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Abstract 

Testudo hermanni) is widely distributed in western and southern Europe. As 
reptiles exhibit strong geographical variation in most morphological, as well as life history traits, 
gathering data from distant areas is important. Here we used Elliptic Fourier analysis to 
investigate variation in pigmentation pattern of plastron (ventral shell) of 54 western Hermann's 
tortoises (T. hermanni hermanni) studied in different private breeders, and belonging to two 
different Mediterranean populations: Albera (Catalonia, NE Iberian Peninsula, n=14) and 
Balearic Islands (n=40). Based on this sample, it was shown that plastral pigmentation design 

-history, but differences appeared between 
geographical populations. These results provide a baseline for further comparisons in variation of 
plastral pigmentation pattern. 
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Introduction 
 
Hermann's tortoise (Testudo hermanni GMELIN, 1789) is one of five tortoise species 
traditionally placed in the genus Testudo, the others being the marginated tortoise (T. marginata), 
Greek tortoise (T. graeca), Russian tortoise (T. horsfieldii
(T. kleinmanni).  
T. hermanni is widely distributed in western and southern Europe, from Catalonia to the Balkans, 
up to European Turkey (Forlani et al., 2005). Most populations in the western part of the 
distribution range (e.g. Spain, France and Italy) are severely reduced, whilst the species is still 
abundant in eastern areas (i.e. the Balkans) (Abdi and Karimi, 2014a; Abdi and Karimi, 2014b). 
Two subspecies are recognized, T. hermanni hermanni and T. hermanni boettgeri, inhabiting the 
western (Spain, France, and Italy) and eastern (all other countries) parts of the distribution range, 
respectively (Gasc et al., 1998). The subspecies T. h. hermanni includes the former subspecies T. 
h. robertmertensi and has a number of local forms (Abdi et al., 2013a; Abdi et al., 2014a; Abdi et 
al., 2014b). It has a highly arched shell with an intensive coloration, with its yellow coloration 
making a strong contrast to the dark patches. The colours wash out somewhat in older animals, 
but that intense yellow is often maintained. The underside has two connected black bands along 
the central seam. The coloration of the head ranges from dark green to yellowish, with isolated 
dark patches (Abdi et al., 2013b; Barati et al., 2014). A particular characteristic is the yellow 
fleck on the cheek found in most specimens, although not all; T. h. robertmertensi is the name of 
a morph with very prominent cheek spots. Generally, the forelegs have no black pigmentation 
pattern on their undersides. The base of the claws is often lightly coloured (Elhamian et al., 
2014a; Elhamian et al., 2014b; Faghihi et al., 2014). The tail in males is larger than in females 
and possesses a spike. Generally, the shell protecting the tail is divided. Pending more definitive 
data, and with no impact on the subject of our research, we felt justified in employing a 
conservative species- subspecies of Testudo, all of 
which are well-recognized, uncontroversial, monophyletic groups (Javidi et al., 2014a; Javidi et 
al., 2014b; Karimi et al., 2014f; Karimi et al., 2014g). 
     As reptiles exhibit strong geographyical variation in most morphological, as well as life 
history traits, gathering data from isolated areas is important. In this research, we present data 
from two populations of T. h. hermanni in W Mediterranean, focusing on design of plastral 
pigmentation pattern (black areas of the ventral shell) (Karimi and Navidbakhsh, 2014a; Karimi 
and Navidbakhsh, 2014b; Karimi and Navidbakhsh, 2014c).  
     Varied and efficient methods have been developed to describe and quantify natural objects. 
The most common ones use superimposition techniques (e.g. Procrustes methods), 
decomposition into harmonics (Fourier series and functions, wavelets), analysis of spiral 
functions, and combinations of parameters from elementary geometry (e.g. circularity index, 
lengthening) (Karimi et al., 2014a; Karimi et al., 2013b). 
     Since the shape of the plastral pigmentation design is an irregular curved structure, the use of 
the conventional metrical approach consisting of distances, angles and ratios, was difficult to 
apply effectively (Karimi et al., 2013a; Karimi et al., 2014l). This shape is too poorly suited for 
recognition with landmarks and, therefore, the Procrustes-type methods cannot be used. 
Nevertheless, the morphological variation can be quantified by geometric variables obtained 
from 2D image analysis of their outlines using an alternative procedure, the elliptic Fourier 
function (EFF). EFF, developed by (Kuhl and Giardina, 1982), transforms the data from a spatial 
domain into a frequency domain. They are defined as a parametric formulation in the form: x =  
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f(t), y = f(t), allowing the separation of the boundary contour into separate x- and y- components. 
EFF permits the analysis of contours that cannot be simply represented as single-valued 
functions. Another attractive property of Fourier descriptors is that they not only enable the 
precise reconstruction of the biological outline, but also permit the re-creation, at any time, of the 
form from the EFF coefficients, in the absence of the original specimen (Karimi et al., 2014b; 
Karimi et al., 2014c; Karimi et al., 2014h). 
 
EFF 
EFDs have been successfully applied to a number of morphological structures (see (Younker and 
Ehrlich, 1977), for a review). In recent years a specific FD, the EFF, has been applied to 
characterize the outline of morphological structures because it allows the analysis of more 
complex forms than conventional FDs. EFF is ideally suited for characterizing the shape of 
complex morphologies (Kuhl and Giardina, 1982)
been applied to the study of tortoises. 
 
Material and methods 
Specimens 
In order to analyze plastral pigmentation pattern in western Hermann's tortoise (T. hermanni 
hermanni), 54 domestic pure animals from authorized private breeders were selected. Their age, 
according to declaration of keepers, ranged from 6 to 45 months. Forty tortoises were 
descendants of animals from Balearic Islands and the rest (14) from a continental Iberian area 
(Albera, NE Iberian Peninsula), both native populations being geographically separated. No 
differentiation between Balearic Islands was performed, as for some specimens the exact insular 
origin (Majorca and Minorca) was unknown. Selected animals were sexed, weighed and 
measured (midline straight carapace length, from the front of the gular scute, to the rear of the 
carapace). Since in our study we used tortoises randomly collected from different owners, we 
could not detail life-history variables. 
Extraction of the outlines 
Ventral image captures were performed with a Nikon (Tokyo, Japan) D70 digital camera (image 
resolution of 2,240 x 1,488 pixels) equipped with a Nikon AF Nikkor® 28-80 mm telephoto lens. 
The focal axis of the camera was parallel to the horizontal plane of reference and centred on the 
plastron (ventral shell). Images included a scale (10 mm x 20 mm). It can be argued that this type 
of photographic materials can be used with a good reliability as plastrum is very flat, so one does 
not expect important distortions. The photographs were directly input to computer as GIF files 
and, subsequently, image noise was manually removed, contour extracted using a graphics 
software package (Adobe Photoshop version 14.2.1.CC®) (Karimi et al., 2014d; Karimi et al., 
2014e; Karimi et al., 2014i), and finally they were transformed to BMP-256 colour files. To 
avoid redundant information in symmetric structures, only the outline of each left pattern was 

 (Karimi et 
al., 2015; Karimi et al., 2014j; Karimi et al., 2014k; Mohammad Mehdi Elhamian et al., 2014). 
Elliptic FDs and multivariate analysis 
Image capture was carried out using the SHAPE® software package developed by (Iwata and 
Ukai, 2002), which identified the outline of the pattern and generated an elliptic Fourier 
description. Briefly, the procedure was as follows: images were binarized (i.e. transformed into 
white for the bone outline and black for the background, in pixels) so the outlines of each 
continuous contour (interface between the black and the white pixels) were automatically 
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obtained and digitalized; the area enclosed in each outline was automatically calculated. Since 
the coefficients are computed separately for each outline, the outlines need not have the same 
number of points. An average of 3,290 points was positioned along the outline of each specimen. 
The coefficients of the elliptic Fourier an, bn, cn and dn descriptors, which describe each 
harmonic, were calculated by the discrete Fourier transformation of the chain-coded contour, the 
position of the first point being on the standardized outline for all left plastral pigmentation 
contours. Shape was approximated by the first 20 harmonics (H). Each harmonic corresponded 
to the four coefficients defining the ellipse on the xy-plane (Razaghi et al., 2014; 
Shahmohammadi et al., 2014; Shamami et al., 2014). Coefficients were subsequently normalized 
for size and aligned by the major axis of the ellipse described by first harmonic (H0) (Kuhl and 
Giardina, 1982). As SHAPE® adjusted for size and orientation, first harmonic, H0, does not 
contain morphological information (CRAMPTON, 1995) and so seventy-six [(4x20)-4] 
standardized Fourier descriptors were finally considered.  
     The Fourier coefficients encode the position, orientation, and size of the original data and the 
starting point on the outline from which digitizing commenced. Adopting these coefficients as a 
set of transformed variables, they were employed in the analysis. In practice, a number of 
harmonics less than infinity is used for the summation. A range of harmonics is thus tested and a 
manageable number is settled on, adequately representing the original curve. In Principal 
Component Analysis (PCA), we depicted functional relationships. PCA was performed from the 

permitted us to find the optimal rigid axes rotation, axes being the principal components. 
Geometric interpretation for each principal component was assessed from the reconstructed 
contours using inverse Fourier transforms. To visualize the variation along a principal 
component axis, inverse Fourier transforms were calculated for the mean of the Principal 
Component (PC) scores, with the remaining components set to zero (Iwata and Ukai, 2002). This 
visualization was helpful to give the morphological meaning of the variation evaluated by each 
PC (Tehrani et al., 2014a; Tehrani et al., 2014b).  
     A Kolmogorov-Smirnov test was then used to know the overall equal distribution of male and 
female samples and a NPMANOVA (Non-Parametric-Multivariate-ANalysis-Of-VAriance, also 
known as PERMANOVA) test was carried out to know if there were sexual differences, using 
the Euclidean distances and nine separately as independent variables (log transformed), and 
coefficients as dependent ones. As regression has a number limit for dependent variables, only 
six harmonics (H1 to H6) were considered. A Multivariate-ANalysis-Of-VAriance (MANOVA) 
tested the multivariate regression significances using the Wilks' lambda test statistic as the ratio 
of determinants. Finally, a new NPMANOVA was carried out in order to study geographical 
differences in shape. For both NPMANOVA, nine harmonics (H1 to H9) were considered, as it 
will be seen that additional harmonics do not increase the accuracy of the reconstruction 
(FATURECHI et al., 2014; Karimi and Navidbakhsh, 2014d). 
The statistical treatment was performed with the PAST® package (Hammer et al., 2001). The 
significance level was established at 5%. 
 
Results 
Differences between sexes 
Preliminary analyses revealed no significant different distribution between males and females 
(D=0.290, p=0.189) and, as no differences appeared between sexes (p=0.689), data from both 
populations were pooled for further analyses.  



Parés-Casanova 
 

27 
 

Regression on body weight and length 
Neither of the regressions of form on log body weight (505.5g±297.1, range 100-1,260g) and 
length (121.7mm±26.8, range 66-171.7mm) were significant (R2=0.05, =0.204 and 
R2=0.04, =0.185, p<<<0.0001, respectively), so an isometric change of plastral 
pigmentation pattern can be supposed along life and/or corporal condition of animals. 
Quantitative analysis of the elliptic Fourier descriptors 
The first 9 Principal Components explained 85.2% of the total variance observed (Table 1). 
Summary statistics of the elliptic Fourier descriptors of these 9 harmonics for the size-
normalized plastral pigmentation outlines studied are listed in Table 2. Their representations are 
given in Figure 1.  
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Table 1. Results of the Principal Component Analysis for first 9 Principal Components. These 
first Principal Components explained 85.2% of the total variance observed. Almost no change at 
all was observed for any reconstruction using more harmonics. 
Principal Component (PC) Eigenvalue Proportion of variance (%) Cumulative variance (%) 
PC1 0.00741 40.68 40.68 
PC2 0.00248 13.50 54.26 
PC3 0.00147 8.06 62.33 
PC4 0.00112 6.15 68.48 
PC5 0.00088 4.80 73.29 
PC6 0.00072 3.94 77.23 
PC7 0.00054 2.94 80.18 
PC8 0.00050 2.72 82.91 
PC9 0.00042 2.32 85.23 
 
 
 
Figure 1. Elliptic Fourier analysis of the left plastral pigmentation outlines of the 54 western 
Hermann's tortoise (T. hermanni hermanni) studied. Representations of the harmonics 
corresponding to the first 9 Principal Components (PC). 
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Table 2. Summary statistics (mean and standard deviation, S.D.) for size-normalized left plastral 
pigmentation outlines of the elliptic Fourier descriptors (an, bn, cn and dn) of the first 9 harmonics 
(H1 to H9) (H0 excluded).  
 an  bn  cn  dn  
Harmonics Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
1 1.00000 0.00000 0.00000 0.32776 
2 0.00226 0.03494 0.06898 0.06092 -0.11217 0.02859 -0.01055 0.02357 
3 0.04823 0.02434 -0.01883 0.02547 0.01487 0.01694 0.00307 0.02272 
4 -0.00280 0.01592 0.02201 0.02745 -0.03585 0.02264 0.01049 0.01729 
5 0.03892 0.01376 -0.01112 0.02167 0.00032 0.02317 0.02583 0.01972 
6 -0.00343 0.01755 -0.00482 0.01635 0.00393 0.01598 -0.01192 0.01603 
7 0.01555 0.01470 -0.01087 0.01443 0.01270 0.01927 0.01138 0.01720 
8 0.00614 0.01382 0.00208 0.01570 0.00849 0.01565 -0.00281 0.02043 
9 0.01837 0.01330 -0.00037 0.01060 0.01026 0.01889 0.01277 0.01437 
 
 

 Differences between populations 
Statistical differences appeared between populations (p=0.0048). Plastral designs for both 
populations appear in Figure 2. 
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Figure 2. Plastral right designs for both populations (Albera and Balearic Islands). On bottom 
part, gular scutes on left, anal plaques on right for each picture. 
 
Albera Balearic Islands 

  
 
 

 
 
 
Discussion 
From data in this research, plastral pigmentation pattern can be deduced as a good phenotypic 
trait, with similarity between sexes and not related to life-history of animals, but with differences 
between some geographical populations. For this research, we studied two populations, and it 
would be interesting to have information for more populations, both insular and continental. 
Evidently, we could not exclude that they may be a product of random differentiation, and no 
molecular data are available, so authors do not intend to draw any taxonomical conclusion. 
However, what seems absolutely clear is that the study of plastral pigmentation pattern with 
Elliptic methods, although time-consuming and mathematically complex, can provide a baseline 
for further comparisons between populations to examine small geographical variation in Testudo 
hermanni, as it can distinguish subtle variations in the plastral pigmentation shape which are 
difficult to describe with mere descriptive qualitative methods.  
     The outlines employed in the present study turned out to be an example of apparently very 
complex data that are very well-suited for a particular analysis. Because EFA relies on the 
identification of the major axis of the best-fitting ellipse to achieve the requisite standardizations, 
the fact that the plastral pigmentation outline is not circular for the outlines in the current data set 
makes the use of such standardizations very tenable. In conclusion, the results here are 
considered encouraging and suggest the need for the initiation of further research to discover 
more accurate geometrical descriptors of the plastral pigmentation pattern in Testudo hermanni. 
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