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Differentiating convergent pathologies in turtle shells using 
computed tomographic scanning of modern and fossil bone

Stephanie K. Drumheller, Hannah Maddox, 
Michelle R. Stocker, and Christopher R. Noto

ABSTRACT

Patterns of bone damage can provide insights into the paleobiology and paleo-
ecology of extinct groups, but accessing these data relies on accurate identifications.
Among turtles, there are persistent concerns that shell disease and vertebrate feeding
traces are confoundingly convergent. Though extreme cases of shell disease and
more penetrative bite marks are more easily differentiated, more subtle examples of
each can exhibit very similar morphologies. Given the different ways these two types of
bone damage form, one through compression and impact damage and the other
through immune system response to foreign bodies or infection, internal textures of the
bone should provide helpful data to differentiate these convergent pathologies. Here
we use microcomputed tomographic (µCT) scanning to visualize internal bone damage
in known examples of modern bite marks and shell disease in Trachemys carapace
and plastron elements. Observed patterns are then compared to fossil examples of
putative bite marks and shell disease from Cenomanian turtle shell fragments from the
Woodbine Group of north-central Texas, U.S.A. Modern and fossil examples of shell
disease exhibit an irregular, bubble-like texture in cross section that erodes away the
subsurface below the surficial marks, whereas the bite marks exhibited more regular
U- or V-shaped indentations in cross section, underlain by fractured, compressed
bone. Our study demonstrates that while different bone modifying processes can pro-
duce similar, surficial patterns, internal damage patterns can provide an alternate
method for differentiating them. This suggests that internal visualization techniques
have been underutilized when attempting to untangle surficial modifications affected by
equifinality.
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INTRODUCTION

Numerous processes can damage or modify
bone, both during the life of an animal (e.g., osteo-
myelitis, fracture healing; Katsura, 2004; Mackness
et al., 2010; Zonneveld et al., 2015; Hamm et al.,
2020) and throughout the postmortem interval
(e.g., scavenging, desiccation; Behrensmeyer et
al., 1986; Augustin et al., 2019; Drumheller et al.,
2020; McHugh et al., 2020). In the fossil record,
these alterations can provide rare insights into the
paleoecology and paleobiology of the affected
groups (e.g., Tanke and Currie, 1998; Rega et al.,
2012; Drumheller et al., 2014). However, these
interpretations are predicated on the ability of
paleopathologists, ichnologists, and taphonomists
to differentiate those traces and pathologies. This
can be compounded by convergence between
bone modifying processes, i.e., equifinality.

Among fossilized turtles, there are persistent
concerns regarding how to differentiate vertebrate
bite marks, a type of crushing or impact trauma
caused by teeth, and shell disease, a suite of struc-
tures formed when microorganisms or foreign bod-
ies are introduced between the carapace or
plastron and the overlying keratinous scutes,
resulting in pitting or scoring of the underlying bone
(e.g., Hunt, 1957; Lovich et al., 1996; Garner et al.,
1997; Jacobson, 2007). Even in modern popula-
tions, shell disease is a poorly characterized,
catch-all term for ulcerative lesions of the exterior
surface of carapace and plastron elements. Most
prior research has described the condition in terms
of what organisms were collected from within the
lesions. Those studies identified a wide variety of
vectors associated with shell disease, including
fungi, algae, trematodes, bryozoans, and numer-
ous bacteria (Hunt, 1957; Garner et al., 1997;
Hutchinson and Frye, 2001; Jacobson, 2007; Roth-
schild et al., 2013). However, concerns arise
regarding whether these organisms are the proxi-
mate cause of the lesions or if they were intro-
duced after the scutes had been compromised and
allowed other organisms access to the underlying
bone. In at least some cases, ectoparasites such

as leeches could initiate the sequence of succes-
sion among vectors, culminating in these suites of
pathologies (Zonneveld and Bartels, 2022).

Shell disease has been identified in the fossil
record, but many of those identifications are tenta-
tive and anecdotal (Hutchinson and Frye, 2001;
Scheyer, 2009; Cerda et al., 2016). Bite marks,
however, on fossil turtle shell are far more widely
documented in the literature (e.g., Fuentes, 2003;
Karl and Tichy, 2004; Mead et al., 2006; Steadman
et al., 2007; Milàn et al., 2011; Evgen et al., 2012;
Noto et al., 2012; Morgan and Albury, 2013; Bot-
falvai et al., 2014, 2015; Hastings et al., 2015;
deValais et al., 2020), but many of those represent
punctures and furrows, deeply penetrative marks
that are often associated with obvious fracturing
(sensu Binford, 1981). The shallower pits and
scores that have less extreme compression and
cracking associated with them pose more of a con-
cern regarding convergence with shell disease
(e.g., Hutchinson and Frye, 2001; Chamberlain
and Corsini, 2006-2007; Rothschild et al., 2013;
Zonneveld and Bartels, 2022). This is compounded
by the fact that even the descriptive terms used to
describe both types of bone modifications, mainly
pits and scores (sensu Binford, 1981), overlap.

Here we present known examples of both bite
marks and shell disease on modern examples of
the pond slider, Trachemys scripta, and fossil
examples of turtle shell fragments from the Ceno-
manian of north-central Texas with putative bite
marks and shell disease (Noto et al., 2012; Adams
et al., 2017; Adrian et al., 2019). We characterize
and compare the surficial expression of these mod-
ifications as well as internal textures using micro-
computed tomographic (µCT) imaging in order to
differentiate and diagnose these two convergent
processes.
Institutional Abbreviations: DMNH, Perot Museum
of Nature and Science, Dallas, Texas, USA. SAAF,
St. Augustine Alligator Farm and Zoological Park,
St. Augustine, Florida, USA. UTK, University of
Tennessee Department of Anthropology Vertebrate
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Skeletal Comparative Collection, Knoxville, Ten-
nessee, USA.

MATERIALS AND METHODS

Identification of Bite Marks

Vertebrate bite marks on bone represent
impact damage formed when a tooth interacts with
the target surface, resulting in deformation. The
extent of this modification is governed by the size
and shape of the impacting tooth, the force of
impact, and the strength of the impacted surface,
which is largely controlled by the relative thickness
of the dense cortical bone (Drumheller and Brochu,
2016). Across toothed vertebrates, these traces
are characterized by being stereotypically U- or V-
shaped in cross section and by exhibiting some
degree of crushing, compaction, and fracturing
associated with the impacting event (Binford,
1981). The specific morphology of each mark is
governed by the shape of the impacting tooth, its
depth of penetration, and its movement relative to
the surface of the bone. An impact with no lateral
movement will result in a mark that broadly reflects
the shape of the tip of the tooth. These traces are
broadly divided into shallow pits, which do not fully
penetrate the cortical bone, and deeper punctures,
which fully pierce through the cortical bone into the
trabecular bone beneath. Lateral movement of the
tooth along the surface of the bone will result in an
elongate mark, again subcategorized by whether it
only indents the cortical bone (=scores) or pierces
it fully (=furrows) (Binford, 1981).

This generalized bite mark classification
scheme centered on these four basic bite mark
types – pits, punctures, scores, and furrows – can
be expanded to include descriptions of the specific
morphologies of each, as governed by the trace
maker’s dental morphology and associated biting
behavior. For example, the serrated teeth of zipho-
dont groups often leave striated marks, parallel
impressions of the individual impacting denticles
(e.g., Fiorillo, 1991; Rogers et al., 2003; D’Amore
and Blumenschine, 2009; Hone and Rauhut, 2010;
Paik et al., 2011; Farlow and Holtz, 2012; Noto et
al., 2012), whereas mammalian molars can leave
complex marks reflecting the shapes and spacing
of the cusps of individual teeth (e.g., Haynes, 1983;
Domínguez-Solera and Domínguez-Rodrigo, 2009;
Saneyoshi et al., 2011). This classification scheme
is rooted in prior taphonomic work, and therefore
uses the non-genetic definition of ‘mark,’ meaning
that this term does not denote a biotic or abiotic

source in the absence of a modifying term, such as
‘bite’ (sensu Zonneveld et al., 2022).

All of the bite marks sampled in our analysis
are associated with crocodyliform actors: Mecis-
tops cataphractus in the modern sample (Figure 1)
and Deltasuchus motherali in the fossil specimens
(Figures 2 and 3; Noto et al., 2012; Adams et al.,
2017; Drumheller et al., 2021). These species both
exhibit plesiomorphic crocodylian dentition in the
form of conical, strongly carinated teeth. This mor-
phology is reflected in bite marks as roughly circu-
lar to oval indentations, of which roughly 10%
exhibit a subscore or bisection caused by the
carina in relatively freshly erupted teeth. These
bisected marks are considered diagnostic of bite
marks generated by crocodylians (Njau and Blu-
menschine, 2006; Drumheller and Brochu, 2014;
2016; Njau and Gilbert, 2016) and are present in
the modern specimen sampled here. The presence
of similar marks, partnered with the more general
crushing, as well as interdental spacing consistent
with the dentition of Deltasuchus, served as the
original justification for associating the traces on
fossil specimens DMNH 2013-07-1319 and DMNH
2013-07-0563 with that crocodyliform actor (Noto
et al., 2012; Adams et al, 2017; Drumheller et al.,
2021). 

The gross morphology of each individual tooth
mark may be further modified by associated frac-
turing. None of the fossil specimens observed here
exhibit extensive fracturing beyond crushing within
the immediate margins of each mark. However, the
modern specimen (SAAF) has a large, radiating
fracture that connects a series of punctures along
the shell’s carapace; this arcing line of tooth marks
is interpreted as a serial bite mark, i.e., a set of
tooth marks generated together during a single bit-
ing event (Figure 1). Radiating and depressed frac-
tures, in which the bone surrounding the point of
impact collapses under the force of the bite, are
commonly associated with bites that are powerful
enough to compromise the structural integrity of
the bitten surface (Njau and Blumenschine, 2006;
Drumheller and Brochu, 2014).

The internal expression of the modern and
fossil bite marks examined here should all reflect
crushing, impact, and displacement of the dense,
outermost layer of cortical bone deeper into the
body of the bite mark. Such damage is predicted to
be visible in the unaltered µCT data and especially
in the Look-Up Table (LUT) heatmap representa-
tions of internal variation in sample density, even in
the shallower pits and scores, which are thought to
be most convergent with shell disease. Details of
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FIGURE 1. Modern Trachemys scripta shell (SAAF) with bite marks attributed to Mecistops cataphractus.
Orthographic models of the shell, based on µCT data shown in dorsal (A) and ventral (B) views. Frames on the mod-
els highlight specific bite marks, shown on the right as both direct µCT data (C, E, G) and heatmapped slices illustrat-
ing bone density changes (D, F, H). In the heatmapped cross sections, colors range from purple (lowest density), to
orange (medium density), to white (highest density). Specific bite marks are indicated with purple arrows. Scale bars
in A and B equal 5 cm. Scale bars in C, E, and G equal 5 mm.
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FIGURE 2. Fossil turtle shell fragments (DMNH 2013-07-1319) with putative bite marks. Photographs (A, G) and
orthographic models based on µCT data (B, H) shown in external view. Frames on the photograph and model high-
light specific areas with bite marks as both direct µCT data (C, E, I) and heatmapped slices illustrating bone density
changes (D, F, J). In the heatmapped cross sections, colors range from purple (lowest density), to orange (medium
density), to white (highest density). Specific bite marks are indicated with purple arrows. Scale bars in A, B, G, and H
equal 2 cm. Scale bars in C, E, and I equal 5 mm.
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this visualization method are described in detail
below.

Identification of Shell Disease

Though basic descriptions of the morphology
associated with modern shell disease remain rare,
a recent description of pathologies in modern Tra-
chemys scripta carapace and plastron elements
provides a basis of comparison for positively identi-
fying this poorly understood suite of pathologies
(Zonneveld and Bartels, 2022). Even though the
proximate cause of many examples of shell dis-
ease is still poorly understood, the pathology itself
occurs in a predictable, generalized pattern, no
matter the inciting event or infection. 

Shell disease is most commonly expressed as
small (1-5 mm), hemispherical depressions that do

not fully penetrate the cortical bone. The external
margins of these less advanced lesions are usually
smooth and rounded or flat-bottomed (Zonneveld
and Bartels, 2022), but some can exhibit a raised
margin or lip around their perimeter. In more
extreme cases, shell disease can etch further into
the overlying layer of cortical bone, exposing the
spongey trabecular bone beneath it. In advanced
deterioration of the bone, the interior surface of the
pathology can take on an even more irregular, bub-
bly appearance. These pathologies are usually
round in outline, though neighboring lesions can
merge into larger affected patches. More irregular
associations of these pathologies have been called
pit clusters, whereas other times the associations
take on a more regular association, organizing into

FIGURE 3. Fossil turtle shell fragment (DMNH 2013-07-0567) with putative bite marks. Photograph (A) and
orthographic model based on µCT data (B) shown in external view. Frames on the photograph and model highlight
specific areas with bite marks as both direct µCT data (C, E) and heatmapped slices illustrating bone density changes
(D, F). In the heatmapped cross sections, colors range from purple (lowest density), to orange (medium density), to
white (highest density). Specific bite marks are indicated with purple arrows. Scale bars in A and B equal 2 cm. Scale
bars in C and E equal 5 mm.
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shallow, circular structures called ring traces (Zon-
neveld and Bartels, 2022). 

Known examples of this type of advanced
shell disease are present on both of our modern
specimens, UTK 2317 and UTK 1844 (Figures 4
and 5). The internal expressions of these more
extreme examples are not particularly convergent
with bite marks, even in hand sample under little to
no magnification. The less advanced examples of
shell disease are more convergent with bite mark
damage. Shallow, rounded lesions that do not pen-
etrate the cortical bone are superficially similar to
non-penetrative bite marks, and historically both
have been called pits and scores (e.g., Hunt, 1957;
Lovich et al., 1996; Garner et al., 1997; Jacobson,
2007; Zonneveld and Bartels, 2022). The margins
of these lesions can be flush with the surrounding
unaffected bone, and if there is a raised lip, it is
subtle. The interior surfaces of these lesions can
be quite smooth, sometimes making differentiation
from the compressed interiors of shallow bite
marks challenging, even under magnification. This
type of expression is apparent on the fossil speci-
men DMNH 2013-07-0563, which led to its tenta-
tive interpretation as shell disease (Figure 6). 

Again, we predict that this type of etching
damage should be visually diagnosable from bite
marks, based on the absence of associated com-
pression related to the crushing or impact damage
characteristic of bite marks in both unaltered µCT
data and especially in the LUT heatmap represen-
tations, described in detail below. 

Modern Specimens

Modern turtle shells with known examples of
shell disease and bite marks were observed in
order to provide a baseline upon which to compare
these two types of bone modifications. A large
pond slider (Trachemys scripta) died as the direct
result of an incidental attack by an African slender-
snouted crocodile (Mecistops cataphractus) at the
Saint Augustine Alligator Farm and Zoological Park
(SAAF), St. Augustine, Florida, USA. (Figure 1). Its
skeletal material preserves bite marks on the cara-
pace and plastron; multiple pits and punctures
(sensu Binford, 1981) are present, some of which
display bisections, which are diagnostic of crocody-
liform bite traces (e.g., Njau and Blumenschine,
2006; Drumheller and Brochu, 2014; 2016; Njau
and Gilbert, 2016). The carapace of this specimen
also has a partial fracture in the most highly bite
marked region of the shell, which was associated
with the high forces generated during crocodylian

bites (Erickson et al., 2012; 2014; Gignac and
Erickson, 2016).

In order to facilitate comparison between
modern specimens and to remove any clade-spe-
cific variables from our modern dataset, we also
selected additional specimens of Trachemys with
known examples of shell disease (UTK 2317 and
UTK 1844) for inclusion in our study. The preva-
lence of shell disease is well documented in this
species (Garner et al., 1997), the only previous
detailed morphological description of shell disease
was based on specimens of this taxon (Zonneveld
and Bartels, 2022), and both specimens exhibit
extensive remodeling consistent with typical exam-
ples of shell disease. These specimens are par-
tially disarticulated; all shell elements were
observed under low magnification, but only por-
tions of the shells were selected for further explora-
tion using CT scanning. Those selected were
mainly the plastron from UTK 2317 (Figure 4) and
the articulated plastron and partial carapace from
UTK 1844 (Figure 5).

Fossil Specimens

The fossil specimens described here (DMNH
2013-07-1319, DMNH 2013-07-0567, DMNH
2013-07-0563) were all collected from the Arlington
Archosaur Site (AAS), a fossil-rich locality in north
Texas, situated within the Dallas-Fort Worth metro-
plex (Figure 7). The AAS sits within the Lewisville
Formation of the upper Woodbine Group, placing it
in the early middle Cenomanian (~96 Ma) (Ken-
nedy and Cobban, 1990; Emerson et al., 1994;
Gradstein et al., 2004; Ambrose et al., 2009; Dono-
van et al., 2015). The main, fossil-bearing horizon
(Facies A sensu Adams et al., 2017) preserves a
rich deltaic ecosystem with estuarine and coastal
influences. The mixed terrestrial, freshwater, and
saltwater input at the site is reflected in a taxonom-
ically diverse assemblage, which includes numer-
ous plant macro- and microfossils, molluscs,
crustaceans, elasmobranchs, lungfish and other
bony fishes, lissamphibians, mammals, and dino-
saurs (Noto et al., 2012; Adams et al., 2017; Noto
et al., 2020; Drumheller et al., 2021). Most relevant
to our study, the AAS is particularly rich in turtles,
belonging to at least four taxa (Adrian et al., 2019),
crocodyliforms from at least four separate clades
(Adams et al., 2017; Noto et al., 2020; Drumheller
et al., 2021), and numerous feeding traces (Noto et
al., 2012).

The turtle assemblage includes specimens
attributable to the following clades: Trionychidae,
Algorachelus, “Trinitichelys” maini, and Naomiche-
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FIGURE 4. Modern Trachemys scripta plastron elements (UTK 2317) with shell disease. Photograph (A) and
orthographic model based on µCT data (B) shown in ventral view. Frames on the photograph and model highlight spe-
cific areas of shell disease, shown on the right as both direct µCT data (C, E, G) and heatmapped slices illustrating
bone density changes (D, F, H). In the heatmapped cross sections, colors range from purple (lowest density), to
orange (medium density), to white (highest density). Patches of shell disease are indicated with purple arrows. Scale
bars in A and B equal 5 cm. Scale bars in C, E, and G equal 5 mm.
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FIGURE 5. Modern Trachemys scripta plastron and partial carapace elements (UTK 1844) with shell disease. Photo-
graph (A) and orthographic model based on µCT data (B) shown in ventral view. Frames on the photograph and model
highlight specific areas of shell disease, shown on the right as both direct µCT data (C, E, G) and heatmapped slices
illustrating bone density changes (D, F, H). In the heatmapped cross sections, colors range from purple (lowest den-
sity), to orange (medium density), to white (highest density). Patches of shell disease are indicated with purple arrows.
Scale bars in A and B equal 5 cm. Scale bars in C, E, and G equal 5 mm.
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lys (Adrian et al., 2019). Several shell specimens
exhibit pathologies, and a subset of injuries associ-
ated with apparent impact trauma (Figures 2 and 3)
previously were identified as bite marks attributable
to the neosuchian crocodyliform Deltasuchus
motherali (Noto et al., 2012; Adams et al., 2017;
Drumheller et al., 2021). These marks were identi-
fied based on the presence of crushing, impact
damage within the pits, punctures, and scores
identified on the shells (sensu Binford, 1981), and
further associated with the crocodyliform actor
based on the presence of bisected marks (sensu
Njau and Blumenschine, 2006; Drumheller and
Brochu, 2014; 2016; Njau and Gilbert, 2016) and a
comparison of the spacing of identified serial marks
to the interdental spacing of Deltasuchus speci-
mens (Noto et al., 2012).

However, some of the rounded or elongate
depressions on other shells initially observed in the
assemblage notably lacked the traces of crushing
and impact damage that characterize bite marks
(sensu Binford, 1981). Rather, the smooth, some-
what raised lips of some of these features, their
irregular internal surface structure, and their pat-
tern of expression (largely random distributions

punctuated with a small number of tightly spaced,
linear or circular arrangements) supported their
preliminary identification as shell disease, which
we seek to test in this study (Figure 6).

It is important to note that in the time since the
initial description of these specimens (Noto et al.,
2012) and the current study, the fossils were
moved from the University of Texas at Arlington to
the Perot Museum of Nature and Science, resulting
in a change of specimen identification numbers. To
better facilitate comparisons between previous
publications and the current study, taxonomic iden-
tifications along with both previous and current
specimen identification numbers for each modified
fossil have been gathered into Table 1.

Computed Tomographic Imaging

Computed tomographic (CT) scanning previ-
ously has shown promise in interpreting more diag-
nostic types of bone surface modifications (e.g.,
Boyd et al., 2013; Drumheller et al., 2014; de Val-
ais et al., 2020). Given the disparate processes,
which lead to the formation of bite marks and shell
disease, it is likely that internal visualization and
comparisons of modern, known examples of these

FIGURE 6. Fossil turtle shell fragment (DMNH 2013-07-0563) with putative shell disease.. Photograph (A) shown in
external view. Frames on the photograph and highlight specific areas with shell disease as both direct µCT data (B, D)
and heatmapped slices illustrating bone density changes (C, E). In the heatmapped cross sections, colors range from
purple (lowest density), to orange (medium density), to white (highest density). Specific patches of shell disease are
indicated with purple arrows. Scale bar in A equals 2 cm. Scale bars in B and D equal 5 mm.
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damage types with putative fossil exemplars might
prove illuminating. Therefore, both modern and
fossil examples of shell disease (UTK 2317, UTK
1844, and DMNH 2013-07-0563) and bite marks
(SAAF Trachemys, DMNH 2013-07-0567 and
DMNH 2013-07-1319) were selected for further
analysis. Each specimen was µCT scanned with a
Nikon XTH 225 ST scanner at the Shared Materi-
als Instrumentation Facility (SMIF) at Duke Univer-
sity, and X-ray radiographs were reconstructed as
.TIFF files using Nikon CT Pro 3D software. Scan-
ning parameters are listed for each specimen in
Table 2. All digital data and associated models for
this study are available at Morphosource.org (Proj-
ect 503210).

Visualization of the interior textures of affected
regions of each shell was performed with the Drag-
onfly image processing software. Bone textures
were further interpreted using the program’s LUT
function that assigns colors based on scalar values
of the imaged material, in this case bone density.
This process creates a density heatmap, visually
emphasizing differences in the internal structure of
each sample either due to natural zones of varia-
tion, as in the transition from cortical to trabecular
bone, or to pathological alteration of the underlying
tissues, as in both bite marks (Figures 1, 2, and 3)
and shell disease (Figures 4, 5, and 6). Measure-

ments of unaffected vs. affected cortical bone
thicknesses, maximum depth of mark penetration,
and maximum width of affected bone surface were
made using the image processing software ImageJ
(Schneider et al., 2012). These results are reported
in μm in Table 3.

RESULTS

SAAF Trachemys scripta

The modern bite marked specimen (Figure 1:
SAAF Trachemys) is 24.5 cm long and 19 cm wide.
Some of the keratinous scutes are still in place,
especially on the carapace, which obscures some
of the underlying individual tooth marks in the bone
(Figure 1A). A line of serial bite marks is associ-
ated with a radiating fracture that extends from
midline on the posterior margin of the carapace
anteriorly roughly two-thirds the length of the shell,
angling to the right and terminating roughly halfway
between the shell’s midline and its right lateral mar-
gin. Smaller, associated fractures radiate from this
main break, one propagating posterolaterally
towards the right margin of the shell and others
forming a concentric, depressed region along the
right margin of the longest fracture. A 44.61 mm by
15.19 mm D-shaped fragment of the carapace was
displaced and lost some time prior to collection.

FIGURE 7. Location and geologic position of the Woodbine Group. A. General stratigraphic sequence and timescale
for the Cretaceous of central and north central Texas showing the position of the Woodbine Group. Position of the
AAS within the Woodbine is marked with an arrowhead. Terrestrial deposits represented by stippled intervals. Time
scale based on Denne et al. (2016). Modified from Adams et al. (2011). B. Generalized map of geological units pres-
ent as surface exposures in the Fort Worth basin with location of AAS shown. Modified after Strganac (2015) and
Barnes et al. (1972).
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Four individual tooth marks (widths of 3.59 mm,
4.87 mm, 5.03 mm, 6.11 mm) are visible along the
margin of this break, but the fracture, the ventral
displacement of the right margin along that break,
and the missing fragment of bone make reliable
measurements of each tooth mark problematic. A
single, bisected puncture (7.41 mm long by 4.70
mm wide) is present roughly 3.5 cm from the
shell’s right margin and 4.5 cm posterior to the
anteriormost edge. This rounded, slightly fusiform
puncture is approximately aligned with the others,
5 cm anterior to the termination of the break.

On the plastron, four additional punctures
occur 2 cm medial to the right bridge (Figure 1B).
The anteriormost and posteriormost of these serial
marks are shallow pits, and the two centrally situ-
ated marks are deeper bisected punctures, mea-
suring from anterior to posterior 4.33 mmby 3.07
mm and 4.63 mm by 3.16 mm (Figure 8A). The
spacing between these four marks, again pro-
gressing anterior to posterior and measured from
the center of each depression, are: 17.53 mm,
19.18 mm, and 18.70 mm. The positions of these
serial marks suggest they were formed concur-
rently with the serial marks on the carapace

TABLE 1. Previous field numbers, current specimen identification numbers, element and taxonomic identification of
each element. * = taxonomic revisions based on Adrian et al., 2019.

TABLE 2. µCT scanning parameters for specimens included in this study.

Field Number 
(Noto et al., 2012)

DMNH 
Specimen Number Element Taxonomic Notes

UTA-AASO-125 2013-07-0358 Femur Protohadros byrdi

UTA-AASO-201 2013-07-0521 Femur Naomichelys sp.*; 
previously identified as 
ornithopod

UTA-AASTL-001 2013-07-0783 Right bridge “Trinitichelys” maini*

UTA-AASTL-002 2013-07-0704 Right bridge “Trinitichelys” maini*

UTA-AASTL-003 2013-07-0696 Right bridge “Trinitichelys” maini*

UTA-AASTL-008 2013-07-0560 Anterior peripherals “Trinitichelys” maini*

UTA-AASTL-012 2013-07-0710 Bridge “Trinitichelys” maini*

UTA-AASTL-013 2013-07-0690 Xiphiplastron “Trinitichelys” maini*

UTA-AASTL-014 2013-07-0675 Carapace “Trinitichelys” maini*

UTA-AASTL-015 2013-07-0687 Carapace cf. “Trinitichelys”*

UTA-AASTL-016 2013-07-0685 Shell fragment cf. “Trinitichelys”*

UTA-AASTL-020 2013-07-0686 Costal Naomichelys sp.*

UTA-AASTL-025 2013-07-0568 Carapace “Trinitichelys” maini*

no number (associated 
with 012)

2013-07-0710 Shell fragment “Trinitichelys” maini*

UTA-AASTL-007 2013-07-0711 Hyoplastron Naomichelys sp.*

UTA-AASTL-009 2013-07-0561 Carapace

UTA-AASTL-005 2013-07-0558 Posterior peripheral Naomichelys sp.*

UTA-AASTL-006 2013-07-0559 Left costal 7 Naomichelys sp.*

UTA-AASTL-024 2013-07-0567 Shell fragment Naomichelys sp.*

Specimen kV µA Filter Exposure Time Voxel size

DMNH 2013-07-0563 205 322 0.75 copper 267 ms 0.06622 mm

DMNH 2013-07-0567 210 288 0.75 copper 267 ms 0.06126 mm

DMNH 2013-07-1319 210 278 0.75 copper 267 ms 0.05895 mm

UTK 2317 150 567 0.25 copper 267 ms 0.09242 mm

UTK 1844 145 684 0.25 copper 267 ms 0.09980 mm

SAAF unnumbered 150 688 0.25 copper 267 ms 0.10399 mm
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because they are aligned with one another on
opposing sides of the shell. The size and spacing
of these serial marks are consistent with the denti-
tion of the crocodylian that had shared the turtle’s
enclosure: Mecistops cataphractus.

An additional bisected pit (2.98 mm by 2.48
mm) is present along the plastron’s midline roughly
6 mm to the right of the suture. At least three addi-
tional marks, two punctures and one pit, are pres-
ent near the posterior edge of the plastron. The pit,
measuring 3.70 mm by 1.97 mm with no obvious
bisection, is located just posterior to the right
bridge of the shell and may be associated with the
serial bite marks described above. The two punc-
tures are situated on the left side of the plastron.
The larger of these is broadly oval shaped with an
apparent drag-out mark. Taken together, the total
maximum length of that mark is 7.84 mm by 4.32
mm wide. The second puncture is positioned

roughly 13 mm lateral to the first and measures
3.90 mm by 3.41 mm with an incomplete bisection
in the form of a single notch associated with the
impacting tooth’s carina on the anterior margin of
the long axis of the trace.

There are regions of this plastron that may
also preserve shell disease (Figure 1B), one sub-
rounded area roughly 29 mm medial to the ante-
riormost of the serial marks, one 22 mm posterior
to the set of two punctures, and a clustering of cir-
cular depressions along the right side of the mid-
line, from the center of the plastron towards the
posterior margin of the shell. All affected areas are
sub-rounded and lack obvious crushing or impact
trauma. As such, we tentatively identify these as
shell disease, which does commonly affect this
taxon (Garner et al., 1997; Zonneveld and Bartels,
2022). 

TABLE 3. Measurements of unmodified and modified shell regions. Cortical bone thickness = average of unmodified
region of bone immediately to the left and right of the modified region, taken from µCT slices representing the region of
maximum mark penetration into the cortical bone. Pathology thickness = thickness of the observed cortical bone at the
point of maximum mark penetration. Note, measurements of 0 are recorded when trabecular bone is exposed in the
bottom of the mark, measurements of 0* represent specimens in which the affected bone has fractured, leaving a gap
in the bottom of the mark. Maximum depth = measured relative to the projected curvature of the surface of the shell, as
suggested by the unmodified bone to the immediate to the left and right of the modified region, taken from CT slices
representing the region of maximum mark penetration into the cortical bone. Maximum width = the widest diameter of
the modified shell region.

Specimen 
Number

Cortical Bone 
Thickness (μm)

Pathology 
Thickness (μm)

Maximum 
Depth (μm)

Maximum 
Width (μm)

SAAF 45288.06 56951.04 172647.04 243635.08

29130.635 62399.93 111264.2 382252.95

32896.835 54984.73 268506.27 391349.41

51405.835 0* 0* 178124.16

UTK 1844 24245.115 0 30261.9 109062.13

25331.58 0 43635.5 157751.88

25386.99 0 52452.4 184845.27

UTK 2317 45288.21 0 104220.47 431636.55

41977.59 0 116430.76 339495.79

42773.075 0 120013.43 283238.1

42092.27 0 158822.71 377231.37

DMNH 0563 97228.65 0 18505.9 64807.59

121232.02 0 32351.63 76673.77

112778.42 0 30624.77 125514.26

DMNH 0567 81907.24 84583.98 84583.98 257895.4

83234.265 84774.67 36879.82 84774.67

88745.795 83148.73 28367.22 86037.54

DMNH 1319 139768.74 77083.42 80875.33 201561.55

107567.655 37105.23 123479.95 463813.03

120727.92 45855.25 77271.17 468758.1
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Internal morphologies show that marks
appear V- or U-shaped in cross section, tapering to
a rough point. A thick band of compressed cortical
bone underlies all punctures (Figure 1C-1H).
These bands are visible in plain CT data, and vari-
ation in bone density is further highlighted in the
LUT heatmap, where compressed regions are con-
sistently expressed as a lighter color than the rest
of the surrounding bone tissue (Table 3). Breakage

and fracture points also show signs of bone com-
pression, but not to the extent found with individual
V-shaped marks. An extreme case in SAAF shows
a large, U-shaped puncture located on the cara-
pace exhibiting significant bone compression,
enough so that the internal arch of the carapace is
bowing inwards. This puncture is surrounded by a
thick line of white and bright orange when viewed
in LUT heatmap settings.

FIGURE 8. Characteristic examples of shell disease and bite marks in modern and fossil turtle shells. Modern shell
disease on the plastron of Trachemys scripta, specimen UTK 2317 (A). Modern bite marks (bisected punctures) on the
plastron of Trachemys scripta, specimen SAAF unnumbered (B). Fossil shell disease on a fragment of turtle shell,
specimen DMNH 2013-07-0563 (C). Fossil bite marks (four scores and one pit) on a fragment of turtle shell, specimen
DMNH 2013-07-1319 (D). Scale bars equal 10 mm.
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UTK 1844 and 2317 Trachemys

The carapace and plastron of UTK 1844 (Fig-
ure 5) are present but largely disarticulated
because of the method of skeletonization. The
whole plastron and a portion of the anterior rim of
the carapace remain in articulation. Because the
plastron is the most heavily altered by shell dis-
ease, this portion was selected for further CT scan-
ning and observation (Figure 5A and 5B). The
pathologies on the plastron of UTK 1844 range
from subrounded, pit-like depressions, as small as
1.3 mm in diameter, to more irregularly-shaped,
eroded features up to 11.46 mm in width. The mod-
ification of the shell is extensive, with well over 100
patches of affected tissue overlapping and adjoin-
ing one another, especially in the anterior half of
the plastron (Figure 5C-5H). Though the position-
ing of most of the depressions is largely random, a
small number of sets show unusual patterning.
One set, 32 mm anterior to the bridge, includes
three roughly equally sized (~1.7 mm in diameter)
circular depressions arranged equidistantly in a cir-
cle. Other patches, especially near the posterior
edge of the plastron, are arranged in linear fashion,
the margins of one running indistinctly into the
next, creating a chain of sub-rounded depressions
that form an elongate, score-like feature. These
clusters are common in turtles affected by shell dis-
ease (e.g., Hunt, 1957; Lovich et al., 1996; Garner
et al., 1997; Jacobson, 2007).

The shell of UTK 2317 (Figure 4) was also
disarticulated during cleaning and preparation of
the bone. The plastron remains in two parts, ante-
rior and posterior halves, which were rearticulated
for purposes of photography and CT scanning. The
individual patches of shell disease on UTK 2317
are concentrated around the middle and right pos-
terior portions of the plastron (Figure 4A and 4B).
Though less numerous than those seen in UTK
1844, many of the affected regions of UTK 2317
are more deeply modified, with the underlying tra-
becular bone exposed and readily visible at the
surface (Figure 8B). It is not known if this differ-
ence of expression represents a different source or
duration of the shell disease’s progression. The
smallest depressed regions are roughly 2 mm in
diameter, whereas the largest can range up to
19.64 mm long. Again, the affected regions often
merge one into the next, making exact counts of
distinct patches difficult to quantify.

Internal morphologies of shell disease mani-
fest as bubble-like hollows and pits that appear to
etch their way into the underlying bone tissue (Fig-
ure 4C-4H). Bubble-like pits are irregular in shape

and placement, sometimes occurring on top of one
another, and do not show any tapering. Some pits
appear to propagate straight down into the bone
tissue, whereas others appear wide towards the
bone tissue and narrower towards the shell sur-
face. In one example from UTK 1844, the bubble-
like hollows appeared within the bone tissue,
appearing unconnected to the surface or another
closely associated pit. When viewed as a LUT
heatmap, the bubble-like pits appear to cut across
the dense, outermost layer of cortical bone, sug-
gesting that the modification process did not
involve compression (Table 3). Not all pathologies
are as diagnostic though; UTK 1844 exhibits ambi-
guity in a few areas of interest, such as an occur-
rence of a shallow pit with an outline of bright
orange around the indentation typical of the bite
mark specimen.

DMNH 2013-07-1319 and DMNH 2013-07-0567: 
Bite Marks

DMNH 2013-07-0567 (Figure 3) and DMNH
2013-07-1319 (Figure 2) both include two separate
fragments of turtle shell. All four were surface col-
lected, so association is based solely on proximity,
and there is no reason to assume that the frag-
ments must come from the same individuals. In
fact, one of the specimens under DMNH 2013-07-
0567 is visually so different from the other, in terms
of color, exposure time, and fossilization, it is argu-
able that it is not associated with the other frag-
ment. Because it also lacks obvious modification to
the bone surface, either bite marks or shell dis-
ease, it is excluded from further consideration
here.

The remaining three fragments have a more
typical appearance of fossils found at the AAS. All
are chocolate brown in color, grading to darker
brown or black in patches. The quality of the sur-
face preservation is high, both of the original textur-
ing of the shell, and the indentations previously
identified as bite marks (Noto et al., 2012; Adams
et al., 2017; Drumheller et al., 2021). The remain-
ing specimen assigned as DMNH 2013-07-0567 is
roughly rectangular in outline (Figure 3). It mea-
sures 70.26 mm in its longest axis and 50.57 mm
perpendicular to that. The shell is roughly 12.40
mm at its thickest point, grading down to 7.50 mm
at its thinnest. Surficial sculpturing and curvature
suggest this fragment came from the carapace,
and a broken region on the interior surface sug-
gests its proximity to the bridge. Previously identi-
fied bite marks include three pits, all roughly
aligned, suggesting a possible serial bite mark
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(Figure 3C-3F), and three scores, which are all
truncated by the broken edges of the fragment.
The pits were all measured along their longest axis
and then perpendicular to that, reported as the fol-
lowing lengths and widths: 4.92 mmby 4.74 mm,
3.95 mm by 3.40 mm, and 5.29 mm by 3.40 mm.
The scores are 4.16 mm, 4.21 mm, and 4.75 mm
wide at the middle of their best preserved sections,
and the lengths are all truncated by fractures, with
the longest score being 52.25 mm long. None of
these marks are bisected, but all exhibit character-
istic crushing damage.

The internal morphology of DMNH 2013-07-
0567 exhibits many V-shaped indentations in the
bone surface (Figure 3C-3F). These marks appear
regular in shape and depth, with no associated
irregular pits or hollows within the bone structure.
There are faint discernable outlines of bone com-
pression in both the plain CT and LUT heatmapped
cross section images (Table 3).

Both fragments of DMNH 2013-07-1319
exhibit broad, flat surfaces consistent with plastron
fragments (Figure 2). The larger of the two also
exhibits a slightly curved margin consistent with
proximity to the hinge (Figure 2G and 2H). It has an
irregular, fractured margin, measuring 90.38 mm at
its widest point and 68.41 mm perpendicular to
that. There are six total bite marks on this speci-
men, five of which are aligned along the curved
portion of the surface. These include four scores
and one pit, all aligned in a way that suggests a
serial bite (Figure 8D). The scores’ maximum
lengths vs. widths are as follows: 12.12 mm by
2.01 mm, 16.29 mm by 4.24 mm, 16.67 mm by
4.34 mm with a prominent bisection, and 10.43 mm
by 4.60 mm. The pit is sub-rounded and 7.64 mm
in diameter. The final score is offset from the oth-
ers, spaced roughly between the pit and bisected
score. It measures 6.23 mm by 2.55 mm.

The smaller fragment is also irregularly
shaped with a maximum length of 62.64 mm and a
width measured perpendicular to that of 47.76 mm
(Figure 2A and 2B). It has two pits and two scores.
Two of the marks are slightly obscured by the
object ID number, but this does not hinder measur-
ing maximum length and width: 13.63 mm by 7.96
mm and 8.49 mm by 3.82 mm. The remaining two
marks include one pit (4.48 mm in diameter) and
one score with a prominent drag-out or puncture
and pull trace that is truncated by the margin of the
fracture (maximum measurable length is 13.02
mm, width is 3.56 mm). None are bisected, but the
score has associated microstriations (sensu Njau
and Gilbert, 2016; Drumheller et al., in press).

When viewed as CT data, the indentations on
both fragments of DMNH 2013-07-1319 are regular
and roughly V-shaped (Figure 2C-2F and 2I-2J).
Similar to what can be seen in hand, in CT scans
these V-shaped indentations are aligned along the
surface of the larger fragment, regularly spaced
and similar in puncture depth. There are faintly dis-
cernable outlines of bone compression visible for
both fragments in plain CT and LUT heatmapped
data (Table 3).

DMNH 2013-07-0563: Shell Disease

This carapace fragment of DMNH 2013-07-
0563 (Figure 6) is roughly rectangular in shape,
preserving the original margin of the shell on one
side and disarticulated along sutural margins along
the other three. It measures 109.36 mm in its lon-
gest dimension by 94.97 mm perpendicular to that.
The bone is deformed, with significant fracturing
and flattening that has been stabilized with adhe-
sives (Figure 6A). The entirety of the surficial shell,
exposed on both sides of the fragment, is covered
with numerous small, round depressions that clus-
ter around 2 mm in diameter. These structures are
mostly randomly distributed, with a few regions that
exhibit localized patterning, either as rings, linear
chains of depressions, or merging patches of over-
lapping structures (Figure 8C).

DMNH 2013-07-0563 exhibits irregularly
spaced shallow pits along its surface and small
internal hollows only visible in CT reconstructions.
These small internal hollows are close to the exte-
rior of the fossil but appear unconnected to any
nearby pit or the bone surface. Outlines suggesting
bone compression are nonexistent in this sample
(Figure 6B-6E). Pit depth appears to vary, with
some pits being shallower than others (Table 3).

DISCUSSION

Differentiating between advanced shell dis-
ease, which is characterized by the etching or bio-
logical erosion of cortical bone and the exposure
and further degradation of the underlying trabecu-
lar bone (Zonneveld and Bartels, 2022), and more
penetrative bite marks, punctures, and furrows that
pierce bone surfaces and are associated with
extensive crushing and compression damage (Bin-
ford, 1981), is possible under low to no magnifica-
tion. These two types of bone damage are not
particularly convergent, and represent the majority
of previously published examples (e.g., Hutchinson
and Frye, 2001; Fuentes, 2003; Karl and Tichy,
2004; Mead et al., 2006; Steadman et al., 2007;
Milàn et al., 2011; Evgen et al., 2012; Noto et al.,
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2012; Morgan and Albury, 2013; Botfalvai et al.,
2014, 2015; Hastings et al., 2015; Cerda et al.,
2016; de Valais et al., 2020).

However, less advanced examples of shell
disease and less penetrative bite marks can pro-
duce highly convergent patterns of surficial bone
damage. Both are expressed as rounded depres-
sions, often with a relatively smooth interior. The
compression and fracturing characteristic of bite
marks can be subtle in shallower traces, even
under low magnification, making equifinality an
issue when attempting to differentiate these two
types of bone damage in hand sample (Hutchinson
and Frye, 2001; Chamberlain and Corsini, 2006-
2007; Corsini and Chamberlain, 2009; Rothschild
et al., 2013).

Fortunately, the mechanism by which these
two pathologies form is highly divergent, and this is
expressed more clearly in the internal structure of
bones affected by each type of damage. Bite
marks are caused by impact trauma and compres-
sive forces indenting the surface of the bone (Fig-
ure 8B and 8D). Under minimal compression, the
layer of dense cortical bone is pressed down into
the underlying, less dense trabecular bone. In CT
scans, this is expressed as a layer of dense bone
of fairly uniform thickness that tracks the surface of
the affected element, following the internal mor-
phology of a bite mark. With heightened forces, the
layer of cortical bone under a bite mark can
become thicker with a higher density as the
affected bone is compacted under the impacting
tooth (Figures 1, 2, and 3).

Shell disease is driven by an immune
response to an irritant or infection between the
bone of the carapace or plastron of a turtle and the
overlying scutes (Hunt, 1957; Garner et al., 1997;
Hutchinson and Frye, 2001; Jacobson, 2007; Roth-
schild et al., 2013). There are no associated com-
pressive forces involved in this type of damage,
and instead, shell disease etches into the surface
of the bone, cutting across the cortical bone. This
leaves the surface of the cortical to trabecular bone
transition largely unaffected, unless the shell dis-
ease progresses to a point that it completely pene-
trates the outermost cortical layer, exposing the
trabecular bone beneath (Figure 8A and 8C). In CT
scans, this is expressed as an undeformed layer of
dense cortical bone, marked by eroded depres-
sions, some of which are further associated with

bubble-shaped voids under the surface of the
pathology (Figures 4, 5, and 6).

CONCLUSIONS

Bone surface modifications and pathologies
can each provide rich paleoecological insights into
the conditions surrounding the life, death, and
burial of fossil organisms. However, those data
only become accessible when paleontologists are
able to differentiate the various types of bone dam-
age. Unfortunately, some processes can result in
convergent patterns of expression. This type of
equifinality can result in misidentification and misin-
terpretation of damage patterns on bones.

Though advanced shell disease and deeply
penetrative tooth marks are morphologically dis-
tinct, more subtle damage caused by these two
very different processes can result in convergent
surficial expressions. This has led to concerns sur-
rounding paleontologists’ ability to positively iden-
tify the sources of rounded depressions in fossil
turtle shells (e.g., Hutchinson and Frye, 2001;
Chamberlain and Corsini, 2006-2007; Corsini and
Chamberlain, 2009; Rothschild et al., 2013). How-
ever, the application of non-destructive CT meth-
ods provides a pathway for differentiating these
two types of bone damage. Internal visualization of
modern and fossil examples of damaged turtle
shells reveals that the compressive forces associ-
ated with bite marks result in disparate bone tex-
tures from the erosional progression that
characterizes shell disease formation.
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