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Artificial neural networks enable discrimination of taxa using morphological characters: an example with a problematic small mammal, the water vole (genus Arvicola) (Rodentia, Cricetidae)
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The aim of this study is to assess the reliability of different artificial neural networks as tools for identifying taxonomic or ecotypic subdivisions in European water voles (genus Arvicola). Self-organizing maps show that taxa at subspecies or species level are organized along morphological gradients correlated with ecotypes (from extreme forms of fossorial Arvicola terrestris to strictly aquatic Arvicola sapidus). An automatic discrimination process based on a multilayer feed-forward network, working with 17 French and one Spanish reference populations, proved able to correctly identify species in test samples from France, but sometimes misidentified specimens from other countries. Three morpho-ecotypes were identified using a self-organizing map with a single-species dataset (Arvicola terrestris only). However, there were no clues as to how these morpho-ecotypes might correlate with the known phylogenetics of the species. Our model can identify species on the basis of a limited range of cranial measurements which are available from vole skull fragments commonly found in owl pellets. This can have very practical risk-assessment applications as it allows easier identification of the more fossorial Arvicola terrestris populations which are a threat to crops.

Introduction

Artificial neural networks (ANNs) have seldom been used for discriminating among animal taxa (but see an example in [START_REF] Giraudel | Application of the self-organizing mapping and fuzzy clustering microsatellite data: how to detect genetic structure in brown trout (Salmo trutta) populations[END_REF]; see a review in [START_REF] Giraudel | Ecological applications of unsupervised artificial neural networks[END_REF]; also an attempt for Taterillus in [START_REF] Dobigny | Geometric morphometrics, neural networks and diagnosis of sibling Taterillus species (Rodentia, Gerbillinae)[END_REF].

It is generally agreed that the genus Arvicola Lace

´pe `de, 1799 is represented in Europe by at least two species: Arvicola sapidus, Miller, 1908, andArvicola terrestris (Linnaeus, 1758) [START_REF] Niethammer | Handbuch der Sa ¨ugetiere Europas[END_REF]Krapp 1982, Gromov and[START_REF] Gromov | Voles (Microtinae). Fauna of the USSR -Mammals[END_REF]. However, morphologists disagree about the subdivision of A. terrestris into ecotypes (fossorial and semi-aquatic: Saucy 1999), subspecies (35 subspecies have been described to date: Wust [START_REF] Wust-Saucy | Polymorphisme ge ´ne ´tique et phyloge ´ographie du Campagnol terrestre Arvicola terrestris[END_REF], or even into species [START_REF] Miller | Catalogue of the mammals of Western Europe (Europe exclusive of Russia) in the collection of the British Museum[END_REF] described seven species for Western Europe: amphibius, illyricus, italicus, musignani, sapidus, scherman, terrestris).

The genus has been the subject of various taxonomical and biogeographical studies in Western Europe, from Heim de [START_REF] Heim De Balsac | Evolution et spe ´ciation des campagnols du genre Arvicola en territoire francais[END_REF], through [START_REF] Spitz | Etude de la morphologie cra ˆnienne des grands campagnols (Arvicola Lace ´pe `de) par l'analyse factorielle des correspondances[END_REF], to [START_REF] Ventura | Geographic variation and divergence in nonmetric cranial traits of Arvicola (Mammalia, Rodentia) in Southwestern Europe[END_REF]. Species and subspecies have been differentiated by morphometric measurements [START_REF] Engels | Zur Kennzeichnung der spanischen Schermaus (Arvicola terrestris monticola de Se ´lys Longchamps, 1838)[END_REF][START_REF] Warmerdam | Numeriek-taxonomische studie van de twee vormen van de woelrat Arvicola terrestris (Linnaeus, 1758) in Nederland en Belgie ¨[END_REF][START_REF] Ventura | Taxonomic review of Arvicola terrestris (Linnaeus, 1758) (Rodentia, Arvicolidae) in the Iberian Peninsula[END_REF][START_REF] Escude | Reappraisal of ''chronospecies'' and the use of Arvicola (Rodentia, Mammalia) for biochronology[END_REF], non-metric characters [START_REF] Ventura | Geographic variation and divergence in nonmetric cranial traits of Arvicola (Mammalia, Rodentia) in Southwestern Europe[END_REF], cytogenetics [START_REF] Peshev | Banding patterns of the water vole (Arvicola terrestris L., Rodentia, Mammalia) chromosomes[END_REF]Belcheva 1978, Diaz de la Guardia and[START_REF] Diaz De La Guardia | Karyotype and centric dissociation in water vole (Arvicola sapidus sapidus Miller, 1908) (Rodentia, Muridae)[END_REF], allozymes [START_REF] Graf | Ge ´ne ´tique biochimique, zooge ´ographie et taxonomie des Arvicolidae (Mammalia, Rodentia)[END_REF][START_REF] Saucy | Biochemical polymorphism and genetic variability in aquatic and fossorial populations of the water vole, Arvicola terrestris, in Western Europe[END_REF], and mitochondrial DNA polymorphism [START_REF] Wust-Saucy | Polymorphisme ge ´ne ´tique et phyloge ´ographie du Campagnol terrestre Arvicola terrestris[END_REF]. These studies all concur on the existence of two species (Arvicola terrestris and Arvicola sapidus).

Wust- [START_REF] Wust-Saucy | Polymorphisme ge ´ne ´tique et phyloge ´ographie du Campagnol terrestre Arvicola terrestris[END_REF] subdivided Arvicola terrestris into three genetic lineages (Eastern, Italian, and Iberian) and three ecotypes (aquatic, fossorial, and intermediate). [START_REF] Wilson | Mammals species of the world: a taxonomic and geographic reference[END_REF] classified semi-aquatic populations as Arvicola amphibius (Linnaeus, 1758) and fossorial populations as Arvicola scherman (Shaw, 1801). Their classification was based on body mass, pelage coloration, social behavior, mating system, use of space, skull size and shape, and incisor protrusion. They did not use intermediate ecotypes.

This paper is somewhat conservative in outlook and considers that there are just two Arvicola species -A. sapidus and A. terrestris -and two ecotypes (aquatic and fossorial) (Figure 1).

Our aim is two-fold: 1) to evaluate two ANN models as tools (i) for detecting relevant taxonomic subdivisions within a data set from a collection of known populations, and (ii) for classifying unknown specimens. 2) To explore possible correlations between the ANN subdivisions (3 morphotypes) and the phylogenetic tree of the genus. Arvicola sapidus; Arvicola sapidus and Arvicola terrestris (fossorial ecotype);

Arvicola terrestris (fossorial ecotype);

Arvicola terrestris (aquatic ecotype). localities (117 in France, 6 in Germany, 7 in Spain, 3 in Switzerland, 2 in the United Kingdom, 2 in Poland, and 1 in Italy). A few specimens were excluded because of doubts about their precise locality of origin, or because one or more measurements could not be made. The resulting dataset totaled 563 specimens. Species were identified initially using the descriptive characters proposed by [START_REF] Chaline | Les proies des rapaces (petits mammife `res et leur environnement)[END_REF], [START_REF] Blanco | Mammiferos de Espana: Vol. II -Ceta ´ceos, Artioda ´ctilos, Roedores[END_REF], and Le Louarn and Que ´re ´ (2003). A total of 33 Arvicola sapidus specimens were identified. The fact that they were collected from regions (in western France and southern Spain) well outside the known range of A. terrestris was supporting evidence for their identification. These 33 specimens were subdivided into Mediterranean (ns11) and non-Mediterranean (ns22) ''reference populations''.

For reference populations of Arvicola terrestris, a new selection criterion was added. Most were collated from a homogeneous series of individuals captured in the field (not found in owl pellets), each population at a specific locality, in conditions that excluded the possibility of them being A. sapidus. Most individuals selected in this way belonged to fossorial populations. A reference population for the semi-aquatic type was made up of specimens from the flood plain of northernmost France (Nord-Pas de CalaissNPC). Three populations wOuroux and Prisy (ORP), Nord-Pas de Calais (NPC), and Saint Alban de Montbel (SAL)x were collected from owl pellets. In all, 17 reference populations of A. terrestris (ns304) were included in the study (Figure 2).

Skull measurements

Eight skull measurements were made, as described elsewhere for Microtus (Terricola) [START_REF] Spitz | Etude craniome ´trique du genre Pitymys[END_REF], meaning that even partly fragmented specimens (e.g., those found in owl pellets) could be included in the study. These measurements were:

• inter-orbital distance,

• nasal bone length (measured between the narrowest posterior part and widest anterior part), • maximum width of the anterior part of the nasal bone,

• minimum width of the posterior part of the nasal bone, • length of the anterior palatal foramina, • height of cranium measured between the first and second upper molar and the top of cranium, • length of the upper molar tooth row, • length of the maxillary diastema.

Modeling techniques

Skull measurements were analyzed using two categories of ANNs [START_REF] Giraudel | Application of the self-organizing mapping and fuzzy clustering microsatellite data: how to detect genetic structure in brown trout (Salmo trutta) populations[END_REF][START_REF] Giraudel | A comparison of self-organizing map algorithms and some conventional statistical methods for ecological community ordination[END_REF], 2002). ANNs are simply computer programs organized into successive layers. The basic rule of a neural network is that every neuron in a given layer is connected with every neuron in the preceding and the following layers. Two types of ANNs were used.

The first type of network was a topological self-organizing map [START_REF] Kohonen | Self-organizing maps[END_REF], hereafter named SOM. Such networks are made up of two layers. Neurons in the input layer are connected to input data (in the present study, eight neurons for eight measurements). The output layer consists of a rectangular grid of hexagonal cells (we used a SOM with eight columns and five lines, i.e., 40 cells). The network is designed to organize the structure of the map by itself, placing the most similar observations (an observation is a specimen characterized by its eight measurements) in the same cell or in contiguous cells. During map-building, the network is given no other information than the eight measurements, in an 'unsupervised learning' process. At the end of this learning phase, dissimilarity between contiguous cells can be measured. For practical purposes, dissimilarity is generally represented as a difference of elevation. Consequently, SOMs may look like topographical maps with flat regions (interpreted as homogeneous sets of observations) separated by slopes of varying steepness (generally interpreted as heterogeneous sets of observations of intermediate status). Input data values can be displayed on the SOM. This means that homogeneous regions (i.e., homogeneous groups of specimens) can be linked with particular associations of measurements (only when the range of values for a measurement in a group is clearly separate from another group's range).

The second type of neural network is a multilayer network working with the back-propagation of error algorithm [START_REF] Rumelhart | Learning representations by back-propagating errors[END_REF]), abbreviated hereafter as MNBPE. This type of neural network is devised to segregate pre-established categories, such as species or subspecies. The network comprises three layers. The input layer is made up of eight neurons (eight measurements). The output layer has a neuron for each expected category. A hidden intermediate layer contains a variable number of neurons. The hidden layer is connected to both the input and output neurons and it plays a key role in the network results. During the learning phase, the group to which each observation belongs is identified in the network (one of the 19 reference populations). The network is designed to modify the synaptic weights (i.e., the role played by each connection between two neurons of two successive layers) until the correct answer is obtained. When all (or a fixed proportion of) the observations of the learning set (i.e., reference population specimens) are correctly classified (i.e., placed in the correct population), the network is ready to operate on unclassified specimens. As each reference is represented by an output neuron, the expected answer is 1 for one neuron and 0 for all the other neurons. The network delivers a value between 0 and 1 for each output neuron, meaning that each specimen belongs ''more or less'' to the different populations. These values are not probabilities, but must be understood, as in fuzzy logic, as a score characterizing a degree of membership. We considered that a specimen should be included in the population for which its output value was the highest, provided that this value exceeded 0.05. In fact, a large majority of the higher values exceeded 0.90, and most specimens had only one very high output value, the other values being very low or 0. Two different discriminantneural-network procedures were used. The usual pro-cedure involves a learning set of all confirmed reference specimens, and a test set of all unclassified specimens. The ''leave-one-out'' procedure [START_REF] Kohavi | A study of cross-validation and bootstrap for estimation and model selection[END_REF] was used to test the reliability of identification of the reference specimens, at the species or population level. The learning set included all individuals but one, the omitted individual making up the test set. Each individual was tested in turn.

Reference specimens and newly classified specimens were then studied from geographical and ecological viewpoints.

Data processing, neural networks, and distributional operations were carried out using Dbase ᮋ (Dbase IV ᮋ Borland Software Corporation, Austin, Texas, USA), Access ᮋ (Access 97 ᮋ Microsoft Corporation, Redmond, Washington, USA), Matlab ᮋ (Matlab ᮋ v.6 The Mathworks Inc., Natick, Massachusetts, USA) and MapInfo ᮋ (Map-Info ᮋ v.6 Mapinfo Corporation, New York, USA). The Kohonen map models were programmed by one of the authors [START_REF] Giraudel | Exploration des donne ´es et pre ´diction en e ´cologie par des me ´thodes d'intelligence artificielle[END_REF].

Our classification and discrimination process was as follows:

1. apply SOM to the entire collection (species-level discrimination), 2. validate species identification using MNBPE, 3. apply SOM to confirmed reference populations of Arvicola terrestris: subspecies level discrimination (ecotype or geographical variant), 4. identify, using MNBPE, to which subspecies reference specimens (validation) or previously unclassified specimens belong to.

Results

Reference population distribution

We focused on the cells containing the majority of observations, or modal areas, for each reference population. Specimens of Arvicola sapidus occupied five cells in the top right corner exclusively. Figure 3 shows that the modal areas of Arvicola terrestris populations arranged themselves depending on their dissimilarity from A. sapidus and were distributed along a vertical gradient. Populations from northern, eastern and central France appeared closest to A. sapidus and certain populations from the Pyrenees, the Alps, and the Jura were the most remote.

Our first conclusion is that the skull characteristics of Arvicola sapidus are much more homogeneous than those of Arvicola terrestris.

Neural network method discrimination power

Testing the species status of the 337 reference individuals (''leave-one-out'' procedure) yielded the following results: all species identifications were confirmed, except for an isolated Spanish specimen of Arvicola terrestris, which was erroneously assigned to the Mediterranean set of Arvicola sapidus. The 227 unclassified individuals (most of them had a suspected, if not proven, species status) were then tested with the usual procedure. For most of them, there was one output value only between 0.7 and 1, confirming the robustness of the process. Nevertheless, an appreciable proportion of pre-identifications were not confirmed, showing how difficult it is to identify species from general external or skeletal characters. Species identification of French specimens of A. sapidus did not contradict the previously known geographic range. Of three specimens from a locality at the Somme estuary, considered as the northern limit of A. sapidus, one was assigned to A. sapidus and the other two to A. terrestris. In France, A. terrestris specimens were identified in a few additional localities of the Landes lowlands, in a few new isolated extreme points in the Seine-et-Marne and the Vienne departments, and on the Mediterranean slopes of the Ce ´vennes in the Gard department. Isolated specimens from elsewhere in Europe yielded some unexpected results.

MNPBE successfully classified and identified specimens found in the geographical area (France and neighboring regions) in which our reference populations were defined. Most species pre-identifications were confirmed. However, for specimens from outside this primary geographical area, MNPBE did not consistently confirm the pre-identifications. Consequently, the MNBPE species classification of these ''outside individuals'' should not be accepted until retested on new reference populations in other large geographical areas. The same recommendation applies to the search for correlates between the morphometric classification and genetic lineages.

Defining seven morphometric/geographical groups of Arvicola terrestris and biometrical relationships in these groups

We used the same SOM-based model to differentiate between populations of Arvicola terrestris only. We found that 11 of the 17 reference populations were each concentrated on a small cluster of cells, while the remaining six populations were scattered across many different regions of the SOM. Because of overlap among clusters, we considered the SOM to be subdivided into seven groups (Figure 4) constituting new reference sets for further examination. The remaining 90 specimens were put back into the set of individuals to be classified. Table 1 shows the reference population(s) belonging to each group, and the geographical regions concerned. Mapping the values of cranial measurements in the SOMs revealed associations of values for each of the seven groups. This is summarized in Table 2. For each measurement, a few groups display characteristic associations. The maximum is five groups for ''minimum width of posterior part of nasal bone'', with other measurements occurring in two or three characteristic associations only. This means that no characteristics are common to groups belonging to a higher order assemblage (see below and discussion).

Discrimination among groups within Arvicola terrestris

Again using MNBPE, we first tested the stability of the reference specimens of Arvicola terrestris in relation to the group they belong to. The ''leave-one-out'' procedure yielded 96.7% of correct results: five individuals were unclassified (all output values lower than 0.05) and one individual from group 7 was classified in group 2. Next, by the usual procedure, we assigned each of the unclassified A. terrestris specimens (including the six specimens excluded by the leave-one-out test) to one of the seven groups. Of the 257 specimens, 34 (13.2%) were not classified (all output values lower than 0.05). The remaining 223 were unevenly distributed among the groups. Table 3 shows that groups 6 and 7 were represented far more often than groups 3 or 4, but this raw result is meaningless in itself. A first interpretative approach was to examine the concordance between the geographical locality of the reference sets and the representation of groups in the regions, using all reference and non-reference specimens. Figure 5 shows that all regions except the Landes contain one or two reference localities, but the dominant group in a region is not always that of the nearest reference locality. Group 7 is dominant in all mountain regions: Alsace-Jura, Massif Central, Alps, and Pyrenees. Groups 1, 4, and 5 are dominant in one region each. Group 6 is subdominant in four regions outside the Alps. The Pyrenees include two subdominant groups: group 5 (dominant in the North-East) and group 3 (rare everywhere else).

Gradients on the SOM are influenced by morphological changes with age. This influence is limited to the vertical axis in the SOM of Arvicola terrestris. Taking this into account, we obtained a relatively simple classification of the A. terrestris specimens into three morphotypes only: the semi-aquatic type, restricted to group 4 (reference population NPC), a first fossorial type, or ''fossorial 1'', with groups 1 and 5 (referenced by populations MLS and STO), and a second fossorial type, or ''fossorial 2'', including groups 2, 3, 6 and 7 (referenced by populations LMA, PRA, LFA, BY, CDH, ARA, LSA, and SAL). Figure 6 provides a synthetic view of the distribution of these morphotypes. Table 4 presents the relative occurrence of the three morphotypes by region. The map in Figure 6 shows that the semi-aquatic morphotype is present in several regions outside the range previously admitted, but it is extremely rare outside the two northern lowland regions. Nevertheless, its range noticeably overlaps the range of Arvicola sapidus. ''Fossorial 1'' and ''fossorial 2'' are sympatric everywhere, including the Landes and the Pyrenees. The balance between these two morphotypes definitely seems to be associated with the prevalence of mountain habitats. Nevertheless, we should also consider proximity to the area of dispersion of the subspecies A. terrestris scherman, which could correspond to this morphotype (90% of specimens in both easternmost regions are ''fossorial 2'').

Discussion

In the introduction, we asked: (i) can ANN ordination models (SOM) detect relevant subdivisions within a collection of unclassified individuals? (ii) Can ANN discriminant models (MNBPE) correctly recognize preestablished species or subspecies subdivisions within a collection of reference individuals? (iii) Once validated, can these models determine to which species or subspecies unidentified specimens belong? Additionally, we set out to determine whether the ANN subdivisions identified in our collection of Arvicola terrestris specimens were correlated with the known phylogenetics and taxonomy of the species.

With regard to the first question, SOM produced satisfactory orderings which clearly isolate Arvicola sapidus as a homogeneous subset close to the heterogeneous subset of Arvicola terrestris.

With regard to the second question, obtained 100% of correct results at species level. This tool can therefore accurately identify Arvicola skulls found in owl pellets, i.e., skulls damaged in varying degrees. For our reference populations, the SOM subdivisions within Arvicola terrestris were validated by the discriminant model with more than 95% confidence level.

Concerning the third question, most unidentified individuals could be assigned to one species with a score exceeding 0.7, sometimes in contradiction with their provisional pre-identification. At the subspecies level, within Arvicola terrestris, more than 85% of unclassified specimens were assigned to one of the SOM groups.

Subspecies subdivisions in Arvicola terrestris (sensu latu) have generally been considered to follow an aquatic-fossorial gradient. More recently, geneticists have produced evidence that only two or three phyla exist [START_REF] Saucy | Biochemical polymorphism and genetic variability in aquatic and fossorial populations of the water vole, Arvicola terrestris, in Western Europe[END_REF][START_REF] Taberlet | Comparative phylogeography and postglacial colonization routes in Europe[END_REF][START_REF] Wust-Saucy | Polymorphisme ge ´ne ´tique et phyloge ´ographie du Campagnol terrestre Arvicola terrestris[END_REF], with some local anatomical adaptations. The tail/head-plusbody ratio is smaller in fossorial populations (lineage F of Wust-Saucy) than in populations living in aquatic environments (lineage A2 of Wust-Saucy) (Wust-Saucy 1998). The same type of macroscopic differentiation was expected in skull morphology which was confirmed through our multivariate unsupervised approach, but no univariate relation was found between any of the measurements and any of our within-species subdivisions. In this context, it is not surprising that our somewhat simplistic approach led to rather simple results:

1. The skull morphology of Arvicola sapidus is much less variable than that of Arvicola terrestris. This result is in agreement with the literature [START_REF] Cubo | A heterochronic interpretation of the origin of digging adaptations in the northern water vole, Arvicola terrestris (Rodentia: Arvicolinae)[END_REF]. But morphological homogeneity needs to be confirmed for A. sapidus due to the small sample size (ns33). Nevertheless, the results from these specimens, which cover a broad geographical range, make a case for this hypothesis. 2. Arvicola sapidus morphology is closer than expected to that of some mature specimens from certain Arvicola terrestris populations. 3. Good species discrimination using cranial measurements requires a suitable set of reference individuals for each geographical region. Our ANN models should yield information about other local populations, in particular from Eastern and Southern Europe. 4. The apparent high variability of Arvicola terrestris could be age-biased. This leads us to propose a parsimonious subdivision into three morphotypes only: one semi-aquatic and the other two fossorial. 5. At this point of the study, we cannot identify any single morphological trait (a particular range of values of one of our measurements) as characterizing any of the three morphotypes. Larger reference samples are required. 6. The distribution area of the semi-aquatic morphotype in France seems wider than previously supposed. 7. Both fossorial morphotypes seem to be sympatric everywhere, with a gradient of their respective frequencies ranging from mountain areas (loci typici of Arvicola scherman, mostly ''fossorial 2'') towards eastern and southern lowlands (''fossorial 1'' and ''fossorial 2'' at similar frequencies) and northern lowlands (mostly ''fossorial 1'').

These results suggest a relatively straightforward correlation between morphology (our three morphotypes) and environment (altitude and climate). This is a qualitative association, and membership of a given group may (or may not) be associated with a majority of greater or smaller values of a particular measurement (Table 2). These results also suggest that fossorial adaptations might be acquired at varying rates depending on local conditions [START_REF] Cubo | A heterochronic interpretation of the origin of digging adaptations in the northern water vole, Arvicola terrestris (Rodentia: Arvicolinae)[END_REF].

Our results are in agreement with a number of studies on geographical correlates of morphotypes of Arvicola. [START_REF] Engels | Zur Kennzeichnung der spanischen Schermaus (Arvicola terrestris monticola de Se ´lys Longchamps, 1838)[END_REF] segregates Alpine and Pyrenean fossorial populations of Arvicola terrestris, [START_REF] Ventura | Taxonomic review of Arvicola terrestris (Linnaeus, 1758) (Rodentia, Arvicolidae) in the Iberian Peninsula[END_REF] differentiate Pyrenean and Asturian populations as well as populations from the Central Massif and from the Alps. [START_REF] Warmerdam | Numeriek-taxonomische studie van de twee vormen van de woelrat Arvicola terrestris (Linnaeus, 1758) in Nederland en Belgie ¨[END_REF], in the Netherlands, uses principal component analysis and discriminant analysis to separate fossorial and semi-aquatic forms. However, no studies since [START_REF] Spitz | Etude de la morphologie cra ˆnienne des grands campagnols (Arvicola Lace ´pe `de) par l'analyse factorielle des correspondances[END_REF] have demonstrated the presence of a morphological gradient between Arvicola sapidus and aquatic than fossorial forms of A. terrestris.

Our results are also consistent with the phylogeny proposed by Wust- [START_REF] Wust-Saucy | Polymorphisme ge ´ne ´tique et phyloge ´ographie du Campagnol terrestre Arvicola terrestris[END_REF], in which all fossorial Arvicola in France belong to a single lineage from a single refuge in the Iberian Peninsula. The phylogenetic position of our semi-aquatic morphotype is still unresolved, as our reference sample was small, and because no specimen from northern France was included in the molecular genetics studies: this morphotype could represent either a local adaptation of the ''Iberian lineage'' (lineage F of Wust-Saucy) or the westernmost extension of the northern aquatic lineage (lineage A2 of Wust-Saucy) from the Carpathian refugium. The existence of these refuges is well supported by the fossil record [START_REF] Kowalski | Pleistocene rodents in Europe[END_REF][START_REF] Nadachowski | The Carpathians as a probable late Pleistocene refugium for small mammals: a fossil record[END_REF]. But these scenarios must be confirmed. Refugia are currently the subject of much discussion and it is suggested that many mammal species found permanent refuges in northern Europe during the Quaternary [START_REF] Bhagwat | Species persistence in northerly glacial refugia of Europe: a matter of chance or biogeographical traits[END_REF].

Conclusion

Arvicola sapidus is monotypic, while Arvicola terrestris is polytypic and thus displays great morphological variability. We confirmed that a convergence could exist between the skull morphology of extreme individuals (or populations) of the aquatic morphotype of A. terrestris and that of A. sapidus. We also demonstrated that a morphological analysis based on a limited number of meas-urements (using fragmentary specimens from owl pellets) could produce results that are consistent with more complete studies. In order to cover at least the three main lineages identified by Wust-Saucy (1998), a further test of our approach should include skull samples from a much larger area of Europe, covering Italy, Germany, Scandinavia, and the Balkan Peninsula at least. ANNs proved to be efficacious at segregating populations by morpho-ecotypes and at classifying unknown specimens. The Kohonen maps are a particularly effective tool for classifying any collection of objects without prior assumptions.

Figure 1

 1 Figure 1 Species distribution (modified from Shenbrot and Krasnov 2005).Arvicola sapidus; Arvicola sapidus and Arvicola terrestris (fossorial ecotype);Arvicola terrestris (fossorial ecotype);Arvicola terrestris (aquatic ecotype).

Figure 2

 2 Figure 2 List of reference populations with their acronym, locality of origin (French department number) and the number of specimens. Arvicola terrestris: ARA5Aravis (F-74), ns19; ARRsArreau (F-65), ns14; BYsBy (F-25), ns14; CDHsChapelle d'Huin (F-25), ns34; LFAsLa Flageolle (F-11), ns11; LMAsLandeyrat et Marcenat (F-15), ns14; LFOsLes Fourgs (F-25), ns13; LSAsLe Sappey en Chartreuse (F-38), ns28; MENsMende (F-48), ns19; MLSsMonthureux le Sec (F-88), ns32; NPCsDepartment Nord and Pas de Calais (F-59, 62), ns9; OPRsOuroux et Prisy (F-71), ns18; PRAsPralognan (F-73), ns21; REUsReugney (F-25), ns15; SALsSaint Alban de Montbel (F-73), ns13; STOsSan Toribo (SP), ns19; WUEsWuenheim (F-68), ns11. Arvicola sapidus: AS1sA. sapidus non-Mediterranean, ns22; AS2sA. sapidus Mediterranean, ns11.

Figure 3

 3 Figure 3 Subdivision of the SOM for Arvicola sapidus and Arvicola terrestris. The main concentrations are indicated by ellipses containing the population acronyms. The SOM is subdivided into regions labeled A. terrestris 1, A. terrestris 2, and A. terrestris 3, according to their distance from the A. sapidus region.

Figure 4

 4 Figure 4 Subdivision of SOM of Arvicola terrestris. Seven clusters are numbered.

Figure 5

 5 Figure 5 Distribution map of reference places of the seven groups (bold numbers) and boundaries of the geographical subdivisions of the range of Arvicola terrestris in France. The frequency of each group is indicated as a percentage, all identified specimens included.

Figure 6

 6 Figure 6Frequencies of morphotypes in the seven regions. The scale for the semi-aquatic morphotype ranges from 0 (absence) to HH (highest frequency). The comparative proportions of the two fossorial morphotypes are indicated.

Table 2

 2 Cranial measurements showing definite trends in association with the seven SOM groups of Arvicola terrestris. Populations belonging to each reference group of the SOM of Arvicola terrestris.

	Group Group 1	Observed trends Posterior Population Group 1 MLS Group 2 LMA and PRA Group 3 LFA Group 4 NPC Group 5 STO Group 6 BY and CDH Group 7 ARA, LSA and SAL Region names as in Figure 2.	Region North-East Massif Central and Alps Pyrenees North Pyrenees Alsace-Jura Alps

nasal: wide; Palatal foramen: short; Upper molar row: long Group 2 Cranium height: great; Upper molar row: long Group 3 Inter-orbital: narrow; Nasal: long; Cranium height: great Group 4 Inter-orbital: narrow, Nasal: long; Posterior nasal: narrow; Cranium height: great Group 5 Inter-orbital: wide; Nasal: short; Posterior nasal: wide; Palatal foramen: short; Diastema: short Group 6 Anterior nasal: wide or medium; Posterior nasal: medium; Palatal foramen: medium or long; Diastema: medium or long Group 7 Anterior nasal: narrow; Posterior nasal: narrow; Upper molar row: short Table 1

Table 3

 3 Average proportions of the groups in the seven regions.

	Region	Group1	Group 2	Group 3	Group 4	Group 5	Group 6	Group 7
	North	0.10	0.00	0.05	0.65	0.10	0.03	0.08
	North-East	0.13	0.13	0.00	0.10	0.28	0.23	0.05
	Alsace-Jura	0.07	0.09	0.00	0.01	0.02	0.40	0.41
	Massif Central	0.16	0.08	0.01	0.02	0.01	0.21	0.42
	Landes	0.50	0.00	0.10	0.00	0.00	0.40	0.00
	Pyrenees	0.05	0.00	0.27	0.00	0.23	0.07	0.35
	Alps	0.08	0.32	0.02	0.00	0.00	0.08	0.48

Data in bold underlined font: group which is dominant in the region. Data in bold font: subdominant groups, provided that their proportion exceeds 0.2.

Table 4

 4 Distributional aspects of the classification of Arvicola terrestris into three morphotypes.

	Region	Semi-aquatic	Fossorial 1	Fossorial 2
	North	0.65	0.20	0.16
	North-East	0.10	0.41	0.41
	Alsace-Jura	0.01	0.09	0.90
	Massif Central	0.02	0.17	0.72
	Landes	0.00	0.50	0.50
	Pyrenees	0.00	0.28	0.69
	Rho ˆne-Alps	0.00	0.08	0.90
	Data in bold underlined font: highest frequency of each mor-
	photype in the study area as a whole. Data in underlined font:
	highest frequency of morphotype(s) by region.	
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