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Abstract. Although highly conservative in major lineages, skeletons of tetrapods can vary within groups. In 
chelonians, a large portion of the skeleton is “external,” which makes it comparatively easy to study. I present 
several peculiarities in the shape and architecture of shells in the Hermann’s tortoise, Testudo hermanni, from 
five localities in the Balkan Peninsula. These are: a hump in the rear part of the shell (in males), variability in 
the so-called neural formula (in both sexes), and unusually poorly curved pygal (and supracaudal) element in 
many males. These oddities were particularly frequent in an insular population, but were found in mainland 
samples as well. To my knowledge, this study presents the first qualitative and a preliminary quantitative 
analysis of shell aberrations within and among populations of any Testudo species. More importantly, it was 
performed on extant populations: this enables monitoring of ontogenetic shell shape development, i.e. the 
emergence of anomalies, as well as their possible influences and consequences concerning survival and 
behaviour. Future research should aim at inferring genetic structure within and among Hermann’s tortoise 
populations in the sampled region and in other parts of the Balkans. 
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Introduction 
 
Evolutionary origin and ontogenetic development 
of main osseous elements of chelonian shells were 
described in detail (e.g., Hirasawa et al. 2013, Ly-
son et al. 2013). However, there are still some un-
resolved questions regarding processes responsi-
ble for their formation (e.g., Gilbert et al. 2001, 
Nagashima et al. 2012). Skeletal elements of inter-
est for the present study – axial (mediodorsal) row 
of bones of the carapace – originate in different 
ways: their embryonic sources differ, and several 
genes regulate their formation and shaping (Vin-
cent et al. 2003, Vickaryous & Sire 2009). Axial row 
of carapacial bones is comprised of one nuchal 
(most probably evolved from cleithra), eight neu-
ral bones (which develop as the outgrowths of 
neural arches of trunk vertebrae), one or two su-
prapygal bones and one pygal (elements in the 
rear part of the carapace, with no contact with ver-
tebrae and ribs); these add up to 11 or 12 (Vincent 
et al. 2003, Gilbert et al. 2008, Scheyer et al. 2008, 
Nagashima et al. 2012, Lyson et al. 2013). General 
appearance of chelonians has persisted for ap-
proximately 200 million years (e.g. Gaffney et al. 
1987), and composition of the chelonian skeleton is 
highly conservative: “all turtles possess ten tho-
racic vertebrae associated with the carapace” (Gil-

bert et al. 2008). Nevertheless, differences between 
shells of main groups do exist and morphological 
features of various bones have traditionally been 
used in chelonian taxonomy (e.g., Joyce & Bell 
2004). Surprisingly, studies of skeletal variability 
and malformations in chelonians are rare, particu-
larly at intra-specific and within-populations level 
(Gerlach 1999a, Joyce & Bell 2004, Bever 2009, Chi-
ari & Claude 2011). They were usually performed 
on aquatic groups (e.g., Rhodin et al. 1984, Hop-
kins et al. 2013 and references therein). 

Among the causes of anomalous development 
of skeletons in general, and chelonian shell spe-
cifically, available literature reveals genetic 
or/and developmental disorders, caused by in-
breeding, suboptimal incubation conditions, in-
adequate diet (mostly in captivity), pollution and 
other factors (Wiesner & Iben 2003, Fernández & 
Rivera 2004, Bell et al. 2006, de Solla et al. 2008, 
Velo-Antón et al. 2011, however, see Du et al. 
2011). 

Hermann’s tortoises are sexually dimorphic in 
body size (females are the larger sex) and shape. 
The most conspicuous gender-distinguishing traits 
are: concave plastron, long and wide tail with a 
long „spur“ at the tip, wide anal notch, strongly 
curved pygal bone (and supracaudal scutes), and 
wide rear part of the carapace (posterior pleural 
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bones covered with overgrown marginal scutes) in 
males compared to females (Willemsen & Hailey 
2003, Djordjević et al. 2011, 2013, Đorđević 2012). 
Overall, the shape of the male shell, especially 
carapace, is trapezoidal, while that of females is 
roughly ovoid. In males, the overgrown posterior 
marginals are often strongly curved upwards. Fe-
male shell shape is simpler: rear portion of cara-
pace is not much wider than the middle of the 
shell, and marginals more or less smoothly face 
the ground. 

In several wild Testudo hermanni populations I 
observed some oddities in the shape and architec-
ture of the shell, which were not equally repre-
sented in the two sexes. These unusual shape de-
tails are: (1) moderate but evident hump in the 
rear part of the shell (with one exception, found 
exclusively in males); (2) enormous variability in 
the arrangement, i.e. numbers and shapes of neu-
ral bones (“neural formula”) in both sexes; and (3) 
unusually poorly curved or, in few instances, 
completely straight pygal/supracaudal element in 
males. In addition, several adult insular males 
have an overall female-like appearance. Exhaus-
tive literature survey failed to reveal records of 
shell states like the ones I described here. 
 
 
Materials and methods 
 
Majority of tortoises in the sample I analyzed came from 
an extremely dense population inhabiting the Golem 
Grad Island (Prespa Lake, Former Yugoslav Republic of 
Macedonia, FYROM): in app. 18 hectares our team proc-
essed almost 1,800 tortoises – more than 1,100 of which 
are males. The nearest population where I observed skele-
tal oddities inhabits the surroundings of the village Kon-
jsko at the north-western shore of the Prespa Lake, app. 
4.5 km from the island. Our wide-range capture-mark-
recapture (CMR) study includes several more inland T. 
hermanni populations, in Serbia: Pčinja River valley, 
Prolom Banja, and Trstenik (Table 1). 

Live tortoises were caught by hand, measured and 
permanently marked (following Stubbs et al. 1984 and 
Djordjević et al. 2011), and released at the exact place of 
capture. All peculiarities (unusual appearances, wounds, 
etc.) were noted. Not a single animal was mistreated or 
displaced during the study. For the analyses of bony ele-
ments of shells my colleagues and I collected all empty 
shells of the animals which had died of natural causes. 

Genders were distinguished by the shape of plastron, 
shape of rear marginal scutes, i.e. peripheral bones, anal 
notch width, bridges length, supracaudal/pygal, and tail 
shape and size (Willemsen & Hailey 2003, Djordjević et al. 
2011, 2013). As unquestionably adult animals I considered 
males larger than 13 cm and females larger than 15 cm 

straight carapace length (SCL), following Willemsen and 
Hailey (2003). Tortoises smaller than 13 cm SCL were con-
sidered sub-adults and were not included in this study; 
not all of them were sexable.  

For the present study the most important shell meas-
urements were the ones recently introduced, specifically 
designed to depict the shape of the rear portion of cara-
pace (described in Djordjević et al. 2011). These are shown 
in Figure 1: C1, C2, C3 and C4 are horizontal distances be-
tween the tangent to the supracaudal element and four 
points along the 5th vertebral scute (at the suture with 4th 
vertebral, at the posterior edge of areola, at the suture 
with supracaudal, and halfway between the last two). ScC 
(supracaudal curviness) is the distance between the tan-
gent to and the tip of the supracaudal scute. 

In studies of sexual shape dimorphism, analysis of 
covariance (ANCOVA) is used to describe differences be-
tween sexes in body proportions: I applied the same ap-
proach on the subset of data consisting of “normal males” 
and “female-like males” from the Golem Grad Island, to 
check for differences in shell proportions. Additionally, as 
the posterior (maximal) carapace width (MaxCW) clearly 
differs between the sexes (much larger in males), but the 
mid-body carapace width (MCW) is similar in males and 
females (Djordjević et al. 2011), I calculated the 
MCW/MaxCW ratio as a simple descriptor of 
oval/trapezoid shell shape.  

All measurements were obtained by dial callipers 
(precision 0.02 mm); a try square was used to provide 
horizontal plane and tangent line. Calculations were per-
formed in Microsoft Excel application and Statistica soft-
ware, ver. 5.1.  

The “default” neural formula in Hermann’s tortoise 
includes eight neurals, arranged as follows (digits depict 
the number of angles on a particular bone in a row): 
“usually 4,8,4,8,4,6,6,6 or, as a rule in males, 
4,8,4,6,6,6,6,6” (Amiranashvili 2000). I analysed the devia-
tions from this typical state in T. hermanni shells. I com-
pared the observed neural states to “default” formula, 
and calculated percentages of bones of various shapes in 
respective positions along the carapace axis. For simplic-
ity, I considered all bones between nuchal and the poste-
rior suprapygal (the one in contact with the pygal). Suffi-
cient data for this analysis was available only for the Go-
lem Grad Island. 

The data I present here are not the outcome of sys-
tematic search for anomalies in the Hermann’s tortoises’ 
osseous shell complement. Only the animals with the 
most pronounced humps and straight supracaudals were 
measured in detail; other odd-looking individuals were 
merely noted as such. Consequently, I performed only 
basic statistical operations: I calculated percentages of 
males with hump and with “straight” supracaudal. For 
this analysis I used both numerical and qualitative data, 
i.e. measured ScC and C values, and observed tortoises 
with straight supracaudal and/or a hump. Where there 
were enough numerical data, I used “average ScC minus 
1 SD” as threshold values, i.e. upper limits for consider-
ing a supracaudal “straight”; I computed this value for 
the pooled sample (all localities) and for each population  
 
 
 
 
 
 



S. Đorđević 
 

18 
 

Table 1. Names and coordinates of study localities, numbers of adult males processed in each, in parentheses numbers 
of males with sufficient quantitative data, threshold values for ScC in separate populations (overall threshold ScC = 
4.67), numbers and percentages of males with a hump and straight supracaudal. 

 

Locality Golem  
Grad Island 

Konjsko  
Village 

Pčinja  
River Valley 

Prolom  
Banja Trstenik 

Coordinates 40°52′N, 
20°59′Е 

40°54′N, 
20°59′E 

42°19′N, 
21°53′E 

43°20′N, 
21°25′E 

43°37′N, 
21°00′E 

Total number of males 1129 (208) 126 (57) 163 (124) 24 (24) 86 (62) 
No. and % of males with hump 235 (20.8%) 13 (10.3%) 7 (4.3%) 3 (12.5%) 4 (4.6%) 
Population ScC range and threshold (mm) 0.00–20.00 

3.95 
4.00–15.00 

6.32 
0.00–17.00 

6.47 
2.00–15.00 

7.02 
0.00–14.50 

5.49 
males with ScC ≤ pop. threshold 2.4% 11.6% 11.7% 17.4% 9.3% 
 
 

    
 
 
separately. In order to check if there were statistically sig-
nificant differences in ScC and C values between males 
possessing straight supracaudal and/or a hump and 
those with “normal” shells, I performed analysis of co-
variance, ANCOVA (with SCL as the covariate). 
 
 
Results 
 
Humpbacks 
In all sampled populations, I recorded adult males 
with a hump in the rear part of their shells (Figs 1 
and 2a, Table 1). Of more than 2,700 animals in-
cluded in this analysis, only one female had a 
small hump. The largest percentage of humpbacks 
I found on the Golem Grad Island (20.8), but this 
anomaly was present in all mainland populations 
(from 4.3% to 12.5%: Table 1). Where sufficient 
quantitative data were available, a hump was sta-
tistically recognizable by the larger difference be-
tween C3 and C4 (depicted by “C4 minus C3”) com-
pared to “normal” shells. In other words, C4 val-
ues rose sharply. In two samples this was con-
firmed with ANCOVA: C4-C3 was significantly 
larger in males with a hump (Table 2). 
 
Straight Supracaudal 
Table 1 presents percentages of males with poorly  

curved or completely straight supracaudal scute 
(Fig. 2b,c). The overall (pooled sample) threshold 
ScC value was 4.67 mm (range: 0.00 mm – 20.00 
mm, average 8.24 mm, SD 3.57). This anomaly was 
the most striking in the insular population, due to 
large number of individuals bearing it: 109 males 
were noted to possess straight supracaudal. Nev-
ertheless, percentages of this shell shape oddity 
were high in all other samples (Table 1). In ani-
mals with straight supracaudal, C1 is larger than in 
those with a normally curved one (in some cases 
confirmed with ANCOVA, Table 2). Males pos-
sessing straight supracaudal sometimes strongly 
resemble females, and in several cases they were 
designated as males because of the size and shape 
of their tail, anal notch and bridges (Appendix Fig. 
4). In other cases, other traits are masculine. 

Males described/calculated to possess both 
hump and straight supracaudal occurred only on 
the Golem Grad Island. Among the empty shells 
from all localities I could not find a single one with 
a hump and supernumerary neural bones. 
 
Variable neural formulas 
Of 32 shells found on the island (27 males, 5 fe-
males), 24 (75%) had some kind of irregularity in 
neural formula (Table 3, Figs. 3, Appendix Figs 5,  
 
 

Figure 1. Shell of a living male tor-
toise with normal, strongly curved
supracaudal, and a prominent
hump in the back (drawn from a
photograph), with measurements
defining the rear portion of the
carapace, as in Djordjević et al. 
(2011). 
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Figure 2. Various states of supracaudal scute in males from Golem Grad Island. (a) normally curved  
(a hump is also evident). (b) curved to a degree lesser than normal. (c) completely straight. 

 
 

Table 2. ANCOVA (SCL as the covariate): shell shape (Normal/Humpback) and state of the supra-
caudal (Curved/Not Curved) described by C values and ScC. Adjusted means of (C4 minus C3), C1, 
and ScC. Significantly higher values are given in boldface. 

 

 Adjusted means, numbers of analyzed males, and ANCOVA results 
 C4-C3 in Humpback N C4-C3 in Normal N F p 
Golem Grad Island 14.8 73 13.0 36 8.35 0.005 
Konjsko village 13.7 12 12.6 45 1.64 0.205 
Pčinja River valley 14.9 7 12.3 113 6.52 0.012 
Prolom Banja 15.5 3 15.9 19 0.06 0.811 
Trstenik 15.4 4 13.7 58 2.43 0.124 
 C1 when Not Curved N C1 when Curved N F p 
Golem Grad Island 10.12 10 8.93 57 2.43 0.124 
Konjsko village 8.10 13 7.93 11 0.05 0.823 
Pčinja River valley 9.80 17 8.09 6 6.86 0.016 
Prolom Banja 10.17 4 10.64 19 0.08 0.780 
Trstenik 9.46 5 9.89 3 0.14 0.719 
 ScC when Not Curved N ScC when Curved N F p 
Golem Grad Island 2.2 27 8.0 81 97.52 0.000 
Konjsko village 5.4 13 10.3 44 54.11 0.000 
Pčinja River valley 5.1 19 10.1 105 75.62 0.000 
Prolom Banja 5.1 4 11.1 19 25.11 0.000 
Trstenik 3.4 8 8.9 54 46.74 0.000 

 
 
6, 7a). In addition to usual 4-, 6- and 8-angled 
bones, I found substantial percentages of pentago-
nal and heptagonal neurals; there were several 
bones of irregular shape and with more or less an-
gles (3, 10, 12 or 14). Modal numbers and percent-
ages of specifically shaped neurals corresponded 
to usual state, but I found numerous deviations 

from it (Table 3). The most stable neurals, i.e. the 
highest percentages of bones of “appropriate” 
shape were in positions 2, 3, 6, and 7 (84.38, 93.75, 
84.38, and 75.00, respectively). In other positions, 
appropriately shaped neurals were found in up to 
56%, and differently shaped bones consisted as 
much as 28%. Majority of additional bones (posi- 
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Table 3.  Variations in neural formula in tortoises from Golem Grad Island: percentages of differently shaped neural 
bones in positions 1–11. Usual neural formula and “a rule in males” (in parentheses): Amiranashvili (2000). 

 

Position N1 N2 N3 N4 N5 N6 N7 N8 9 10 11 
Usual Neural Formula 4 8 4 8 (6) 4 (6) 6 6 6 / / / 
% of triangular 3.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
% of quadrilateral 56.25 6.25 93.75 3.13 53.13 3.13 3.13 18.75 31.25 21.88 3.13 
% of pentagonal 21.88 0.00 0.00 3.13 25.00 0.00 3.13 9.38 9.38 0.00 0.00 
% of hexagonal 12.50 3.13 3.13 15.63 18.75 84.38 75.00 56.25 18.75 3.13 3.13 
% of heptagonal 0.00 3.13 0.00 28.13 3.13 6.25 6.25 0.00 6.25 0.00 0.00 
% of octagonal 0.00 84.38 3.13 50.00 0.00 3.13 6.25 6.25 0.00 0.00 0.00 
% of irregular and other shapes 6.25 3.13 0.00 0.00 0.00 3.13 6.25 6.25 3.13 0.00 0.00 
 
 

 
 

Figure 3. Examples of aberrations in the arrangement of carapacial bones. (a) surplus neural bone that appears 
like a symmetrical insertion between 7th and 8th neural, and slightly bent row of neurals, ten axial bones be-
tween nuchal and pygal (most probably divided suprapygal). (b) one neural less than normal number.  
(c) a surplus neural bone which appears like an asymmetrical division of the 8th neural, asymmetrical 4th and 5th 
neurals, divided suprapygal. In all three drawings considerable variations in shapes (numbers of angles) of 
neural bones are evident. 

 
 
tions 9–11) were quadrilateral. 
 
Overall female-like appearance of insular males 
Analysis of covariance of 104 “normal” males and 
17 “female-like males” from the Golem Grad Is-
land revealed statistically significant differences in 
certain carapace features. “Highly masculine” 
males differed from “slightly feminized” ones in 
the posterior (maximal) carapace width (F = 22.96, 
df=1, p = 0.000) and shell height (F = 5.30, df=1, p 
= 0.023). In other samples there were no animals 
with confusing appearance. 

To compare trapezoidal shell typical for males 
with other shapes, I used the ratio between mid-
line and maximal (posterior) carapace width. It 
was 0.90 in normal males, 0.95 in females and 0.93 
in female-like males. 

Males labelled as female-like were, on aver-
age, smaller than normal males (159.40 mm vs. 
170.23 mm SCL, respectively). In T. hermanni fe-
males are the larger sex (average adult SCL in the 

insular sample = 176.88 mm). Consequently, these 
peculiar males look very similar to young mature 
females. 
 
 
Discussion 
 
Although scientific articles analysing various fea-
tures of chelonian skeleton date back almost 300 
years (Cheselden 1733, Bojanus 1819, Merrem 
1820, Parker 1900, 1901, Babcock 1930), to my 
knowledge, this is the first analysis of intra- and 
inter-population variability in osseous shell com-
plement in Testudo hermanni, with descriptions of 
several shell shape details I was not able to find in 
previously published sources. 

Chelonians with humps were known for more 
than a century, in almost all families. However, 
anomalies reported to date pertain to various 
cases of kyphosis – deformities in mid-dorsal part 
of carapace, among central trunk vertebrae (Wan-
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dolleck 1904, Plymale et al. 1978, Trembath 2009). 
In tortoises I analysed a hump appears in the lum-
bosacral portion of their vertebral column: at the 
level of 5th horny vertebral scute – the one overly-
ing the 8th neural and the suprapygal bone(s) – i.e. 
above the pelvic girdle, between the points where 
the iliac bones contact the carapace. It is the most 
pronounced and frequent in insular population. 
None of the juveniles expressed anomalous shell 
shape, but in few sub-adult tortoises small humps 
were observed: it can be assumed that humps de-
velop during the sub-adult period of life and that 
observed anomalies are not lethal (e.g., Bell et al. 
2006, Trembath 2009). Another explanation for the 
absence of anomalies in juveniles could be that 
some tortoises develop with deformities so severe 
that they die young. 

Variations in neural formulas were reported 
previously, but either on small numbers of mu-
seum specimens, or at the level of genders or fami-
lies (Bojanus 1819, Gerlach 1999a, Joyce & Bell 
2004, Delfino et al. 2009). Fossil shells also possess 
irregularities in osseous and keratinous carapace 
complements (e.g. Fig. 3 in Joyce et al. 2012). Dif-
ferences in neural formula between sexes were 
rarely described (Amiranashvili 2000). I am not 
aware of any publication presenting intra- or inter-
population variability in this portion of tortoise 
skeleton in extant, living populations. 

Neural bones are continuous with thoracic 
vertebrae (Hirasawa et al. 2013). Considering that 
number of thoracic vertebrae is constant within 
Chelonia (Gilbert et al. 2008), I expected that num-
ber of neural bones should also be fixed. Quite the 
opposite: in samples of T. hermanni from the Bal-
kans variations in neural formula were fairly 
common. Symmetrical and asymmetrical “inser-
tions” (only one “deletion”) and “divisions” oc-
curred among neural and suprapygal bones in all 
surveyed populations. Several types of anomalies 
in neurals could be found in a single shell (Fig. 
3a,c, Appendix Figs 5, 7a). None of the shells I ex-
amined had a combination of surplus neural bones 
and a hump, although I expected to find such 
state: one of my initial ideas was that a hump re-
sults from surplus axial bones. On the other hand, 
both a hump and straight supracaudal were pre-
sent in several males.  

Substantial variation in the pres-
ence/absence/number of neurals was described in 
Chelidae and within the genus Dipsochelys 
(Rhodin & Mittermeier 1977, Thomson & Georges 
1996, Gerlach 1999a). It was discussed in the light 

of evolutionary changes, i.e. as taxonomically in-
formative (e.g., Burbidge et al. 1974), or explained 
as normal within-population variation (Warren 
1969). During the preceding century variation in 
bony complement of chelonian shells was rarely 
addressed: even for thoroughly studied giant tor-
toise lineages various information is still missing, 
and I could not find a definitive conclusion re-
garding factors influencing the development of 
various shell shapes in these animals (see Gerlach 
1999b, 2011, Chiari & Claude 2011). The lack of de-
tailed, precise descriptions of within-population 
osteological variation in chelonians can cause 
problems in modern taxonomic analyses (see 
Bever 2009). 

Concerning straight pygal/supracaudal ele-
ments in male tortoises, I could not find a single 
reference – not even an incidental mentioning of 
such a peculiar state of their carapace. In all sam-
ples I analysed differences between normal and 
straight supracaudals in males were statistically 
significant. As mentioned previously, some males 
with straight supracaudals look like females: we 
checked other traits (tail, anal notch, bridges) to 
decide on their sex. Other-sex appearance, anat-
omy and behaviour – intersexuality is another 
phenomenon rarely described in tortoises. Limpus 
et al. (2009) reviewed cases of marine turtles for 
which the sex could not be determined by superfi-
cial observations: although rare, there were indi-
viduals possessing both types of gonads, in vari-
ous stages of development, and at least one that 
looked like a male but dug nests like females. In-
tersexual individuals (with ovotestes) were proven 
in E. orbicularis as well (Pieau 1975). In T. hermanni 
– as in majority of chelonians – gender of a devel-
oping embryo is determined by incubation tem-
perature regime, and there is a critical period and 
a threshold temperature decisive of the develop-
ing sex (Eendebak 1995). Superficially, in T. her-
manni genders can be clearly distinguished in ani-
mals larger than app. 10 cm (Stubbs et al. 1984). 
Even long after hatching, environmental, i.e. tem-
perature conditions can cause hormonal disrup-
tions affecting the appearance and behaviour of 
tortoises: masculinization of several adult captive 
females was described in Chelonoidis carbonaria 
(Guix et al. 2001). “Female-like males” in samples 
from the Balkans are not always statistically de-
scribable, but are detectable in the field: in subse-
quent recapture events several animals were re-
peatedly erroneously sexed. However, without 
hormonal, genetic, behavioural and anatomical 
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analyses, we cannot be absolutely sure if our con-
fusing looking animals were not in fact masculin-
ized females. 

For several animal groups it was shown that 
development of the skeleton can be affected, 
among other factors, by low genetic variability re-
sulting from inbreeding or bottlenecks (e.g., Kause 
et al. 2005, Lacy & Alaks 2013), which are most 
likely to occur in insular or otherwise isolated 
populations (Brewer et al. 1990, Madsen et al. 
1996). Skeletal anomalies resulting from isolation 
were proven in snake populations affected by bot-
tlenecks (Gautschi et al. 2002) and in the highly 
inbred insular population of wolves (Räikkönen et 
al. 2009). In the insular tortoise population sam-
pled during this study, inbreeding is, most proba-
bly, unavoidable hence at least some skeletal 
anomalies could be attributed to low genetic vari-
ability. 

Numerous malformations in different organ-
isms can be caused by various chemicals released 
into natural habitats. Responses to pollutants dif-
fer among species and between sexes (Bell et al. 
2006, de Solla et al. 2008, Davy & Murphy 2009). 
As long-lived creatures, tortoises can accumulate 
large quantities of chemicals; accumulated con-
taminants can be transferred from females to their 
progeny (Nagle et al. 2001, Páez-Osuna et al. 
2010). For the genus Testudo, I found only two 
studies addressing influences of pollutants, but no 
anomalies were mentioned (Willemsen & Hailey 
2001, Martínez-López et al. 2010). 

Because the same types of skeletal anomalies 
were present in all studied populations, I cannot 
ascribe these exclusively to inbreeding, or only to 
suboptimal conditions during embryonic and 
post-hatching development (climate and resources 
differ among study localities), to differences in be-
haviour among genders and populations, or to 
pollution. Instead, it is necessary to search for a 
complex explanation including several (or all) of 
the abovementioned factors. 

In contrast to the usual perception of chelo-
nians as slowly changing animals, they appear ca-
pable of comparatively quick reactions and mor-
phological modifications/adaptations to different 
circumstances. According to previous analyses of 
T. hermanni populations in the Balkan Peninsula 
(Djordjević et al. 2011, 2013, Đorđević 2012), body 
size and shape of these animals appear highly 
plastic, presumably under strong influences of en-
vironmental, genetic, developmental, behavioural 
and other factors. 

Future tortoise studies should specifically tar-
get various shell anomalies, to provide sufficient 
data for appropriate calculations and compari-
sons. Also, causes of skeletal disorders should be 
sought for: genetic analyses could provide insight 
into within- and among-populations relatedness 
and variability, individual growth should be 
monitored, as well as environmental influences, 
inter- and intra-sexual interactions and complex 
interactions of these causes. Long-term clima-
tological data are necessary, as well as information 
concerning presence and types of pollutants po-
tentially influencing tortoises under study. In or-
der to provide material for comprehensive com-
parisons and theoretical considerations of skeletal 
aberrations in chelonians, it is necessary to obtain 
more empirical, qualitative information before we 
can appropriately discuss causes and conse-
quences of skeletal disorders in tortoises and tur-
tles. 
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Appendix I 
 
In several shells neurals i.e. the underlying vertebrae were not arranged in a straight line, but almost in a zigzag pat-
tern. This implies mild but multiple lateral bending of spine (Appendix Fig. 5a). 

In several shells (from two localities) the first neural was not sutured to nuchal, instead, left and right first costals 
met in a suture between the posterior edge of nuchal and anterior edge of 1st neural (Appendix Fig. 6a,b). 

One male shell had one neural bone less than normal number: there were only seven bones between nuchal and 
suprapygal (Fig. 3b). In the surroundings of the Konjsko village I found one anomaly in addition to those from the is-
land: in a female shell, suprapygal was divided in two, but diagonally (Appendix Figure 7c). 

In two shells, the first neural (N1) was divided (Appendix Figs. 5a, 6c), in many others, the division (into two or 
even three bones) occurred in suprapygal (bones in positions 10 and 11), and in posterior neural bones. “Insertions” 
were often obvious, either central (symmetrical) or lateral to the axis. The most frequent was the insertion between 
neurals 7 and 8 (in 5 of 32 shells), two shells had insertions between N5–N6 and N6–N7. Divided bones look like nor-
mal neurals, but are shorter than these, inserted bones are usually small, either ovoid or rhomboidal. Irregular shapes 
were found in all neurals, from 1st to 9th (N6 and N7 were asymmetrical in two shells). Irregular and inserted neural 
bones did not occur in same shells (with one exception). 

In few cases there were aberrations in costal bones. Appendix figure 7b presents the unequal but symmetrical di-
vision of both 8th neural bones. In several shells (Appendix figures) several types of aberrations were present. 
 
 

 
 

Appendix Figure 4. Straight supracaudal in an adult male: (a) from behind. (b) lateral view. 
 
 

 
 

Appendix Figure 5. Additional anomalies in T. hermanni shells: (a) a shell with multiple anomalies: 
asymmetrical nuchal and first pleural bones, divided first neural, all neurals irregular, in zigzag ar-
rangement (bent spine), asymmetrical suprapygal. (b) irregular 7th neural, nine bones in axial row. 
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Appendix Figure 6. Aberrations in the front portion of the shell: (a), (b) direct contact of left and right 1st costals,  
in (a) the 1st neural is also asymmetrical. (c) 1st neural elongated and divided into two smaller bones. 

 
 

 
 

Appendix Figure 7. Aberrations in the rear part of the carapace: (a) asymmetrical division of the 7th neural, nine 
bones in the axial row (probably the upper suprapygal is divided). (b) irregular suprapygal, divided 8th costal 
bones. (c) ventral side of diagonally divided suprapygal bone. 

 
 
 




