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ARTICLE

ANALYSIS OF PSEUDOPATHOLOGIES IN EDMONTOSAURUS ANNECTENS BONES:
TAPHONOMIC IMPLICATIONS FROM BIOGENETIC AND DIAGENETIC BONE ALTERATIONS
FROM A CRETACEOUS BONEBED IN THE LANCE FORMATION, WYOMING
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ABSTRACT—Pseudopathology in paleontology refers to postmortem bone alteration mimicking osseous features of
disease. Differentiating pathologies from pseudopathologies is critical in the investigation of paleopathology, as
misattribution can produce erroneous conclusions regarding diseases and life history. In this paper, we describe several
examples of pseudopathologies from a Cretaceous commingled monospecific bonebed of Edmontosaurus annectens
(Lance Formation, WY). In addition to 96 documented real pathologies or injuries uncovered in examination of over 3000
fossil bone specimens, multiple pseudopathologies were observed. Most of these were bone fractures or patterned
erosions of bone material resulting from most likely taphonomic processes. Bone proliferation characterizing the living
response to premortem injuries is one clue. Absent this response, perimortem injuries and postmortem changes due to
scavenging, weathering, and other factors should be considered. CT imaging of one astragalus showed intense focal
radiodensity surrounding the two large lesions, sharply distinct from the surrounding bone. When compared against
histological thin sections and SEM-EDS scanning, what appeared in CT as dense sclerotic reactive bone suggested
postmortem migration of minerals subsequent to erosive insect boring, a gradient potentially related to the unique
microenvironment thereby created affecting subsequent permineralization. Evidence from our analysis of this assemblage
supports that even diagnoses supported by non-invasive imaging such as CT scans should, when possible, be tested by
histological analysis. Otherwise, a distinctly and disturbingly non-zero number of erroneous conclusions are to be expected
from any survey of paleopathology, particularly given the numbers of intervening processes separating a fresh carcass
from permineralized bone.
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INTRODUCTION

Of the conspicuous and dramatic bone alterations in the fossil
record attracting considerable comment, the alterations garner-
ing the most attention are bite marks (tooth traces) and diseases,
largely because of their potential to address individual and group

*Corresponding author.
© 2026 Bethania C. T. Siviero, Elizabeth Rega, Kevin E. Nick, And Art
V. Chadwick.. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial-NoDerivatives
License  (http://creativecommons.org/licenses/by-nc-nd/4.0/),  which
permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way. The terms on which this
article has been published allow the posting of the Accepted Manuscript
in a repository by the author(s) or with their consent.

Color versions of one or more of the figures in the article can be found
online at www.tandfonline.com/ujvp.

Published online 16 Jan 2026

life history. Many infectious and traumatic pathologies are
associated with evidence of bone remodeling indicating that
the animal lived with the injury long enough for bone to
respond. Tooth traces (with few exceptions) and unhealed frac-
tures in contrast suggest peri- or postmortem bone alteration
and are most challenging to diagnose. Due to postmortem and/
or post-burial biogenetic and diagenetic taphonomic processes,
imposed alterations to bone surfaces have the potential to
mimic these perimortem bone lesions (Hacket, 1981; Rothschild
et al., 2023). These types of postmortem bone modification are
known as pseudopathologies and must be distinguished from
true pathological bone abnormalities, since their misidentifica-
tion can lead to erroneous conclusions about diseases and
living conditions of animals represented in the fossil record.
Examples of pseudopathologies occur throughout the fossil
record but are largely anecdotal in their reporting. Some pseudo-
pathology descriptions are embedded in paleopathological ana-
lyses of isolated remains (Hanna, 2002; Odes et al., 2017; Scott
et al., 2015), while others are reports focusing on different
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types of postmortem bone modifications from fossil assemblages
with the goal of describing taphonomy or life history (Lopes &
Ferigolo, 2015; Roberts et al., 2007). Boring insects are com-
monly proposed agents of erosive changes causing bone
depression/erosions (Csiki, 2006; Hasiotis et al., 1999; Lima,
2017; Martin & West, 1995). Weathering by plant roots growing
in contact with bone (root traces) can mimic the vascular
depressions seen in inflammatory bone pathology (Halstead,
1990). Peri- and postmortem fractures often result from pro-
cesses that can readily confuse the examiner into characterizing
them as evidence of predation or trauma. Other agents besides
invertebrate/vertebrate animal feeding are water and wind
erosion, weathering, abrasion, and transport (Behrensmeyer,
1978; Blau, 2017; Conard et al., 2008; Egeland & Pickering,
2021, Littleton, 2000; Thompson et al., 2011). All are mechanisms
that can alter bone morphology and texture in postmortem.

Pseudopathology results from biogenetic and diagenetic pro-
cesses affecting both permineralized and unaltered fossil bone.
In this way, pseudopathology is further defined in this paper as
diagenetic and/or biogenetic bone modifications not attributable
to premortem predation, trauma, or disease. Systematic obser-
vations of such pseudopathologies on bone have heretofore
largely been the purview of those seeking to understand deposi-
tional environments of the fossils, where such traces are charac-
terized as “taphonomic factors.” Routinely, in our work and that
of others, pseudopathologies are the boring extras tucked away
in the supplemental material adjacent to stimulating “paleo-diag-
noses.” In any analysis of proper paleopathology, pseudopathol-
ogy must be the first diagnosis to exclude and therefore deserves
closer examination concerning its diagnostic criteria. Evidence
from analysis of this assemblage supports that most diagnosis
can be achieved by non-invasive procedures such as macroscopic
observations and CT scans. In the case of more ambiguous bone
alterations, microscopic analysis, when possible, can also be ben-
eficial for diagnosis.

While most pseudopathologies manifest as areas affected by
erosive changes or fracture, other modifications can occur that
mimic pathology. These include bone shape deformations,
caused from rapid burial during early postmortem stages while
the bone is still fresh or “green” (Petersen et al., 1972) and
other taphonomic processes, such as bioerosion and sediment
abrasion, altering bone shape over time (Pokines & Higgs,
2021). In such cases, the resulting smooth bone deformation
can easily be confused for a pathology, such as shaft angulation
due to a healed fracture, the sequelae of a bone mineral
density deficiency (such as osteomalacia/rickets) and other devel-
opmental/metabolic/idiopathic etiologies.

Other confusing mimics of pathologies arise from the normal
and natural variation of anatomical bone features. Such vari-
ations are common between species and within bones from the
same species, especially those of different developmental ages.
Markings of vasculature and nerve foramina, although mostly
consistent in location, can all too often be variable in shape
and position, and caution must be exercised in interpreting
these features absent comparative material, especially with fea-
tures varying between species (Siviero, 2019). While it may
seem obvious, the familiarity of the researcher with the natural
bone morphology of the taxa being examined and with the differ-
ent bone types amongst different species is imperative and can
only be achieved after observing many specimens (Johnson
et al., 2017; Kizilkanat et al., 2007; Seymour et al., 2024; Zoetis
et al., 2003). This experience is critical especially given the clini-
cal literature on pathology in extant animals is heavily biased
toward mammals and may not remotely reflect the conditions
of the taxon being examined in bone ontogeny or structure.

Fossil preparation is another important consideration in study-
ing bone alterations such as pathologies or pseudopathologies
(Siviero et al., 2017; Wiest et al., 2018). Mineral adhesion to

bone surfaces due to post-burial diagenetic processes sometimes
appears to result from bone reactivity/proliferation, thus credibly
mimicking manifestations of osteophytes or exostosis. The fossil
preparator or examiner may be aware and able to distinguish the
biogenetic bone from adhering matrix and/or bone fragments
cemented onto the surface. However, the researcher must
always be on the lookout for these “adhesions” particularly in
bones with irregular surface cracking and other conspicuous
accumulative alterations. On some occasions, only microscopic
thin sections can truly distinguish adhered bone fragments and
minerals from a proliferative lesion.

On the other hand, the fossil preparator must also be careful
not to overly prepare bone surfaces. Even if they appear
unusual, bone surface textures must be preserved to not elimin-
ate, erase, or shave the more superficial types of bone remodel-
ing/reactivity or lesions suggestive of pathology.

A tooth trace in a fossil bone is a type of puncture, slice, or
drag lesion acquired pre-, peri-, or postmortem from the denti-
tion of a predator or scavenger. These lesions are more popu-
larly termed “bite marks” in popular literature. Interest in this
rare type of injury is high—most likely due to its potential
usefulness in providing dramatic evidence for prehistoric be-
havior. However, the existence of tooth traces, although poten-
tially camouflaged and underrepresented in the fossil
record due to bone healing of those lucky enough to
survive predation events, can also be exaggerated if the inves-
tigator confuses various pseudopathologies with true tooth
traces.

The diagnostic criterion of bone response to injury is chal-
lenged by the perimortem nature of some vertebrate tooth
traces on bones. Elsewhere, we have argued that evidence for
the dental origin of features attributed to tooth traces is truly
only diagnostic if associated with serrations and/or parallel stria-
tions corresponding to the inflictor’s tooth denticles and/or bite
morphology (Siviero, 2019). Tooth trace-like pseudopathologies
can be caused by postmortem puncture, insect boring (bioero-
sion) and fossil over-preparation. Punctures and pits with evi-
dence of drag marks that reflect the bite infliction and the
consequent movement while the predator is engaged are con-
sidered more conclusive of tooth traces, if clear denticle striation
marks are lacking (Binford, 1981; Pobiner, 2008; Pobiner et al.,
2007). Many depressions or holes mimic tooth traces. Bone neu-
rovascular foramina, bone erosions from tumors, cysts, cartilagi-
nous inclusions, infectious granulomas, and cloaca-like channels
for pus drainage are some examples that can be mistaken for
marks of teeth by their shape location and orientation (Siviero
et al., 2020b; Wolff et al., 2009).

Although attempts to develop criteria for the distinction
between pathology versus pseudopathology in animal skeletons
have been proposed (Corron et al., 2017; Lima, 2017), ultimately,
their usefulness cannot replace the multidisciplinary expertise of
paleopathologists in providing diagnostic criteria. Current con-
sensus is that evidence of bone reactivity in association with
bone abnormality suggests pre-mortem injury and partial recov-
ery, thus underscoring the nature of the genuine pathology
(Corron et al., 2017; Lima, 2017; Rothschild et al., 2023; Scott
et al., 2015; Siviero et al., 2020a).

The bones examined in this study are from a largely monospe-
cific bonebed from the Upper Cretaceous Lance Formation in
northeastern Wyoming containing mixed bones of adult Edmon-
tosaurus annectens. The bones are well-preserved, mostly disarti-
culated, disassociated, and have no apparent spatial orientation
indicative of flowing water current (Snyder et al., 2020; Weeks,
2016). In addition, taphonomic analysis of the bonebeds suggests
an assemblage exposed for a short time after death (enough time
to decompose, disarticulate, and dissociate), followed by a final
burial resulting from a mass flow (Snyder et al., 2020; Weeks,
2016).
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In addition to 96 documented pathologies or injuries uncov-
ered in examination of over 3000 elements (Siviero, 2019), mul-
tiple pseudopathologies were observed in this assemblage,
mostly postmortem bone fractures or patterned depressions
resulting from erosion and/or insect damage mimicking various
pathological lesions. In this study, we examine bone abnormal-
ities from one of a series of massive Edmontosaurus annectens
monospecific Cretaceous (Maastrichtian) bone beds in the
Lance Formation, eastern Wyoming. Thereby, we (1) add to
the descriptive literature of fossil bone pseudopathologies, (2)
collect and analyze additional bone-specific data regarding site
taphonomy, and (3) include a cautionary example that highlights
the value of using different diagnostic methods, such as radiogra-
phy and histological analysis (when possible), to accurately
confirm a diagnosis—especially when lesions are more
ambiguous.

MATERIALS AND METHODS

In total 3013 individual specimens of whole bones and bone
fragments from a monodominant E. annectens bonebed exca-
vated at the Hanson Research Station (HRS), in northeastern
Wyoming, and stored at the Southwestern Adventist University
(SWAU) dinosaur museum in Keene, Texas were analyzed.
The first author examined bone collected and prepared from
1997-2017 from the South and North quarries for bone pathol-
ogies as part of ongoing multi-year collaborative analysis.
Ninety-six bones with conspicuous lesions resembling erosive
and fracture/tooth trace marks were further examined. Initial
screening for pathology relied on macroscopic examination,
assisted by a 10x lens magnifier, Dino-Lite microscope, and
stereo microscope while in the collections. Because the initial col-
lection of affected elements for further analysis was predicated
on macroscopic morphological screening with subsequent micro-
scopic reexamination, pathologies and pseudopathology con-
tained entirely within the interior of the elements will have
been inevitably missed during screening, a common weakness
in analyses relying on macroscopic screening (Martin, 2008).

Of these bones with lesions identified by macroscopic examin-
ation, we selected several for further analysis, which we describe
in this study. These elements were photographed, and two speci-
mens further subjected to CT scans taken at the Radiology
Department at Loma Linda Medical Center (LLMC) with a
CT LightSpeed VCT model from GE medical system. Scan par-
ameters were set for 400 kV (for HRS12255) and 500 kV (for
HRS09967), amperage of 500 mA, pixel spacing of 0.5351 mm
x 0.5351 mm and slice thickness of 1.3 mm. These images are
available for viewing at MorphoSource https://www.
morphosource.org (for specimen HRS12244 search as 12244
and for specimen HRS09967 search as 9967).

A further subset of two elements was prepared for histological
examination at Loma Linda University (LLU), Department of
Earth and Biological Science. Prior to bone sectioning for histo-
logical analysis, molds and casts of each specimen were prepared
with Dragon Skin™ and Smooth-Cast® 300 from Smooth-On,
Inc. (Macungie, PA). Subsequently, specimens were sectioned
and polished for high-resolution scanning (Epson Perfection
V600 Photo) and traditional thin sections were prepared at
LLU utilizing standard techniques. Due to the difficulty in inter-
preting specimen HRS12244, it was prepared for scanning elec-
tron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS) for analysis at LLU. EDS detects elements in
samples, allowing for mineral identification. The first and
second authors evaluated the set of bones with observed
surface manifestations for final differential diagnosis. Additional
images of specimens reported in this study that lack figures in this
paper are available for viewing in the SWAU fossil catalog avail-
able at https:/fossil.swau.edu.

Institutional Abbreviations—HRS, Hanson Research Station,
Roxson, WY, U.S.A.; LLMC, Loma Linda Medical Center, Loma
Linda, CA, US.A.; LLU, Loma Linda University, Loma Linda,
CA, US.A.; SWAU, Southwestern Adventist University,
Keene, TX, US.A.

RESULTS

From the 3013 specimens examined, 96 with macroscopically
apparent defects were further analyzed. Eight specimens with
modifications ultimately attributed to postmortem biogenetic
or diagenetic modification often mimicking pathology were
identified. These eight were specimens with sufficiently similar
appearance to pathological bone lesions such genuine confusion
could result, especially for the untrained eye. These specimens do
not represent the exhaustive pool of all postmortem specimens
displaying features readily attributable to taphonomic change.
Abundant evidence of obvious environmental erosion on
elements such as vertebrae were not included for analysis after
initial examination and dismissal from consideration. It is the
lesions of ambiguous generation that were the focus of our inves-
tigation, with an eye toward potentially eliminating specimens
from the category of pseudopathology specimens actually
showing reactive bone indicative of post-injury healing.

Descriptions in this Results section are restricted to specimens
with conditions sufficiently resembling pathology as to be typi-
cally reported as pseudopathological. In the case of tooth
traces, diagnostic criteria refer to those in the literature
(Binford, 1981; Jacobsen & Bromley, 2009; Mikulas et al., 2006;
Njau & Blumenschine, 2006; Pobiner, 2008; Pobiner et al., 2007).

A Note on Rib Fractures

We do not report in detail herein on peri- and postmortem
bone fracture, a phenomenon commonly observed in these bone-
beds. As expected, some ribs had collection or load fractures with
crumbly surfaces on fractured sites. Several other ribs (mostly in
complete specimens) also have their distal end missing but with
angled and smooth surface texture on the fractured site (Fig.
S1). These fractures frequently occur in the distal end of ribs,
with a smooth fracture plane, indicating that the fracture
occurred while the bone was still green suggesting early perimor-
tem or postmortem fracture. Thus, some of these fractures can
result from ribcage breakage during scavenging in the attempt
to access the organs, although early postmortem transport can
also account for some of the rib fractures. Their manifestations
are important in paleopathological analysis, especially when
attempting to understand taphonomic conditions associated
with the animal remains. The etiologies associated with bone
fractures with no evidence of bone remodeling, are more difficult
to determine for they can result from different processes, includ-
ing peri- or postmortem damage. It is important to determine the
types and patterns of fracture since these can indicate breakage
while the bone was still fresh/green or brittle and also if force
was directly applied, resulting in breakage (Resnick, 1995;
Rixford, 1913). Peri- or postmortem bone fractures can result
from an attack, scavenging, transport, compaction, and exca-
vation or collection damage. If the cause of a fracture is mistaken,
the conclusions pertaining to the animal’s conditions and associ-
ated taphonomic processes will be misinterpreted or
exaggerated.

Description of Linear and Circular Features Perforating the
Cortex

Rib Fragment HRS03161—This specimen displays a cluster of
finely curvilinear areas of bone bleaching from 0.5-1 mm in
width and 1 cm or more in length, resembling clusters of tiny
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worms (Fig. 1A). Also displayed on the surface of the bone is a
puncture with a directly associated groove mark (Fig. 1A) and
no bone reaction.

Rib Fragment HRS02038—A similar juxtaposition of pro-
cesses is present on this rib fragment specimen (Fig. 1B, C).
The fractured end shows irregular dull edges. The bone surfaces
of the unfractured end of the rib manifest juxtacortical prolifer-
ation of bone. The surfaces also show modified texture by the
deterioration of the cortical bone and partially exposing the
medullary bone (Fig. 1B, C).

Cervical Vertebra HRS10676—Specimen has multiple subcir-
cular depressions with diameters between 5-20 mm and depths
of 1-7 mm. These lesions present no associated bone reaction
or increase in density (Fig. 2A). The borders appear irregularly
wavy and the surface area, deep into the lesion, is also irregularly
perforating the cortical bone and exposing medullary bone.
Several smaller pitted lesions are individual, but coalescing
pitting is also displayed. Flaking and cracking of the bone
surface is also shown.

Metatarsal HRS12360—Two areas of deep parallel scores or
furrow-like linear grooves, mimicking erosive pathological
lesion 1-2.5mm in width, up to 3mm in depth and up to
30 mm in length, were observed on the medial and lateral
surface of a right metatarsal II (Fig. 2B, C). These structures
present a dramatic appearance. They are parallel and evenly
spaced on the distal and proximal end of the bones. Distally,
five parallel scores are seen on the dorsal aspect (Fig. 2B), and
two more on the plantar aspect (Fig. 2C). Proximally, the
plantar side shows two more parallel grooves (Fig. 2C). These
marks are even in depth, and no apparent bone reaction is associ-
ated with them. Other metatarsal bones within the collection
(HRS05905, HRS15494) also present postmortem bone surface
alterations with similar orientation and morphology.

Distal Caudal Vertebra HRS14005—This specimen bears two
sets of overlapping features. The bone surface texture on the
proximal and distal intervertebral articular surfaces manifests
several associated tiny shallow regular depressions/pits, each
less than 0.5 mm in diameter spread across both surfaces (Fig.
3). The depth of these tiny depressions is less than 0.5 mm,
eroding into the cortex exposing the medullary bone.

On the caudal centrum surface, another set of features in the
form of two large, shallow hemispherical pits is present. The
dorsal lesion is ovoid, 10 mm x 5mm. A similar, smaller
angular teardrop depression 3 mm x 5 mm, 2 mm in depth is
present near the ventral centrum margin. Both shallow hemi-
spherical concavities have margins with the surface cortical
bone that are sharp. Although both perforate into the spongy
bone of the centrum, the cavities’ depth and walls are smooth
with no scallops. Additional caudal centra specimens within
this bone collection manifest similar bone modifications
(HRS02042, HRS02807, HRS02890, HRS09591).

Ischium HRS12443—This specimen manifests distinctive
patches of cortical alteration on the external and internal sur-
faces (Fig. 4A). These alterations have the appearance of mul-
tiple coalescing foci of cortical delamination, with isolated and/
or overlapping shallow circular-elliptical pits or depressions
varying between 0.5 to 1cm in length, 0.5 cm in width, and
>1 mm in depth. The edges of the walls from several of these
pits (especially noted in isolated examples) are scalloped and
some have an unmodified pedestal in the center of the pit (Fig.
4B). Most of the floors of these shallow pits underscore the
layered nature of the bone removal (Fig. 4B). The shallow pits
are also associated with some flaking (Fig. 4B). Due to the speci-
men’s rarity, it was not deemed necessary by the authors to
section this.

Astragalus HRS12244—This specimen manifests two very pro-
minent adjacent deep depressions in the distal dorsal surface,
adjoining the metatarsal joint (Fig. 5, features 1 & 2). These

circular lesions are 0.6-1 cm in diameter at the cortical surface
with smoothly sloping surface edges into the depths of the pit.
Feature 2 has a distinct 3-5 mm sloping margin surrounding
the pit. CT scan imaging and histological cross sections of bone
found depressions with well-defined edges penetrating the corti-
cal bone, approximately 0.8-1cm in depth, with the surface
opening width smaller than the erosion width inside the bone
(Fig. 5B, C, D). The shape of the base of both lesions is evenly
concave, lacking the pointed apex that could be expected in a
perimortem tooth puncture of this depth. CT scan imaging
shows a distinct focal brighter (more radio-opaque) area sur-
rounding both depression sites, manifesting most strongly
around feature 1 (Fig. 5B). Based on the CT images alone, the
appearance is that of a reactive sclerotic bone surrounding a
necrotic area. Thus, at first glance, it would appear these
lesions were premortem osseous response. However, additional
tests were to challenge this interpretation.

Histological images (thin sections) show sharply truncated
fibrolamellar bone (FLB) consistent with other FLB descriptions
(Chinsamy et al., 2012; Whitney et al., 2022). The lamellae are
continuous with the underlying bone extension edge of
depression 1 (Fig. SE, F). The edge of the depression shows indi-
vidual lamellae sharply terminating against the depression, with
small fissures, creating a bumpy surface at the interface. No reac-
tive new bone proliferation is present. Important features that
could indicate the microtrauma of an unhealed large puncture,
like that made by a tooth, such as displaced lamellae fragments
or spalls on the lesion margin are also lacking. Furthermore, a
thin dense adhering layer of matrix is clearly in evidence, occlud-
ing the sharp margins of the depression (Fig. SE). This area of
bone displayed a more intense red coloration surrounding and
directly adjacent to the depression site (Fig. SE); these redder
areas in the thin section correspond to the brighter regions in
the CT scan imaging. Microscopic examination in reflected
light shows the presence of pyrite and hematite with greater con-
centration of hematite adjacent to the depression (Fig. S2). The
pyrite crystals (FeS,) are present as irregular shaped microcrys-
talline aggregates and framboids ranging from 10-20 um.
Pigment-sized hematite crystals are distributed within the bone
next to the lesion and cause the dark red coloration from local
oxidation of pyrite. SEM-EDS analysis of a sectioned surface
through the depression demonstrates the presence of sulfur
and iron in the bone, with iron concentration decreasing away
from the depression (Fig. S2). We observed a small amount of
woven bone characteristic of new premortem bone deposition
at the bone articular surface. This is expected because these sur-
faces are constantly remodeling in response to stress.

Pedal Phalanx HRS09967—Pedal phalanx III-2 manifests a
series of pockmarked depressions on the proximal and distal
articular surfaces (Fig. 6A, B). However, arrangement and mor-
phologies of depressions between the two surfaces, have differ-
ent depth and size distributions. Depressions on the proximal
surface have irregular outline distributed on the bone surface
with no particular arrangement, but all penetrate cancellous
bone (Fig. 6A). Their outline is irregular with curved edges.
Depth of the depressions range from 0.3-0.8 cm. CT scan
shows no increase in bone density on the surfaces directly associ-
ated with depressions (Fig. 6C). Histological analysis of the area
associated with depression shows the presence of organized bone
tissue underlying localized bone destruction, but no bone depo-
sition or remodeling directly associated with depression. Since
the depression is associated with an articular surface some
bone modification is noted, and expected, due to normal stress
in the joint (Fig. 6D). On the distal articular surface, the
depressions are also randomly distributed, have regular circular
shapes, surface diameters ranging from 1-3 mm, and depths of
1 mm that do not penetrate into cancellous bone. No change in
bone density was shown in CT images (Fig. 6C). On the left
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1cm

1cm

FIGURE 1. Fossil rib fragments from Edmontosaurus annectens with modifications. A, rib fragment HRS03161 with root traces (indicated by white
arrow) and tooth trace (indicated by black arrow); B, view of the inner surface of the distal end of rib fragment HRS02038 with neoplasm and pseu-
dopathology; C, view of the outer surface of the distal end of rib fragment HRS02038. Black arrows point to evidence of bone proliferation suggestive
of neoplasm in B and C. White arrows point to postmortem textural changes on bone surfaces in B and C.

edge of the same bone surface, a depression resembling those on
the proximal surface (Fig. 6D) is observed, similar to the one
located on the superior edge of the proximal surface of the
bone (Fig. 6A). Abrasion on both articular surfaces is also
observed but it is more evident on the proximal surface of the
bone.

DISCUSSION

A summary table of our findings with descriptions and associ-
ated diagnosis can be found in the supplementary material (Table
S1). First, it is critical to underscore the importance of differen-
tiating real from pseudo pathological lesions. Both real pathol-
ogy and other surface modifications, causing lesions on bone
surfaces, are present on two rib fragments (Fig. 1). Rib fragment
HRS03161 shows the presence of clusters of finely curvilinear
areas of bone bleaching. These clusters are both common in
this assemblage and morphologically rather characteristic for
root traces (Behrensmeyer, 1978; Schultz & Dupras, 2021).

Manifestations of root traces were commonly found in specimens
from this bonebed collection. Root traces are thought to be the
result of diagenetic changes in the bone material adjacent to
ingrowing roots. Selective mineral movement (leaching) from
the fossil into surrounding plant roots or in the reverse may be
the cause of the color change (Behrensmeyer, 1978; Schultz &
Dupras, 2021). Determination of the precise mechanism of the
color change is a subject for future inquiry. The puncture and
groove displayed on the same bone surface, is identified as a
tooth trace further diagnosed by the presence of a drag mark
(Fig. 1A). Thus, HRS03161 displays both the characteristic pseu-
dopathological root trace and a genuine tooth trace. That the
bone damage in the latter was acquired peri- or postmortem is
evident, due to the absence of bone reaction. The bonebed
does contain multiple examples of lesions (examined elsewhere)
attributable to the marks of teeth during predation or scavenging
on diagnostic grounds from the literature (Siviero et al., 2020a).

Rib Fragment HRS02038 (Fig. 1B, C) shows a fractured end
with irregular edges suggestive of a postmortem fracture
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FIGURE 2. Fossil bones from Edmontosaurus
annectens with pseudopathologies. A, cervical
vertebra ~ HRS10676 ~ with  postmortem
depressions created by surface exposure, includ-
ing a closer view of the surface in a different
angle for better view; B and C, medial and
lateral views of right metatarsal II HRS12360
with parallel linear marks indicated by the
arrows.

(Mann & Hunt, 2013). The bone also has prominent areas of sub-
periosteal bone proliferation on the internal and external distal
surfaces strongly resembling the pattern encountered in cases
of periosteal elevation associated with trauma and infection
(Landry et al., 2000; Whiteside & Lesker, 1978). The ribs are a
frequent location of subperiosteal proliferation, due to their
superficial subcutaneous position and the function and mechan-
ical insults they endure. This is the sole example in this paper
of a specimen manifesting new bone proliferation (Fig. 1B, C).
The nature of this abnormality and location suggests a bone

reaction to a musculocutaneous lesion, a true pathology. The
same surface also shows texture modification with the appear-
ance of “fine pitting” suggesting cortical bone deterioration. Cor-
tical bone porosity in pre-mortem specimens suggests pathology
such as osteoporosis (Lin & Lane, 2004; Seeman, 2013), porotic
hyperostosis (Holland and O’Brien, 1997; Stuart-Macadam,
1991), and osteodystrophy (Sharma et al., 2018). However, in
fossil bones, cortical bone porosity can also indicate taphonomic
processes that cause the delamination of cortical bone due to
bone exposure, such as in the cause of subaerial bone surface
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FIGURE 3. Distal caudal vertebrae HRS14005
from Edmontosaurus annectens with pseudo-
pathologies. Vertebra shows postmortem tex-
tural changes on distal joint surface and
depressions (close-up view).

exposure (Behrensmeyer, 1978; Egeland & Pickering, 2021). The
shallow cortex deterioration appeared mostly on the inferior
margin of rib fragment HRS02038, where the reactive bone is
also present. However, on the unfractured distal end of the rib,
similar cortex deterioration is also observed. We suggest that
the “fine pitting” appearance in the cortex bone is most likely a
result of postmortem regional bone exposure causing the delami-
nation of cortical bone and giving the appearance of “fine pitting”
due to the exposure of the medullary bone, especially in areas
where the cortex is thinner, such as in the cortical surface associ-
ated with remodeling. However, this suggestion does not rule out
the possibility of the presence of other bone diseases causing
cortex bone porosity.

In our analysis, several other instances of pseudopathologies in
bones are ultimately attributable to surface exposure causing
diagenetic modifications to bone surface and damage to cortical
bone (Table S1; Figs. 2 and 3). The linear grooves on metatarsal
HRS12360 (Fig. 2B, C), were provisionally attributed to tooth
traces upon first examination. These prominent parallel features
could be classified as tooth traces based in the literature with
descriptions for tooth traces (Binford, 1981; Jacobsen &
Bromley, 2009; Mikula$ et al., 2006; Njau & Blumenschine,
2006; Pobiner, 2008; Pobiner at al., 2007). However, several
other metatarsals in the assemblage also had grooves with
similar orientation and location as the ones observed in
HRS12360 (specimens HRS05166, HRS05420, HRS07530,
HRS09092, HRS09784, HRS17323, HRS23162, HRS30652,
available images in the SWAU fossil catalog database). Given
the physical postmortem alteration, and the frequency of these
cracks in metatarsals with similar orientation and location, we
suggest that these features are most likely due to cracking dis-
playing planes of cleavage associated with weaker areas in the
bone, or parallel to the orientation of the primary fabric direc-
tion, at different stages of surface exposure to the environment
(Behrensmeyer, 1978, Bishop et al., 2017; Pokines & Spiegel,
2021; Symes et al., 2014). To further confirm this suggestion, his-
tological analysis would be beneficial in future study.

The surface of the cervical vertebra HRS10676 (Fig. 2A) dis-
plays several destructive depressions, indicating the deterio-
ration of the cortical bone. Flaking and cracking on the cortical

surface is also observed. No bone reaction is displayed in the
margins and surface of these depressions that erode from
cortex into the medullary bone. Surface bone changes like that
described in bone HRS10676 have been previously suggested
to be a result of bone surface exposure to environmental
factors (Behrensmeyer, 1978; Egeland & Pickering, 2020;
Evans, 2021). However, there are some lytic bone diseases
where bone reaction might not be present such as in acute infec-
tions destroying bone near time of death not giving enough time
for bone response. It is also important to note that certain fungal
diseases and bone reaction might also not be noticeable (Arkun,
2004; Hershkovitz et al., 1998). Several lesions in the surfaces of
bone HRS10676, if pathological, are large enough to conclude
that some time passed between time of the lesion and death. In
this case, one would expect, based on size of the largest lesions,
evidence of bone reaction. Thus, based on the collection of
destructive depressions distributed throughout the bone
surface, size of lesions accompanied by cracking and flaking,
we suggest that the surface modification to HRS10676 is most
likely a result of surface exposure to the environment before
burial. However, it does not eliminate the possibility of a few
pre-mortem lesions caused by an acute disease, near time of
death. Histological analysis could be helpful to conclude the
presence of a disease if some bone reaction was present in a
microscopic scale.

Insect Boring Mimicking Lytic Lesions

An important subcategory of pseudopathology has turned out
to be insect mediated bioerosion. Postmortem biogenetic erosion
during surface exposure can mimic the lytic bone features of
infectious, inflammatory, and degenerative bone diseases, which
also erode bone via biogenetic routes. In lytic bone diseases,
bone displacement occurs because of resorption caused by
tumors, bacterial infections, or fungal diseases. In most of these
cases, the eroded area is surrounded by a periosteal reaction,
smooth eroded surfaces and margins (Hershkovitz et al., 1998).
However, in fungal diseases the bone reaction is usually fine
and frequently not present (Arkun, 2004; Hershkovitz et al.,
1998). Thus, erosive depressions from surface exposure might
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FIGURE 4. Edmontosaurus annectens ischium HRS12443 with modified surface texture. A, surface texture with shallow depressions suggestive of
insect borings; B, closer view of bone surface with several individual elliptical shallow depressions and overlapping shallow depressions. Flaking of
the cortical bone is also observed. Black arrows point to representative pits with scalloped edges and central pedestal.

be mistaken for a pathological lesion if not carefully examined
for evidence of bone reactivity in association with other tapho-
nomic processes.

Although the surface of bones within this collection are gener-
ally well-preserved enough to indicate rapid covering of bones
during fossilization, signs of what appears to be attributable to
biogenetic alterations is also suggested based on comparisons
with previous work (Bader, 2008; Bader et al., 2009; Britt et al.,
2008; Hasiotis et al., 1999; Odes et al., 2017; Pirrone et al.,
2014a). Herein, we applied the comprehensive review of bone
modifications interpreted to be produced by pupation chambers
produced by insect larvae in Bader (2008) and Bader et al.
(2009). The size, morphology, and distribution of pits in bone
modifications reported are comparable to the modifications dis-
played in our study in the caudal vertebra HRS14005 and
ischium HRS12443. The shallow pits and rosettes are generally
described by circular to elliptical clusters of individual or over-
lapping shallow pits, averaging in general from 0.5-8 mm in
diameter and <1 mm in depth (Bader, 2008; Bader et al., 2009)
and are very similar to the ones found in the ischium

HRS12443. Especially in rosettes, the edges are scalloped, and
some have an unmodified pedestal in the center of the pit just
as observed in some of the examples found in HRS12443 (Fig.
4B). These are suggested to represent different stages of pupa-
tion when there might be presence of dry flesh and contact
with the bone surface based on comparisons with modern
examples (Bader, 2008; Bader et al., 2009; Serrano-Braifias
et al., 2018). It is important to note that the ischium HRS12443
also displays other diagenetic modifications on the bone
surface such as flaking, caused by the further degradation of cor-
tical bone suggesting surface exposure to the environment.
Given the real-world constraints of rare specimen preservation,
this ischium was not sectioned; although sectioning would have
resolved any diagnostic ambiguity, its bone tissue was readily
observable on the surface and similar to other cited specimens.

In the same study by Bader (2008) and Bader et al. (2009),
other depressions are described as hemispherical pits. These pre-
sented no overlapping occurrences, smooth walls with no scal-
loped edges, ranging from 1.98-5.63 mm in diameter and 0.62—
1.74mm in depth. These are interpreted as surface bone
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A

FIGURE 5. Right astragalus HRS12244 from
Edmontosaurus annectens with depressions
indicative of insect boring. A, orientation and
closer view of the specimen and depressions
(with numbering identification); B, sagittal
view of CT scan imaging of depressions
showing brighter regions near depressions; C,
coronal view of depression identified as 1; D,
coronal view of depression identified as 2; E, his-
tological view (at 2x) of the surface area of the
depression, with more hematite concentrations
indicated by the darker red regions near the
surface ; F, closer view (at 10x) of the surface
area of depression 1. White arrow points away
from depression into the bone. Abbreviations:
a, anterior; d, distal; 1, lateral; m, medial; p, pos-
terior; pr, proximal.
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FIGURE 6. Pedal phalanx I11-2 HRS09967 from Edmontosaurus annectens with insect borings. A, view of proximal articular surface with depressions
with selected region for a close-up view of depressions; B, view of distal articular surface with depressions with selected regions for a close-up view of
depressions; C, CT scan imaging indicating no particular bone reaction associated with depressions; D, histological image (in 2x) of the surface depth
of the large depression (associated the dashed white line in 6B) showing lamellar bone and postmortem erosive surface.

modifications caused by pupation chambers formed by insect
larvae almost entirely within the bone. This interpretation is
based on morphological similarities of these trace fossils to
modern, bone-altering dermestid beetles for example (Bader,
2008; Bader et al., 2009). Such bone modifications with similar
features are also displayed in two specific depressions in the
caudal surface of the vertebra HRS14005 (Fig. 3). Thus, we
suggest that these two hemispherical pits are also possibly a
result of bioerosion. It is important to note that on the distal
and proximal intervertebral articular surfaces of the HRS14005
centrum, the small shallow regular depressions/pits displayed
throughout the surface, most likely indicate the deterioration
of cortical bone exposing the medullary bone. This feature is
also observed on the previously discussed rib fragment
HRS02038 (Fig. 1B, C) suggesting diagenetic modifications due
to bone exposure to the environment.

The depressions observed in the distal articular surface of the
pedal phalanx HRS09967 are similar to the previously described
depressions as a result of postmortem bioerosion of elliptical to
round depressions with diameters ranging from 1-5 mm and
1 mm in depth not penetrating the trabecular bone (Britt et al.,
2008; Hasiotis et al., 1999). Likewise, similar depressions as the

ones found in the proximal articular surface of HRS09967 (and
a few in the edge of distal articular surface), have been described
and classified as holes that can occur individually or grouped. The
depth of these holes penetrates the trabecular bone (Odes et al.,
2017; Pirrone et al., 2014a).

Although they may vary in morphology, depth, and patterns,
the depressions observed in the caudal vertebra HRS14005,
ischium HRS12443, and pedal phalanx HRS09967 most likely
indicate postmortem alterations to the bones caused by insect
or larvae boring. These alterations, due to exposure, have also
been associated with diagenetic processes (HRS14005 and
HRS09967) including flaking (HRS12443) (Behrensmeyer,
1978; Egeland & Pickering, 2021; Evans, 2021). Thus, the combi-
nation of abrasion and bioerosion on the surface of these bones
most likely suggests diagenetic and biogenetic alterations due to
exposure of remains.

The astragalus HRS12244 depressions (Fig. 5) may superfi-
cially resemble punctures made by a tooth with a semicircular
cross section. Given the blunt roundness of the depression at
its nadir, the only tooth aligned with the associated fauna able
to produce such marks would be a worn crocodilian tooth.
However, the shape of the depression is a poor match even
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with this scenario, given the depressions have both a smaller neck
on the surface and no preserved tooth shape at depth. However,
one should still observe internally the outline of a tooth shape in
its entire depth. Figure 5B, C, and D show that at mid-depth, the
diameter of the depression is larger than its inner-most depth and
even smaller at the surface opening. The lesions in the
HRS12244 are comparable with other previously reported
examples, specifically reported as a result of bioerosion by
necrophagous larvae of a terrestrial arthropod (Lima, 2017,
Odes et al., 2017; Pirrone et al., 2014a; Pirrone et al., 2014b;
Zanetti et al., 2019).

CT scanning supported the initial impression of the poor fit of
the shape of the depression to a tooth puncture wound.
However, the intensely radiopaque area (Fig. 5A, B, C, D)
manifest resembled the sclerotic bone indicating pre-mortem
bone reaction seen on images from live individuals. Sclerotic
bone formation is a well-documented chronic response of
bone to trauma and infection in the radiological literature of
humans and other vertebrates. Following this interpretation,
the bright outline surrounding the depressions could indicate
healing from a pre-mortem lesion. However, a critical distinc-
tion in comparing fossil bones with medical and veterinary lit-
erature is also recognizing the role that depositional
environments may play in creating bone changes. SEM-EDS
analysis indicates higher density of iron and sulfur adjacent to
the reported lesions. It has been reported that during microor-
ganism invasion of tissues, iron is sequestered from the blood,
which is crucial for their proliferation within the host’s tissue
(Bullen, 1981; Cornelissen & Sparling, 1994). Therefore, an
increase in iron near the affected area may occur as iron is
being captured and transported into the parasite. However, his-
tological analysis of our specimen HRS12244 shows hematite
(Fe,03) crystals in higher density adjacent to the reported
lesions (Fig. S2), thus supporting the results from SEM-EDS
elemental analysis. Hematite precipitation may be from recent
weathering of pyrite that is more widely distributed in the
bone. These findings have been previously reported in fossils
from the Lance Formation (Sawlowicz & Kaye, 2006).
Another option for the presence of hematite is that it could
have been added with infiltrated clays during burial (note clay
minerals filling the depression in Fig. S2). The CT scans show
intense radiopacity in the region adjacent to the lesions. The
microscopic examinations indicating the mineralogy adjacent
to lesion suggest that mineralization increased the bone
density, thus producing the halo adjacent to the lesion in the
CT scan image. Mineral replacement from a less dense to a
denser composition can also create brighter radiographic
images. Hematite has an attenuation coefficient almost 4x
greater than apatite (Bam et al., 2020). These changes are not
associated with bone remodeling but resulted from diagenetic
changes, with precipitation of minerals adjacent to the lesions.
This finding is consistent with the histological presentation of
fibrolamellar bone architecture in the section with no response
at the truncated layers adjoining these lesions (Fig. SE, F). Thus,
we conclude that the overwhelming evidence points to the main
factor causing the bone alteration of the astragalus HRS12244
(shape of depression, histological features, mineral precipi-
tation, and replacement) is attributable to postmortem manifes-
tations of pupal chambers resulting from boring larvae, not
bone response to infection. The observable, more highly vascu-
larized and presumably actively growing bone extends beyond
the area delimited by the depression and is associated with
the cortical adjacent areas of a weight-bearing articular surface.

CONCLUSION

Manifestations of pseudopathologies in the fossil bones often
result from biogenetic and diagenetic taphonomic processes.

Since they are postmortem modifications to bones, interpret-
ations of their causes can yield postmortem environmental con-
ditions and settings associated with bones. Thus, the correct
characterization and distinction of bone abnormalities such as
paleopathologies or pseudopathologies are crucial to analyses
of disease.

In our analysis of bone abnormalities from a monospecific
Edmontosaurus annectens bone bed collection, we encountered
several manifestations of pseudopathologies caused by post-
mortem modifications. We conclude that the different types
of pseudopathologies are indicative of the postmortem and
pre-burial processes. Moreover, in the astragalus specimen,
without the ground truth of the histology, an erroneous
interpretation of the CT radiopacity might have transpired.
SEM-EDS analysis suggests diagenetic changes associated
with the corresponding region of the radiopacity shown in
the CT scan. Histology reveals the lack of reactive bone and
supports the interpretation of these depressions as bioerosion
resulting from terrestrial arthropods boring on the bones
during larval stages and forming pupal chambers. Burrow
sizes, morphologies, and arrangement represent different
insects of different sizes and infestations. Due to analogs of
insect burrows on carcasses and their association with the
environment (Britt et al., 2008; Martin & West, 1995; West &
Martin, 2002), we conclude that the carcasses of the
E. annectens population represented within the bonebed,
were partially covered by flesh and exposed subaerially for
some time prior to burial. All bones reported were excavated
and not subject to modern weathering due to surface exposure.
Pre-burial exposure of remains is also suggested by the
occasional manifestations of erosive or abrasive postmortem
pitting/depressions on bones, indicating weathering. However,
since within the bonebed the majority of the bones are well-
preserved, disarticulated, and dissociated, we conclude that
the carcasses were exposed for just enough time for decompo-
sition, occasional bioerosion, and disarticulation. The fre-
quency of the early postmortem distal end rib fractures
suggests scavenging, thus supporting our conclusion that the
carcasses were exposed for some time (sufficient time for
scavenging). Tooth trace manifestations in various bone types
(Siviero et al.,, 2020b) also support scavenging. However,
early postmortem transport can also account for some of the
rib fractures.

Following exposure, due to the bonebed depositional setting,
the remains from this E. annectens population were transported
and buried in a mass flow event as previously suggested (Snyder
et al., 2020; Weeks, 2016).

Our observations on several specimens correspond to the
taphonomic traces of insects as described in the literature. We
similarly “diagnose” such traces in this sample as insect borings
or pupal chambers from necrophagous larvae, suggesting infesta-
tion of exposed carcasses. Additionally, perimortem fractures are
frequently observed on ribs, particularly on their distal end,
suggesting postmortem ribcage trauma incurred during scaven-
ging. Manifestations of tooth traces in other bones also suggest
scavenging. Other erosive pseudopathologies indicate postmor-
tem weathering, thus strengthening our conclusions of a period
of carcass exposure before burial. However, the uniformly
good surface preservation of most bones within the bed further
indicates that this period of exposure on the ground was likely
not protracted.

In future work, the continued study of bone abnormalities sug-
gestive of biogenetic and diagenetic taphonomic processes (pseu-
dopathologies) is important to (1) add to this research data
analysis, (2) strengthen our conclusions on the taphonomic
setting associated with the animals within this bonebed, (3) add
to the literature pertaining to pseudopathologies providing a cau-
tionary tale that CT image alone might not be sufficient
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depending on the lesion. Where possible, histological thin sec-
tions can be beneficial for diagnosis.
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