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Abstract

The classification of rodent species can be challenging due to high morphological
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logical systematics, where classification is traditionally based on the molar morphol-
ogy. The subfamily Arvicolinae (Rodentia, Mammalia) is one of these rodent groups,

whose classification being important for biostratigraphic and climatic studies of
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the MatLab informatic algorithm, designed to classify the Arvicolinae species using
Geometric Morphometrics (GMM) analyses of the first lower molar. Moreover, the
application includes an option to automatically obtain the linear measurements that
are commonly used for the identification of these species. This method shows a high
degree of accuracy in the species classification, which is expected to increase as the
reference database is further developed. This application can serve as an alternative

tool for the classification of specimens with unclear morphologies. It can also be used
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to reduce the time required to manually obtain the linear indices necessary for their

classification.
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TAXONOMY CLASSIFICATION
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1 | INTRODUCTION morphological similarities characteristics of these rodents, de-
spite their presence across a wide range of Holarctic habitats (e.g.,
Chaline et al., 1999; Krystufek & Shenbrot, 2022). This complexity

is also observed in the palaeontological systematics, which relies on

The subfamily Arvicolinae includes voles and lemmings (Cricetidae,
Rodentia, Mammalia), with a total of 161 extant species accord-

ing to Pardifias et al. (2017). The taxonomic classification of these the morphology and size of the occlusal surface of the molars (e.g.,

species is challenging due to convergent evolution and significant Chaline, 1972; Fejfar et al., 2011; van der Meulen, 1973), as these are
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generally the only anatomical part, or the best preserved, of small
mammal remains after the taphonomic process.

The high number of species and genera, their adaptations to dif-
ferent habitats and their high diversification and evolutionary rates
have made this subfamily of small mammals one of the most useful
tools for Quaternary studies. Accurate classification to the species
level is therefore necessary to study the climatic and biostratigraphic
variations in the Quaternary record (e.g., Alfaro-lbanez et al., 2023;
Baca et al., 2022; Cuenca-Bescods et al., 2016; Lemanik et al., 2022;
Lépez-Garcia et al., 2021).

Due to the complexity and morphological similarities of the mo-
lars, different methodologies have been developed for the study of
this structure. These include the study of distinctive morphological
features (e.g., Chaline, 1972; Cuenca-Bescés & Morcillo-Amo, 2022;
Luzi, 2018) and numerous works demonstrating the applicability
of Geometric Morphometrics (GMM) analysis to this subfamily of
rodents (e.g. Alfaro-lbafez et al., 2023; Arbez et al., 2024; Escudé
et al., 2013; Killick, 2012; Piras et al., 2012). Additionally, traditional
morphometric techniques, such as the linear indices defined by Van
der Meulen (1973), are commonly used.

In this work, we present an innovative methodology to overcome
the taxonomic difficulties among extant and Pleistocene species of
Arvicolinae in Europe. This methodology is based on the differenti-
ation and classification of the Arvicolinae species using GMM tech-
niques for the analysis of the occlusal surface of the molar, combined
with various mathematical functions and analyses for their classifi-
cation. Moreover, it includes an automatic process to measure the
linear indices. The systematics of fossil arvicolines is predominantly
based in the occlusal surface of the molars and the scientific liter-
ature is replete with drawings (such as the one in Figure 1) and/or
photographs of this anatomical part of the rodent molar. Until now,
there has been no automatic or informatic methodology that al-
lows for the analysis of drawings and photographs from scientific
papers in an automatic way. Similar studies have been conducted
with other taxa, highlighting the usefulness of such methodologies
(e.g., machine learning combined with GMM) in the classification of
different species with problematic taxonomic differentiation (e.g.,
AngeI—Beamonte et al., 2018; Dominguez-Garcia et al., 2024; Miele
et al,, 2020; Moclan et al., 2023; Quenu et al., 2020).

We have developed an informatic procedure, registered at
UNIZAR (PII-2023-0007) and available on GitHub, with the expla-
nation of how to use it: https://anonymous.4open.science/r/micla
ssifierandprocessing-13FD. The program, including the intellectual
property rights and all necessary information for its utilisation will
be referred as the SOFTWARE.

2 | THE SOFTWARE

The SOFTWARE is comprises by the development of two differ-
ent informatic programs that are interrelated: ‘miprocessing’ and
‘miclassifier’. These applications also include an option to measure
the Van der Meulen (1973) indices. The SOFTWARE is developed

using graphical interfaces based on basic algorithms from Matlab
R17b (The MathWorks Inc., 2017), functions of its toolboxes, ad-
ditional functions developed by other developers and our own func-
tions created specifically for these two programs. Therefore, the
SOFTWARE is compatible with this version and subsequent versions
of Matlab. Each of the informatic programs, once started, consists of
four different screens (Figure 2):

Screen 1 (top left): shows an example of a mandible of Arvicolinae
(Figure 2a).

Screen 2 (top right): shows an example of the m1 (Figure 2b).

Screen 3 (bottom left): shows an example of an image of the out-
line surface (Figure 2c).

Screen 4 (bottom right): shows an example of a drawing
(Figure 2d).

2.1 | Construction of the database

For the construction of the database, we collected specimens of
extant and Pleistocene species of Arvicolinae from Europe. These
specimens were obtained from scientific papers, modern collec-
tions and owl pellets. Most of the images of the database corre-
spond to specimens from the Iberian Peninsula. As demonstrated by
Killick (2012), there is a morphological difference between modern
and fossil representatives of Arvicolinae species. Therefore, we in-
cluded both fossils and modern specimens in our database with. A
total of 464 first lower molars (m1) belonging to the following spe-
cies were included: Microtus arvalis, Microtus agrestis, Chionomys
nivalis, Iberomys cabrerae, Stenocranius gregalis, Alexandromys oecono-
mus, Terricola lusitanicus, Terricola duodecimcostatus and Terricola pyr-

enaicus. We also added to the database 50 specimens of the Early

Anterior

Y____-A(I:_____-\
Labial

Posterior

FIGURE 1 Nomenclature and orientation of the m1 of
Arvicolinae species. AC, Anterior cap; ACC, Anteroconid complex;
BRA, Buccal re-entrant angles; LRA, Lingual re-entrant angles; PL,
Posterior lobule; T, Triangle.
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Pleistocene fossil genus Allophaiomys from the site of La Sima del
Elefante (Sierra de Atapuerca, Burgos, Spain). The origin of each

image is show in the Appendix S1.

2.1.1 | milprocessing: Collection and
processing of the images

The SOFTWARE works with images of the occlusal surface of the
ml. These images were obtained using a stereographic microscope
equipped with a digital camera, thus obtaining photographs of
both fossil and modern specimens. In addition, some images were
obtained from published scientific papers. The selection criteria
for these images and drawings has been to include specimens in
which the complete outline of the occlusal surface is clearly visible.
Specimens from published scientific papers were also required to
have enough quality, scale and identification to the species level to
be selected for the database.

The backgrounds of the images and drawings obtained from
other bibliographical databases need to be removed before their
incorporation into the SOFTWARE (Figure 3), for the program to
be capable of accurately identify the outline. These images should
correspond to the outline of the molar on the interior of the enamel,
to avoid the effects of attritional wear, possible enamel fractures,
or corrosion.

The processing of the images is conducted using ‘m1_process-
ing’, which allows normalising the resolution of the images and
change the orientation of the specimens to ensure consistency in
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the results. All the process can be done navigating within the menu
options (Figure 4). Image reorientation involves positioning the an-
terior part of the molar on the left of the screen and the labial part
at the bottom (Figure 5). With the use of the scale of the molars,
the program performs the calibration either individually or in batch
mode for multiple images from the same source. Processed images
were archived in new folders, according to their origin, to be part of
the database of characterised individual.

To obtain the GMM data from the molar outlines, we imple-
mented an algorithm in the program, applicable both individually
and in batch mode. We obtained the outline of the occlusal surface
of the first lower molar (m1) (Figure 1) from the interior part of the
enamel to avoid the effects of attritional wear, allowing us to analyse
even bibliographic materials.

Images and drawings are processed using slightly different meth-
ods due to the characteristic of each type of format. For images,
the program directly identifies the outline of the molar. However,
for drawings, the program is able to remove the represented ce-
ment areas and identifies the molar outline as the middle part of the
drawing line (Figure 3). The outline is represented by a white line,
of one pixel wide with a logic value of ‘1’ for each pixel, on a black
background with a logic value of ‘O’ for each pixel. Another algebraic
algorithm locates the anterior part of the outline, from the apex of
the molar to the point that defines the segment ‘a’ according to Van
der Meulen (1973) between T4 and T3 (Figure 5). This anterior part
comprises the triangles T4 to T7 and the AC. We have excluded the
posterior part of the molar for this process as it does not present
relevant information for this type of characterisation.

(a)

(b)

molar m1

(c)

Ocelusal surface

()

Drawing

FIGURE 2 Image of the four screens that conform the environment of the SOFTWARE.
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Once the semiperimeter is obtained, another algorithm records
the number of white pixels and performs a uniform decimation along
the pixels of the semiperimeter curve. In this way, the number of
pixels of the semiperimeter that represent the individual is reduced
to 200. This number of landmarks was determined empirically: using
100 points did not provide accurate discrimination among the dif-
ferent species, while increasing to 300 points the classifications
obtained did not improve. In addition, a Fourier analysis indicated
that a density of 100 landmarks would meet the Nyquist criterion
for the correct representation of the molar profile in subsequent
reconstructions. The database is made up of the information from
each sample, including corresponding species and the coordinates
of the 200 landmarks of the semiperimeter. This information of each

specimen is stored in a file named ‘Semiperidentales200.mat’. Using

(b)

FIGURE 3 Examples of the images (a) and drawings (b) types of
images, prepared to be characterised by the different applications
of the SOFTWARE. (a) Terricola pyrenaicus, edited photography
from El Miron Cave, level 128, spit 14, subsquare C, square X10, (b)
Microtus arvalis drawing modified from Luzi (2018).

this file, the program is able to generate another one containing the
information of the coordinates of the 200 points of the centroids of

each species, named ‘Semicentroides200.mat’.

2.2 | miclassifier: Affinity estimation

In the same way that with m1porcessing, all the tasks can be done
by navigating within the menu options (Figure 4). To estimate the
affinities between the samples under study and the reference da-
tabase, we use the second program, ‘miclassifier’. We implemented
four different methods for estimating affinities: support-vector ma-
chine (SVM) (Boser et al., 1992; Carmona Suarez, 2014; Cortes &
Vapnik, 1995; Guyon et al., 1993; Smola, 1996), Hausdorff distance
(HD) (Dubuisson & Jain, 1994; Sasikanth, 2022), Procrustes distance
(Gower, 1975) and Fisher Linear Discriminant analysis (Fisher, 1936;
Pefa, 2002). These classification processes can be carried out for
one specimen or in batch mode for the automatic estimation of
various images, previously oriented and calibrated with the program

‘m1_processing’.

2.2.1 | Support vector machine

The SVM, also known as support-vector network or support-vector
machine, is a methodology that works under the premise of reducing
structural risk. among other uses, it is widely used for image recogni-
tion challenges and performs effectively on smaller, cleaner datasets
compared to other methodologies.

The basic idea of SVMs, just like 1-layer or multi-layer neural net-
works, relies on finding an optimal hyperplane for linearly separable
patterns and extend this to patterns that are not linearly separable
by transformations of the original data to map it into new space by
means of a Kernel function. The decision function is fully specified
by a (usually very small) subset of training samples known as support
vectors.

£} MENU 3 MENU

Biometry on pictures: Previous processes (b) M1 molars images Biometry : Analysis

1.- Orient images

2.- Calibrate / Measure

3.- Process Occlusal surface

4.- Process Drawing

S.- Drawings file characterization

6.- Occlusal surfaces file characterization

1.- Orient images

2.- Metric adjustment / Measure

3.- Clasify LOC/H{/SVM Occlusal surface

4.- Clasify LOC/HY/SVM Drawing

S.- Clasify LOO drawings sample file

6.- Clasify LOO occlusal surfaces sample file

7.- Manage rt data files iperk 200. mat, i ides200.mat) 7.- Manage data file i 200
8.- Show .mat file / Build .tps file 8.- Reboot
9,. Reboot 9.- Exit
10.- Ext FIGURE 4 Menu screens of

miprocessing (a) and miclassifier (b).
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FIGURE 5 Orientation of the m1 on the SOFTWARE and the
Van der Meulen (1973) indices traditionally used for the study and
classification of Arvicolinae species.

SVM analysis generates hyperplanes equidistant from the
two most similar specimens of two different species in the data-
base. These specimens are considered support vectors (Carmona
Suarez, 2014; Cortes & Vapnik, 1995). Support vectors are the data
points nearest to the decision surface (or hyperplane) and have the
following properties (Nefedov, 2016):

e They are the data points most difficult to classify.
e They have direct bearing on the optimum location of the decision

surface.

SVM finds an optimal solution by maximising the margin around
the separating hyperplane, a task that involves solving a quadratic
programming problem. This problem is easy to solve by optimisation
techniques, specifically through the application of Lagrange multipli-
ers to get this problem into a form that can be solved analytically. In
other words, the Optimal Hyperplane is the specific hyperplane for
which the margin of separation between classes is maximised.

Under Matlab there is a group of functions dealing with SVMs.
Since SVMs works only on binary classification problems (i.e., only
two response classes), to perform a multiclass classification we must
use a combination of binary SVMs. We have implemented our SVM
algorithm using the Matlab toolbox function ‘fitcecoc’, which is in-
tended to find multiclass models for support vector machines or
other classifiers.

Mdl =fitcecoc(X,Y) returns a trained ECOC model (compact mul-
ticlass error. correcting output codes) Mdl using the predictors X
and the class labels Y. This approach allows for multiclass learning
by reducing the model to multiple binary classifiers, such as support
vector machines. Then we confront the Mdl model with new data
to achieve an optimal class estimation using the ‘predict’ function.

ECOC models integrate misclassification costs by incorporating
them with class prior probabilities (which are uniform in our case).
The SOTWARE adjusts the class prior probabilities and sets the cost
matrix to the default cost matrix for binary learners.

2.2.2 | Hausdorff distance

The HD is a mathematical construction to measure the ‘proxim-
ity’ of two sets of points that are a subset of one metric space.

Ecology and Evolution 50f11
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This measure provides a scalar grade to the similarity between
two sets of points. An improvement in this function is the
modified Hausdorff distance (MHD) (Sasikanth, 2022), which
has shown to work better than the HD in distance calculations
(Dubuisson & Jain, 1994). The implementation in our program
have been done using the algorithm ‘vectorised _.MHD’, devel-
oped by Gonzalez Olmos (2018) for Matlab. This algorithm allows
us to directly use the two-dimensional spatial coordinates of the
200 points of the semi-perimeter of the m1. Our program enables
the execution of a Hausdorff analysis for each of the character-
ised specimen (HDV).

2.2.3 | Procrustes distance

The Procrustes analysis (Gower, 1975) quantifies the geometric af-
finity between two data sets. In the data used by the SOFTWARE,
these data sets are constituted by the Cartesian coordinates of the
200 points that define the semi-perimeter. Given two matrices of
identical size, A, B, Procrustes analysis standardised both in a way
that (A4)"=1 and centres both sets of points around the origin.
Subsequently, the optimal transformation is applied to the second
matrix (scale, rotation and reflexion) to minimise the sum of the
square of the pointwise differences between the two set of data.
The result of these transformations is displayed when a batch anal-
ysis is conducted, allowing us to visualise and compare the outlines
of each m1 present in the analysed file (Figure 6a). This algorithm

is implemented in the function ‘procrustes’ of the Matlab toolbox.

2.2.4 | Fisher linear discriminant analysis

The linear discriminant function deduced by Fisher (LDC) for various
different groups (N) is based on the finding of the canonical vari-
ables with the highest discriminant power to classify new specimens
among the originally defined N varieties (Pefia, 2002). The objective
of this function is to define a vector of g canonical variables, with
g=min(N-1,p), being p the number of original variables (the vectors
with the 200 coordinates of the pixels of the anterior semi-perimeter
of the previously identified specimens), that we obtain as a linear
combination of the original variables. These canonical variables g let
to address the problem of the classification of the samples by three

successive phases:

1. The measurements of the original variables are projected for
the different varieties in the space determined by the g ca-
nonical variables

2. The vector of the semi-perimeter coordinates of the individual or
specimens to be classified is projected into the same canonical
variable space

3. The function classifies the specimens in which species between
the N would be more similar, using the Mahalanobis distance in
the space of the canonical variables
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Procrustes superposition

(a) -100 T T T T T (b) Hausdorff ( Affine item ) Fisher LDC SV Machine Procrustes ( Centroids )
Affinity :% Affinity : % Affinity :% Affinity %
Allophaiomys. 43 97.7 4 93.2 44 100 Allophaiomys. 44 100
50 1 Iberomys cabrerae 0 [ 0 [ 0 [ Iberomys cabrerae 0 0
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Chionomys nivalis o o o o o o Chionomys nivalis 0 0
200 (- 1 Stenocranius gregalis 0 0 0 0 0 0 Stenocranius gregali® 0
Terricola lusitanicus 0 [ 2 455 0 [ Terricola lusitanicus 0 0
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Terricola pyrenaicus 1 227 0 0 0 [ Terricola pyrenaicus 0 0
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i . . . . . . K L sarcie oA 44 fems
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Cc 2000 [
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L allophate7n2821370-1420x20-165.tf allophate7m20z1470-1. i 6.4828
1000 allophate7n2821370-1 i allophate9ck30z1360-1370x20-16.tif
allophate7n2821370-1420x20-167.tf allophate7m2921470-1480x20-25r tif 6.2562
800 allophate7n2821370-1420x20-168.tf allophate7m29z1470-1480: .4
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allophate9cj3021450-1460x: f allophate143221140-1150x20-2.tif 5.9651
allophate9cj3021450-1460x20-23.tif allophate7m2921470-1480x20-10.tf 4957
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FIGURE 6 Example of a LOO analysis of the images of the occlusal surfaces of Allophaiomys sp. not included in the reference database of
the program. (a) m1 outlines of the analysed Allophaiomys sp. according to Procrustes analysis (b) Classification obtained by HD, Procrustes,
Fisher LDC and SVM, (c) Cluster of the different the species of the database, (d) More similar individual of the database of each one of the

specimens analysed by Procrustes.

The Fisher discriminant analysis is executed using the algo-
rithms ‘fitcdiscr’ and ‘predict’ in Matlab. The first one deduces
the canonical variables with the highest discriminant power and
obtains the projections of the coordinates representative of the
species. The second algorithm then projects the coordinate vec-
tor of the specimen onto these canonical variables and deduce
the species more similar with the criterium of the Mahalanobis

distance.

2.3 | Automatic measurement of the Van der
Meulen indices

The SOFTWARE enables the automatic calculation and automati-
cally represent the Van der Meulen indices (Van der Meulen, 1973)
for each specimen, as well as the asymmetry measurements of
the molar (La and Li) as indicated by Cuenca-Bescos et al. (1995).
The SOFTWARE automatically displays these indices in the
screen 1 (Figure 7a), with their numeric values shown in the screen
4 (Figure 7d). For the calculation of the Van der Meulen indices, the
SOFTWARE retrieves the information of the posterior part of the
m1. This same option allows users to manually measure the indices
directly from the original image, in the screen 3 (Figure 7c). Once
manually measured, the SOFTWARE automatically recalculates the

rest according to the redefine parameter.

3 | ACCURACY OF THE ANALYSIS
3.1 | Affinity estimation

For studying the effectivity of the different analytical methods, we
conducted a batch analysis of each species in the database using
the method Leave One Out (LOO). This method allows us to com-
pare one specimen from the database with the remaining data-
base. Additionally, we analysed 44 images of specimens identified
as Allophaiomys sp. from La Sima del Elefante (Sierra de Atapuerca,
Burgos, Spain), not included in the database, to assess the discrimi-
natory power of the program.

The program returns the classification of each specimen, in the
screen 2 (Figure 6b), indicating at which species each m1 is most
similar, according to each classification method (Fisher LDC, SVM
and Procrustes). It also identifies the specimen of the database that
has the closest morphology to the analysed one according to the
Procrustes, shown in the screen 4 (Figure 6d).

The program also constructs a cluster using one model speci-
men from each species that is correctly classified by all methods of
analysis (Figure 6d). However, this cluster does not have any bio-
logical or phylogenetic significance. It only provides information on
the geometric similarities of the species within the SOFTWARE, thus

indicating potential misclassifications.
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FIGURE 7 Example of one individual of M. arvalis (c) analysed by the SOFTWARE that shows the classification obtained (b), the perimeter
and point of measure of the van der Meulen indices (a) and the obtained measures (d). The menu (e) let us to choose what indices we want to

measure manually.

In general, we observed that among the three species with less than
50 characterised specimens, the lowest accuracy values are obtained
to classify Terricola lusitanicus and Terricola pyrenaicus (73,8% and
60,7% respectively). The Hausdorff analysis and SVM provided better
accuracy, while LDC yielded the lowest accuracy results (Table 1).

The classification of the 44 additional images of Allophaiomys sp.
showed maximum accuracy of 100% with SVM, with only one spec-

imen misclassified using the HD (Figure 6).

3.2 | Linear measurements: Automatic vs manual
calculation

We compared the measurements obtained by the program with those
obtained manually on a total of 30 specimens (18 drawings and 12 im-
ages) (Appendix S2). The Van der Meulen indices and symmetry indices
were measured a total of 20 times on one individual to corroborate that
the differences between the manual and automatic measurements are
not statistically significant (Appendix S3). Manual measurements were
made on the digital images with an image editing program.

The automatic measurements of the Van der Meulen (1973) indices
and the asymmetry showed a total mean discrepancy ranging between
0.006mm and 0.022mm for the different indices compared to the
manual measurements, with no significant differences between the
discrepancies for drawings and images (Appendix S2). We observed
greater differences between the automatic and manual measurements
for the parameter ‘e, reaching a maximum difference of 0.079 mm.
The highest measurement discrepancies were observed in the species

Alexandromys oeconomus and Chionomys nivalis, which could be due to
the morphology of the m1 of these species.

In some cases, not all the indices could be measured, as is the
case for certain morphotypes of C. nivalis, A. oeconomus, or Iberomys
cabrerae. However, the automatic measurements carried out by
the program still gives a measure for the indices in these cases
(Appendix S2), that should not be considered valid. Nonetheless, the

remaining indices are correctly measured.

4 | DISCUSSION
4.1 | Accuracy rates

SVM has proven to be the most accurate discriminant analysis
method within this program, followed by HDV and could lead to dis-
pense the use of the Fisher LDC, Procrustes and HDC.

Fisher LDC has proven to be the less efficient of the analyses,
being the only one that applies a linear classification approach using
canonical variables to classify the species (Table 1). Furthermore,
SVM offers several key advantages over Fisher LDC analysis: 1.
Flexibility, SVM does not assume a specific data distribution, mak-
ing it more flexible and robust; 2. Handling non-linear boundaries,
while Fisher LDC is constrained to linear boundaries; 3. Sparsity and
efficiency of the SVM compared to LDC, due to SVM's solutions de-
pend on the support vectors; and 4. Handling high-dimensional data,
due to SVM only depends on the number of support vectors rather
than the dimensionality, whereas LDC can struggle with the curse of
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TABLE 1 Accuracy for each species of the HD V, Procrustes, Fisher linear discriminant (LDC) and SVM analyses.

TOTAL HDV Procrustes LDC SVM

SVM

Drawings HDV Procrustes LDC

SVM

Procrustes LDC

HDV

Images

Sample

96.0%
98.1%
86.0%
92.2%
94.0%
96.0%
71.4%
74.0%
60.7%
95.2%

86.0%
44.2%
40.0%
49.0%
66.0%
62.0%
27.9%
40.0%
25.0%
69.2%

96.0%
69.2%
58.0%
72.5%
58.0%
76.0%
73.8%
70.0%
60.7%
90.5%

96.0%
94.2%
76.0%
84.3%
92.0%
86.0%
69.1%
74.0%
57.2%
92.9%

50
52
50
51

48

43

48 48

50
35

Allophaiomys sp.

17
16
26
27

15

15
13
21

17
21

34
27
21

21 15
16

34
25

Iberomys cabrerae

21

29
23
21

Microtus agrestis

16
17
14

16
11
18

28
29

21

22
20
24
25

Microtus arvalis

50
50
42

26
19

20
26
27
19

16
17
11

18
20
28
17
16
22

Chionomys nivalis

22

23

27

Stenocranius gragalis

36
28
21

Terricola lusitanicus

50
28
42

18

18

15

22

13

22
15
22

Terricola duodecimcostatus

13
22

Terricola pyrenaicus

18

11

16

17

20

18

22

Alexandromys oeconomus

Open Access,

Note: In dark grey the highest accuracy for each species, in light grey the second highest.
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dimensionality, as the number of parameters to estimate increases
rapidly (e.g., Lee, 2010; Obi, 2017). Thus, SVM provides a more flex-
ible, efficient and robust classification approach compared to the
classical LDC method, especially for complex, high-dimensional or
non-linear data. SVM is more suitable than LDC for non-linear clas-
sification problems and handling high-dimensional data with non-
normal distributions.

Comparing the accuracy between the two most precise methods,
HDV and SVM, we observed that in general, SVM shows a higher
discriminant power (Table 1). SVM shows an accuracy above 60%
across all species in the database, achieving the highest accuracy
in almost all species, except for Terricola lusitanicus, which shows
the highest accuracy with Procrustes analysis. Between the HDV
and Procrustes analysis, HDV generally shows better accuracy than
Procrustes, but the latter shows higher accuracy in the case of three
species (Allophaiomys sp., T. lusitanicus and T. pyrenaicus), whereas
HDV only for two of them (Allophaiomys sp. and T. duodecimcosta-
tus). The species for which the SOFTWARE display the lowest dis-
criminatory power correspond to those with the smallest number
of specimens in the database, particularly T. pyrenaicus, with only
27 specimens and an accuracy of 60.7% using SVM and Procrustes.
Observing the results for other species, it is inferred that the accu-
racy will increase along with the number of specimens. Notably, the
lower accuracy values are observed within the Terricola genus. These
species exhibit significant morphological similarities and high intra-
specific variability in molar morphology (Roméan, 2019), which may
contribute to the slightly lower discriminatory power between these
species. Another pair of species which also display similar morphol-
ogy and size are Microtus arvalis and M. agrestis (e.g., Abbassi, 1998;
Luzi, 2018; Luzi & Lopez-Garcia, 2017), which the SOFTWARE was
able to differentiate with an accuracy of 92.2% for M. arvalis and
86% for M. agrestis. These percentages are similar to the ones ob-
tained by Navarro et al. (2018), considering that our database of
reference also included fossil samples, which exhibit greater mor-
phological similarity than modern representatives, as also observed
by Navarro et al. (2018) and Killick (2012).

Analysing a subset of 44 images of Allophaiomys sp., all of them
different of the references included in the database of this species,
the SOFTWARE demonstrated high discriminatory power, with a
100% of accuracy using SVM analysis. In this way, the SVM demon-
strated again to be the most efficient classification analysis in the
SOFTWARE.

4.2 | Differences between automatic and manual
linear measurements

The developed option to automatically calculate the asymmetry
and the parameters of Van der Meulen has shown minimal discrep-
ancies when compared with manual measurements of the same
parameters. In any case do the differences exceed 1mm and, in gen-
eral, they do not exceed 0.5mm. Examining the mean differences
of each parameter, none reaches the 0.4mm. At the same time, no
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significant differences were observed between the mean discrep-
ancies of measurements between images and drawings (S.2), indi-
cating consistent algorithm performance in both cases. The cases
where discrepancies between the two measurement methods are
more significant could be attributed to the specific morphology of
the m1 in those specimens or species. For the parameter ‘e’, the
program measures it as the distance between the points of major
curvature of T6é and T7. It is encoded in the algorithm as the distance
between the lowest point of T6 and the highest point of T7, con-
sidering the orientation of the m1 in the program. For this reason,
species like C. nivalis and A. oeconomus, which exhibit morphologies
where Té is absent, as in A. oeconomus, or with a pronounced in-
clination together with T7 towards the posterior part of the molar
(e.g. Chaline, 1972; Nadachowski, 1991), could generate discrepan-
cies compared to manual measurements. However, the SOFTWARE
facilitates manual correction of automatic segment measurements

found to be erroneous.

5 | CONCLUSIONS

The SOFTWARE, along with all the algorithms it includes, is specifi-
cally designed for the study of Arvicolinae species. Therefore, the
application of the program for the analysis of additional species from
other subfamily of rodents or mammals with different molar struc-
tures, would require modifications of the codes and algorithms of
the SOFTWARE.

Despite the need to expand the sample size of some species
in the database, the SOFTWARE, demonstrates a generally high
discrimination power between species with similar morphological
characteristics of the m1. The SVM has shown the highest dis-
criminating power, allowing to differentiate between overlapping
morphologies (as M. arvalis and M. agrestis). The HD also exhibits
substantial discrimination capacity, while Fisher LDC shows the
lowest accuracy. Therefore, this program is particularly useful
in cases where classification is challenging due to morphological
similarities between species. It can automatically deduce the tax-
onomic classification of the sample or obtain the measurements
traditionally used for their identification, avoiding alterations of the
molar as attritional wear or breaks on the enamel. In this way, the
use of this program could lead to a decrease in the time needed
to classify these controversial specimens, or to acquire all neces-
sary linear measurements for taxonomic purposes and biometric

characterisation.
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