided the
direct route for the species into Ireland. The greater
white-toothed shrew is found in many Atlantic and
Mediterranean islands and bears the hallmarks of a
species that has been regularly transported around
with humans throughout history (Lo Brutto et al.
2004). The species is associated with humans in many
parts of its range (McDevitt et al. 2014) so there are
opportunities for it to be transported between countries. This is being clearly illustrated over a short
period of time within Ireland as the species is moving
around and establishing isolated populations outside
of the main invasive range (McDevitt et al. 2014).
Given the travel distances involved between Ireland
and mainland Europe, the species may have required
access to a food source during its transportation when
holding times at ports/airports and travel times are
considered (factoring in by air/sea and by road to the
point of introduction in Ireland). However, the greater
white-toothed shrew is known to enter a state of daily
torpor when food is scarce or a drop in temperature
occurs so this may not have been strictly necessary
(Genoud 1985). McDevitt et al. (2014) proposed that
the species was moving around within Ireland with the
transport of livestock and/or horticultural produce.
Ireland is largely an exporting country when it comes
to livestock (no Spanish and very limited French
imports; A. Kelly, pers. comm.) so this seems less
likely to be a means by which the species initially
entered the country. It is more probable that the
species was brought to Ireland with horticultural/
arboricultural produce (e.g. in large, hessian wrapped
root balls of trees where soil would have harboured the
insect prey and water necessary to sustain the shrews
during transportation). It would take only a small
number of individuals (with at least three females
based on the number of Irish haplotypes found in this
study) to establish a population (Vogel 1999) and the
homogenous nature of the Irish landscape in terms of
agricultural land with connecting hedgerows would
ensure a rapid spread outwards from the proposed site
of introduction (McDevitt et al. 2014).

Molecular and morphological insights

The recent arrival of the greater white-toothed shrew
in Ireland from mainland Europe and its rapid expansion
in numbers has led to unforeseen negative impacts on
Ireland’s small mammal community (Montgomery et al.
2012, 2015; McDevitt et al. 2014). This study has
demonstrated the importance of using a multidisciplinary approach when attempting to identify the source
population(s) and invasion route(s) of invasive species.
The combined molecular and morphological approach
used here has identified the likely origin from the
European mainland for the Irish greater white-toothed
shrew population and highlights the need for appropriate
screening of produce that enters the island to prevent
further importation of potentially invasive species and
negative impacts on a unique island’s fauna and flora
assemblage.
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