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Abstract: Turtle shells frequently exhibit anomalous osseous modifications on their surface which
can sometimes compromise the survival of the organism. Nowadays, despite the large number of
anomalies identified in both extant and extinct turtle shells, the etiology, as well as the pathogenesis, of
the various osseous modifications remains unknown in most documented extinct representatives. In
fact, the interpretation of these anomalies in most fossil turtles is often speculative, the great majority
of anomalous osseous modifications being attributed to vertebrate feeding traces, without considering
other potential causative agents. In this context, we herein re-analyzed the shell anomalies recognized
in an individual determined as Neochelys sp. (Pleurodira, Podocnemididae) from the middle Eocene
(Lutetian) of the El Tejar fossil site (Corrales del Vino, Zamora, Spain), previously proposed as
traumatic injuries resulting from a crocodile attack. The re-evaluation of these osseous alterations
through detailed physical examination, comparison through direct observation and from the literature

check for on extant turtles, and the use of the files obtained from a computerized axial tomography scan, allows

updates the proposal of diverse causal agents, none of them supporting the previous interpretation. In
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cations on their surface (e.g., pitting, [1]; grooves, [2]; scratches, [3]; punctures, [4]; and
lacerations, [5]), which can be variable both in depth (i.e., severity) and extent (i.e., surface
area). Such modifications have been recorded in a wide variety of both extant and extinct
turtle taxa, with different ecological adaptations (i.e., terrestrial, [6,7]; freshwater, [8,9];
and fully aquatic, [10,11]). However, despite their high occurrence in the different turtle
lineages, the etiology, as well as the pathogenesis, of most osseous modifications remain

unknown for most extinct representatives in which they have been evidenced. In this sense,
studies of anomalous shell modifications performed in extant turtles are generally charac-
terized as taxon-specific reports (e.g., [12]), without detailed morphological descriptions of
the lesions (e.g., [13]), illustrations of the osseous modifications (e.g., [14]), or discussions
concerning pathogenesis (e.g., [15]). The absence of such data in the literature on extant
turtles makes it difficult to carry out comparative studies with shell anomalies identified
in extinct specimens. As a consequence, nowadays, it is relatively complex to achieve
reliable interpretations and diagnoses of anomalous shell modifications in the turtle fossil
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record. The lack of understanding of the significance of these shell anomalies, together
with difficulty in their justification and interpretation of the fossil record, makes diagnoses
in extinct specimens speculative. Thus, the etiology for most of the shell anomalies is gen-
erally attributed to vertebrate feeding traces, without considering other potential factors.
However, this supposed unequivocal attribution can be wrong in many cases.

In this context, here, we performed a detailed study of the anomalous conditions
(i.e., different typologies of shell marks and the anomalous lack of the posterior region of
the carapace) of an individual (Figures 1A and 2A) determined as Neochelys sp. (Pleurodira,
Podocnemididae), from the middle Eocene (Lutetian) of the El Tejar fossil site, at Corrales
del Vino (Zamora, Spain) ([16], Figures 1-3). The anomalies of this specimen were previ-
ously analyzed and diagnosed as traumatic injuries resulting from a crocodile attack, being
interpreted as non-fatal for the turtle ([17]; for more details see the Discussion section).
However, the re-study of these bone alterations through a detailed physical examination,
comparison through direct observation and with the literature on extant turtles, and the
use of a computerized axial tomography scan allows us to refute the previous hypothesis,
proposing the combination of several causal agents. Thus, this study focused on improving
our understanding of the significance (i.e., etiology and pathogenesis) of anomalous turtle
shell modifications in the fossil record.
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Figure 1. STUS 14024, anomalous carapace of a Neochelys sp. (Pleurodira, Podocnemididae) from the
middle Eocene (Lutetian) of El Tejar fossil site, at Corrales del Vino (Zamora, Spain). (A,A’) dorsal
view. (B-I) detail of some of the anomalies identified on the dorsal surface of the carapace: pits
(B,G,H), grooves (C,D), a hole (F), and the abnormal absence of the posterior region of the carapace
(E,H,I). Scale bars equal 5 cm in (A,A’), and 1 cm in (B-I). Abbreviations for the plates (in lowercase
and normal type): ¢, costal; n, neural; nu, nuchal; p, peripheral; spy, suprapygal; Abbreviations for
the scutes (in uppercase and in bold type): M, marginal; P1, pleural; V, vertebral.
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Figure 2. STUS 14024, anomalous plastron of a Neochelys sp. (Pleurodira, Podocnemididae) from
the middle Eocene (Lutetian) of El Tejar fossil site, at Corrales del Vino (Zamora, Spain). (A,A’)
dorsal view. (B—F) detail of some of the anomalies identified on the ventral surface of the plastron:
pits (B,D,E) and grooves (C,F). Scale bars equal 5 cm in (A,A’), and 1 cm in (B-F). Abbreviations
for the plates (in lowercase and normal type): ent, entoplastron; ep, epiplastron; hp, hypoplastron;
hy, hyoplastron; ms, mesoplastron; p, peripheral; xi, xiphiplastron. Abbreviations for the scutes (in
uppercase and in bold type): Ab, abdominal; An, anal; Ex, extragular; Fe, femoral; Gu, gular; Hu,
humeral; M, marginal; Pc, pectoral.
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Figure 3. Cross-section slices of the shell of anomalous carapace of a Neochelys sp. (Pleurodira,
Podocnemididae), STUS 14024, from the middle Eocene (Lutetian) El Tejar fossil site, at Corrales
del Vino (Zamora, Spain). (A) cross-section of the hole: (I) and (II), perpendicular view of the shell
anomaly; (II), parallel view of the shell anomaly. (B) cross-section of the seventh costal plate, which
also lacks its posterior region. (C) cross-section of the abnormal condition of the posterior region
of the carapace: (I-IV) perpendicular view of the carapace. Scale bars equal to 2.5 cm in (A,B), and
10 cm in (C).
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2. Materials and Methods
Institutional Abbreviations

MNHN.RA, Collection of Reptiles and Amphibians, National Museum of Natural
History, Paris, France; MNHN.ZA.AC, Collection of Reptiles, Comparative Anatomy,
National Museum of Natural History, Paris, France; STUS, Sala de las Tortugas de la
Universidad de Salamanca, Salamanca, Spain.

The specimen analyzed here, STUS 14024, was recently determined as Neochelys sp.
(Pleurodira, Podocnemididae) (see discussion in [16]), a systematic attribution that is here
supported, and was found on the Lutetian (middle Eocene) El Tejar fossil site, at Corrales
del Vino (Zamora, Spain). STUS 14024 is deposited in the Sala de las Tortugas de la
Universidad de Salamanca (Salamanca University, Salamanca, Spain), and corresponds to a
well-preserved and almost complete shell (Figures 1A and 2A). The pathological conditions
documented in the specimen were previously analyzed by [17], attributing the shell injuries
to trauma resulting from the attack of a predator, specifically a crocodile of the genus
Asiatosuchus (see [17] for more details).

The specimen was analyzed through physical examination, a detailed description
of the pathological conditions being presented. Photographs (taken with a monochrome
background with a Nikon D3500 18-55 mm f0.82 digital camera) and schematic drawings
(performed with Adobe Illustrator CS6) of the shell are included in this study. Computer-
ized axial tomography (Figure 3) was used to confirm and further characterize the origin
of the anomalous conditions. This also allowed us to provide additional information on
the potential causes of the alterations, as well as on the nature of the healing processes.
Thus, externally visible pathological osseous modifications are commonly associated with
changes in skeletal microstructure (see [18] and references therein). The specimen was
scanned with Optima CT600 scanner at the “Clinica Quirén Juan Bravo” (Madrid, Spain),
at a voltage of 135 kV and a current of 75 mA, obtaining 950 images in Dicom format.
The data were imported to the Avizo 7.1 software (VSG, Germany) for visualization and
analysis. Images were subjected to a differential diagnosis procedure, which constitutes
one of the methodological tools of the paleopathology [19]. The discussion was based on
the comparison of both medical and veterinary bone pathology literature as well as by the
direct observation of extant turtle individuals, especially those corresponding to the same
lineage as STUS 14024 (i.e., Podocnemididae), deposited in the Comparative Anatomy
and Zoology of Reptiles and Amphibians collections of the Muséum national d"Histoire
Naturelle (Paris, France).

The description of the shell anomalies of STUS 14024 was performed following the
terminology described by [20]. Thus, the term “hole” is used in this study to describe
a perforation that penetrates from the external to the internal surfaces of the shell bone,
whereas “pit” is used to identify the erosions that do not fully penetrate the bone (for more
details see [20] and references therein). Likewise, the term “groove” is used for linear to
sub-linear furrows or indentations in the bone surface [20].

3. Results

Several alterations are recognized in the specimen studied here (Figures 1 and 2) which
imply, in all cases, bone loss. They can be grouped into two typologies of anomalies: shell
marks (i.e., shell pitting and grooves, Figures 1B-D,F-H and 2B-F) and the complete loss of
the posterior region of the carapace (Figure 1E,H,I).

The shell marks are identified, in this Neochelys specimen, as disseminated anomalies
throughout the carapace (Figure 1A) and plastron (Figure 2A), without specific patterns
on the plates outer surface. Most of the marks on STUS 14024 correspond to shell pitting,
which varies in morphology (i.e., amorphous, Figure 2B; sub-circular, Figure 1H; and
circular, Figure 2D). Almost all the pittings on the shell are characterized as shallow
(i.e., the erosions do not fully penetrate the external cortical bone layer), with sub-straight
lateral margins, defining hemispherical-to-flat bottoms of 1 to 5 mm in diameter. The only
exception is the hole located between the first and second costal plates (Figure 1F). This
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mark fully penetrates the internal cortex layer of the bone (Figure 3A) and is characterized
as presenting sub-straight lateral margins, with a hemispherical bottom, and of 12 mm in
diameter. Radiological imaging revealed, as a pathological response associated with the
hole, new bone growth developed on the ventral surface of the carapace, internal to the
penetration of the plate. Such osseous growth presents a different density both in relation to
the rest of the shell plates as well as to other regions of the same plate. Apart from this bone
growth, no other macroscopic signs of new bone formation were identified in response
to the anomalous shell marks. Most of the shell pittings do not coincide with the sulci
between scutes or the plate sutures (e.g., Figure 2E), although, in some cases, they were
also identified in such regions (Figure 1H,G, respectively). Grooves were also identified
among the shell marks observed in the specimen studied here (Figures 1D and 2C). These
range from straight to curved linear excavations and are located in several areas of the
shell (i.e., between the plate sutures, the sulci of the scutes, or in any of these mentioned
regions, Figures 1A and 2A). The grooves in the shell of STUS 14024 are from 20 mm to
45 mm in length and from 2 mm to almost 10 mm in width. CT-scan images show that
grooves correspond to shallow erosions. Therefore, they do not reach the cancellous layer
of the plates.

The other typology of an erosive alteration in STUS 14024 corresponds to the abnormal
bone destruction of the posterior region of the carapace (Figure 1E,H,I). This anomaly
implies the complete loss of the pygal plate, the partial destruction of the suprapygal and
the most posterior peripherals (Figure 1A), as well as the anomalous osseous modification
of the posterior area of the last two costal plates (Figure 1E ,H). Likewise, it should be
noted that the postero-lateral region of the sulci between the last vertebral and last left
pleural scutes is missing (Figure 1H). The anomalous region is characterized by displaying
a smooth and irregular contour. Radiological imaging evidences a homogeneous density
of the anomalous region to the rest of the shell (Figure 3B,C). Throughout this erosive
alteration, slight bone remodeling was observed on the ventral surface of the anomalous
region (Figure 1I), in response to the bone destruction.

4. Discussions

The abnormal absence of the posterior region of the carapace (Figure 1E,H,I) and the
main hole (Figure 1F) identified on the shell of the middle Eocene turtle analyzed here,
STUS 14024, have been interpreted as unequivocally caused by pre-mortem damage. Both
anomalies present evidence of bone remodeling (Figure 1EI), which demonstrate a response
by the bone tissue of the specimen to the action of the injurious agent and, therefore, indicate
that the organism was alive during that process. The remaining abnormalities observed
(i.e., shallow pits and grooves in the shell, Figures 1B-D,G,H and 2B-F), although similar to
some observed in the post-mortem stages of other organisms (e.g., [21-23]), also coincide
with the pre-mortem marks commonly described in the shell of extant turtles. Thus,
although it is not possible to confirm with certainty whether the specimen was alive when
these shallow marks were originated on its shell, it is possible that they were originated as
pre-mortem marks, like the other typologies of the anomalies observed on the shell of the
Neochelys specimen.

4.1. Etiology of the Anomalous Shell Marks of STUS 14024

The first typology of the anomalies observed in STUS 14024, the shell marks
(Figures 1B-D,F-H and 2B-F), has been associated, in the literature of both extant and ex-
tinct turtles, with a wide variety of causative agents: vertebrate feeding marks [24], epibiont
organisms (i.e., bryozoa, [25]; barnacles, [26]), ecto- and endoparasites (i.e., leeches, [27];
ticks, [28]; spirorchid liver flukes, [29]; cestodes, [30]), fungi [31], bacteria [32], and al-
gae [33]). Considering the interpreted ecology for Neochelys (i.e., freshwater turtle), as well
as the nature of the shell damage (i.e., the agent acted from outside of the host), three of
these etiologies can be a-priori considered compatible with the anomalies of the specimen
studied here: predator attack; fungi, bacteria, and algae; and ectoparasites.



Diversity 2023, 15, 314

8 of 16

Vertebrate feeding marks are, by far, the most common putative causative agents
proposed for the extinct turtle specimens with this anomalous condition (e.g., [34—45]). In
this sense, the lack of detailed studies on the etiology of the shell modifications (e.g., pits,
grooves, and lacerations) of extant turtles corresponding to vertebrate feeding traces
motivated many studies on extinct specimens to unquestioningly attribute shell marks to
putative feeding traces (e.g., [36,46—49]), without taking into account other possible causal
agents (e.g., parasitism, [27]; or microbial activity, [31-33]), which are very common in
extant turtles. This is the case with the specimen studied herein, STUS 14024, whose shell
anomalies were recognized as a clear result of the attack of the eusuchian crocodyliform
Asiatosuchus [17]. Specifically, the inference concerning the nature of these anomalies
was based on the supposed pattern interpreted for them and its comparison with the
dental morphology of this crocodyliform species, also identified in the fossil site of El
Tejar, at Corrales del Vino, where it was found (for more details see [17]). That hypothesis
is refuted here. In this sense, the strongly distinctive marks and patterns commonly
reported as a result of extant crocodile feeding behavior (e.g., [50-55]) are not observed
in STUS 14024. Such diagnostic features described in the bones as crocodile feeding
marks are usually a combination of bisected pits (for more details, see [52]), hook marks
(i.e., J- or L-shaped marks), drag snags, and striation pivots [52,54,55]. However, in the
Neochelys specimen, none of the more common marks resulting from the crocodile feeding
behavior are identified, and, although the morphology of the pits and holes of STUS 14024
can potentially fit with some crocodile-induced osseous modifications (i.e., rounded pits;
Figures 1B and 2D), its presence can be justified by other causative agents (see below).
Likewise, the marks present in STUS 14024 are disseminated over the shell (Figures 1 and 2),
without a specific pattern and, therefore, without evidencing any arrangement of the teeth
rows that would be expected of a potential predator. The comparison of several shells of
extant podocnemidids with the specimen studied here evidenced that similar marks to
those of STUS 14024 (i.e., pits and grooves) are very common among extant freshwater
turtles (Figure 4F-H), and do not correspond to vertebrate feeding traces. Moreover, marks
similar to those of STUS 14024 have been observed in many other Neochelys individuals
from various Eocene sites of the Duero Basin, also deposited in STUS (Figure 4A-E). These
other specimens also do not present other evidence pointing to tooth marks as a potential
agent for their anomalies (Figure 4A-E), and, hence, these were probably produced by
other causal agents. Therefore, based on this interpretation, it is improbable that the shell
marks of STUS 14024 were the result of a predator attack.

Fungi, bacteria, and algae are other putative agents for the anomalous marks on the shell
of the Neochelys specimen. They cause erosive lesions similar to some observed on the fossil
(i.e., the shallow amorphous pitting and grooves, Figures 1C,D and 2B,C,F) in the shell of
extant turtles (e.g., [29,56]). The action of these agents is common in aquatic and semiaquatic
turtles, as is the case of Neochelys. As a result, fungi, bacteria and algae can invade an organism
in damp habitats and cause shell injuries (e.g., [57,58]). The anomalous conditions of bacterial,
algal, and fungal origins are commonly known as septicaemic cutaneous ulcerative disease
(SCUD), ulcerative shell disease (USD), carapacial shell disease (CSD), or necrotizing shell
disease (NSD) [20,57,59-62]. The clinical signs of these affections include microscopic to large
amorphous pits, commonly with the presence of irregular and amorphous regions of bone
necrosis (e.g., [57,63,64]). In this sense, some of the anomalies observed in the carapace and
plastron of STUS 14024 (i.e., the amorphous pits and the irregular grooves with poorly defined
margins of the plastron, Figures 1C,D and 2B,C,F) fit with those observed in these affections.
Specifically, these coincide both in morphology (i.e., amorphous), depth (i.e., restricted to the
external cortical layer), and size with those described and illustrated as a result of fungal,
bacterial, and algal agents (e.g., [20,28,65]). The absence of large areas of amorphous erosive
bone in STUS 14024 indicates that the shell of the individual could be in the first stages
of the condition since in cases where the affection is severe, the necrotic areas are usually
laterally extensive [32,56,66]). The shell pitting (both pits and holes) of a sub-circular and
circular morphology with well-defined margins (e.g., Figures 1B,F-H and 2D) are excluded
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from this etiology since, despite fitting the size and depth of some of those originated by
fungal, bacterial, and algal agents, the morphology is significantly different.

Attachment scars of ectoparasites are also one of the most common diagnostics for the
shell marks of extant freshwater turtles, mostly for shell pitting (e.g., [20,67-70]). Among
the potential parasitic organisms, Hirudinidae (leeches) are the most compatible agents
with the circular and sub-circular shell marks observed in STUS 14024. Such organisms
cause shell-bone decalcification through their salivary secretions, generating relatively pen-
etrative holes [71,72], such as the main hole observed in the Neochelys specimen (Figure 1F).
Specifically, the lesions produced by leeches are recognized as focal holes, often reaching the
internal cortex of the bone, approximately perpendicular to the shell surface, with straight
or convex lateral margins (e.g., [68,73]), generating a circular to sub-circular morphology
of a few millimeters in diameter (for more details, see [4,73,74]). This is compatible with
the pits and main hole of STUS 14024 (e.g., Figures 1B,F-H and 2D). Likewise, solitary
circular and sub-circular pits such as the main hole of STUS 14024 (Figure 1F), have been
described in the literature as a shell region where a single leech fed for a significant period
of time [20]. By contrast, areas with several pits, a-priori similar to the outer surface of the
posterior region of the carapace studied here (Figure 1A,B,G,H), have been interpreted as
areas where leeches shifted their position over a protracted interval or, alternatively, as
generated by a bacterium or other microbial agents that were carried by leeches, causing the
degradation of the bone proximal to the parasite attachment site [20]. The morphology, size,
and depth fit with the features of the shell marks produced by these organisms. Therefore,
the ectoparasites, specifically leeches, are considered here as the more probable etiological
agent of these anomalies.

4.2. Etiology of the Anomaly of the Posterior Region of the Carapace STUS 14024

The second typology of anomalies observed in STUS 14024 corresponds to the ab-
normal bone destruction of the posterior region of the carapace, which shows a slight
bone remodeling on the ventral surface (Figure 1E,H,I). The lack of relatively large shell
areas, as in the case of the Neochelys specimen, is mostly attributed in extant turtles to
trauma (i.e., physical injury caused by a violent force applied to the body; [75]), as well as
to diseases generated by fungi, bacteria or algae (e.g., [28,29]).

As commented above, shell diseases associated with a fungal, bacterial, or algal
infection are very common among freshwater turtle species and clinical signs include from
small pitting lesions to the necrosis of extensive shell areas [28,32]. The use of CT scans
in the study of extant turtles has revealed that some specimens with no clinical or gross
signs of shell disease can have internal manifestations of this condition, which produces a
change in the bone structure (e.g., see [18] and references therein), the affected area being
more prone to fractures and, therefore, to the loss of a shell region. As discussed, some of
the shell marks of this Neochelys specimen are consistent with those that can originate and
develop from this disease.

Turtle traumatisms are common both in extant (e.g., [29,76,77]) and extinct represen-
tatives (e.g., [45,78]), and are usually the result of predation marks [51,75], intraspecific
aggressions (e.g., [79]), or other traumatism typologies (e.g., falling, [76]). All these factors
mentioned are, a-priori, compatible with the loss of a considerable region of the shell, such
as that of STUS 14024, which can be gradual (i.e., begins as a fracture where, due to the
habitat conditions, the cracked area ends up rotting and, therefore, the specimen loses the
affected part, [76]) or abrupt (i.e., in the case of an attack, [51]). Except in very clear cases, it
is very complex to establish the causative agent of a trauma in extant turtles (e.g., [80]) and,
above all, in extinct ones. In this context, traumatism cannot be confirmed with certainty
as a causative agent in the abnormal absence of the posterior region of the carapace of
STUS 14024. Therefore, we consider improbable the previous interpretation suggested
by [17] (i.e., result of a predator attack, see below) which is, therefore, also incompatible
with the interpretations previously performed by other authors from the analysis of similar
pathologies in the fossil record of turtles (e.g., [45,78]). Specifically, very similar shell
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anomalies (i.e., the anomalous absence of a significant portion of the shell together with
new bone formation) to that observed in the specimen STUS 14024 were reported in two
extinct individuals, which were also attributed as a crocodyliform predation attempt: in an
Upper Cretaceous panchelid turtle (i.e., Rionegrochelys caldieroi), from Patagonia [78]; and
a podocnemidid (i.e., Podocnemis) from the late Miocene of the Peruvian Amazonia [45].
As in the case of STUS 14024, we consider it unlikely that the absence of part of their shell
was due to an attack by a predator. Specifically, R. caldieroi, like in extant turtles, presents,
on the dorsal surface of its anterior plastral lobe, a sulcus which marks the limit of the
scute and coincides with the beginning of the zone of insertion of soft tissues. Therefore, a
significant region of the anterior plastral lobe is missing, beyond said sulcus in R. caldieroi;
if it was an attack, the predator would have damaged a considerable portion of the soft
tissue, involving sensitive areas of the individual ([78]: Figure 3), which most likely would
have caused the death of the turtle without the possibility of regeneration. The same can be
applied for the posterior region of the carapace both for the specimen studied here as well
as for the late Miocene podocnemidid discussed by [45] (Figure 2), in which a potential
bite of the region would impact the soft tissues of the turtle (i.e., since the limit of the
marginal scutes coincides with the beginning of the area occupied by soft tissues and, in
both individuals, a considerable part of the carapace is missing, beyond this limit), which
would have probably been lethal to an individual.

In addition, neither of the three cases present diagnostic tooth marks (i.e., in the case
of R. caldieroi and Podocnemis, no other marks are present over the shell), which are very
characteristic and a clear indication of crocodile attack marks in extant representatives, nor
secondary-impact damage (e.g., depressed fractures or crushing of some regions of the
carapace or plastron, [54]). Likewise, the abnormal absence of the posterior region of the
carapace has been also identified in extant podocnemidids (e.g., Figure 4I), evidencing the
incompatibility with the predator attack hypothesis due to the better preservation of their
shells. Therefore, for all these reasons, and contrary to the interpretation suggested by [17],
the predator attack as a potential etiology has been considered unlikely for the specimen
studied here. As a result, the abnormal absence of the posterior region of the carapace of
STUS 14024 could be both a caused by a fungal, bacterial, or algal disease, as well as a
consequence of some type of traumatism, with the exception of a predator attack. However,
it cannot be determined which of the two conditions is the cause, since both etiologies can
produce similar pathological changes in a turtle shell.



Diversity 2023, 15, 314 11 0f 16

Figure 4. (A-E), Anomalous shell plates of the Spanish podocnemidid turtle genera Neochelys.
(A) STUS 1502, ventral view of an hypoplastron of Neochelys sp. From La Laguna—Casaseca de
Campean (Zamora); (B) STUS 5479, dorsal view of a peripheral plate of Neochelys sp. From La
Laguna—Casaseca de Campean (Zamora); (C) STUS 5446, dorsal view of a neural of Neochelys sp.
From La Laguna—Casaseca de Campean (Zamora); (D) STUS 5719, dorsal view of a peripheral
plate of Neochelys sp. From La Laguna—Casaseca de Campedn (Zamora); (E) STUS 8255, ventral
view of a xiphiplastron of Neochelys salmanticensis from Cabrerizos (Salamanca). (F-I) Erymnochelys
madagascariensis specimens (Pleurodira, Podocnemididae), of the Muséum national d"Histoire na-
turelle (Paris, France), with similar anomalies to those of STUS 14024. F, MNHN.ZA.AC 1897-80;
(G) MNHN.ZA.AC 1946-71; H, MNHN.ZA.AC 1923-430; I, MNHN.RA To.0609-2. Scale bars equal
1 cm in (A-E), and 2 cm in (F-I).
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5. Pathogenesis

Both the main hole and the anomalous absence of the posterior region of the carapace
of the turtle analyzed herein, STUS 14024, attributed to the activity of an ectoparasite and to
a traumatism, respectively, fully penetrated the shell bone, from the external to the internal
cortex (Figures 1A and 3). Although the two damages occurred whilst the studied Neochelys
specimen was alive, it cannot be confirmed if they were synchronic to each other. Likewise,
none of these anomalies involved vital areas of STUS 14024 since the specimen had enough
time to produce a physiological response to the injuries. Specifically, differences observed
in the density of some areas of the bone growth of the main hole (Figure 3A) evidence an
incomplete healing process since, in general, over time, the new tissue tends to restore its
physical and mechanical properties [81]. This indicates that the organism died before the
healing process of the pathology was completed. In contrast, the radiological images of
the posterior region do not show significant density variations relative to the remaining
areas of the carapace (Figure 3B,C). There is no evidence of an incomplete healing process.
Likewise, the loss of the sulci between the last pleural and vertebral scutes (Figure 1H)
indicates that such an area experienced bone remodeling, thus losing part of the suture. In
no case is it possible to establish whether the death of the organism was related to any of
these injuries.

6. Conclusions

The anomalies present on a shell of a podocnemidid turtle identified as Neochelys sp.
(Pleurodira, Podocnemididae), from the middle Eocene (Lutetian) of the El Tejar fossil
site, at Corrales del Vino (Zamora, Spain), have been analyzed here. The anomalies
involve bone loss (i.e., shell marks and the anomalous absence of the posterior region of
the carapace), and new bone formation (i.e., bone healing traces). These abnormal bone
conditions of the turtle specimen were previously analyzed and diagnosed as traumatic
injuries resulting from a crocodile attack, being interpreted as non-fatal for the turtle. Thus,
the re-study of the different bone alterations through a detailed physical examination, the
comparison through direct observation and from the literature on extant turtles, and the
use of a computerized axial tomography scan proposed alternative causal agents (i.e., other
typologies of traumatisms; mixed bacterial, fungal, and algal agents; and parasites).

As a result, two potential etiologies were suggested for the shell marks of the Neochelys
specimen. The shallow amorphous pits and irregular erosive areas located on the carapace
and plastron make fungal, bacterial, and algal diseases the most parsimonious hypothesis
for these marks. In the case of the circular to sub-circular pits and the focal hole of the
shell, an ectoparasite origin is considered the more compatible etiology. Specifically, leeches
are the most likely ectoparasite since the feeding marks commonly produced by these
organisms coincide in morphology, size, and depth with the circular to sub-circular shell
damage of the specimen herein examined. With regards to the abnormal bone destruction
of the posterior region of the carapace, this was considered to be due to some type of
trauma or as a cause of a bacterial, fungal or algal disease. Although it was not possible to
specify the origin of the anomaly, the hypothesis of a predator attack, as proposed in the
previous study of the Neochelys specimen, STUS 14024, was ruled out.

The detailed macroscopic examination of the shell anomalies of the Neochelys specimen,
as well as the use of computerized axial tomography, allowed us to obtain information
regarding its pathogenesis. The presence of bone growth in two of the anomalies (i.e., the
hole and the posterior margin of the carapace) demonstrates a response by the osteological
system of the specimen to the action of the external agent and, therefore, indicates that the
organism was alive at the time the shell injuries were inflicted. Likewise, the changes in
density observed by radiological imaging of the hole reflect an incomplete healing process.
In this case, as evidenced by the lack of homogeneous bone growth density, this individual
had no time to complete the healing process. However, by contrast, the radiological images
of the posterior region do not show significant density variations with the rest of the
carapace; therefore, there is no evidence of an incomplete healing process. Thus, it cannot
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be confirmed whether the death of the specimen was due to any of the anomalies of its
shell either.
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