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A large, pathological skeleton of Smilosuchus gregorii
(Archosauriformes: Phytosauria) from the Upper Triassic
of Arizona, U.S.A., with discussion of the paleobiological
implications of paleopathology in fossil archosauromorphs
Andrew B. Heckert, Tabitha C. Viner, and Matthew T. Carrano
ABSTRACT
Phytosaurs were a widespread clade of Triassic predatory archosauriforms whose
skull anatomy is well known, but whose paleobiology is underexplored. Here we report
on a well-preserved specimen from Adamanian (early–mid-Norian) strata in Arizona
that includes not only the skull and lower jaws but much of the postcranial skeleton,
which exhibits extensive evidence of pathologies. This specimen has a complex taxonomic history, and we verify its referral to Smilosuchus gregorii based on multiple cranial characters.
The shafts of eight limb bones preserve extensive exostoses—more paleopathological elements than in any other Triassic archosauromorph. These exostoses are
often centered on cavitations reminiscent of draining tracts. Extensive, irregular, proliferative lesions have completely engulfed the left deltopectoral crest and thoroughly
altered the architecture of both femora. The animal’s presumed low metabolic rate
would have allowed several months of lesion progression before it died of either nutritional deficiency or systemic infection. This is the fourth, and by far the most extensive,
report of pathology in a phytosaur, and only the eighth in a non-dinosaurian Triassic
archosauromorph.
The character and location of the lesions evokes aspects of both osteomyelitis
and hypertrophic osteopathy—though neither is fully consistent with the changes present, nor are these conditions well-explored in extant reptiles. The most likely cause of
the pathologies exhibited here is osteomyelitis; indeed, this specimen bears more
osteomyelitis-like paleopathological elements than any other fossil archosaur.
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INTRODUCTION
Phytosaurs are an extinct clade of archosauriform reptiles whose origins lie either among basal
crurotarsan (crocodile-line, or crocodylotarsan)
archosaurs (e.g., Benton and Clark, 1988; Sereno,
1991; Juul, 1994; Ezcurra, 2016) or just outside
Archosauria (Nesbitt et al., 2011; Stocker et al.,
2017). Phytosaur skulls are easily recognized by
their elongate snouts (composed primarily of the
premaxillae) and their posteriorly retracted, dorsally directed nares. These features in particular
give phytosaurs a superficial resemblance to crocodylians, and presumably indicate that the group
occupied a similar ecological niche during Late Triassic time. Fossils of phytosaurs are common in
Upper Triassic rocks in North America, Europe,
North Africa, and India, and less diagnostic materials referable to the group are also known from
Thailand, Madagascar, Brazil, and Zimbabwe (e.g.,
Gregory, 1962; Hungerbühler, 2002; Stocker and
Butler, 2013; Barrett et al., 2020). Fossil skulls are
particularly common in Germany and the southwestern USA, and these have historically formed
the basis for most characters used in phytosaur
taxonomy and phylogeny (e.g., Long and Murry,
1995; Hungerbühler, 2002; Stocker, 2010).
Although several extensive studies of phytosaurs
remain unpublished (Hunt, 1994; Hungerbühler,
1998), recent work on the group has greatly
improved phylogenetic resolution (e.g., Stocker,
2012; Kammerer et al., 2016; Jones and Butler,
2018).
Phytosaur fossils, especially their shed teeth,
are among the most commonly recovered fossils in
many Upper Triassic outcrop belts, yet their postcrania remain relatively understudied, and little is
known of their biology beyond their presumed convergence in lifestyle with the geologically younger
champsosaurs and crocodylians. Most functional
and paleoecological attention has been directed
toward the wide array of skull morphologies seen in
the group (e.g., Hunt, 1989; Hungerbühler, 1998,
2000, 2002; Lessner and Stocker, 2017). As such,
little has been published on their postcrania outside locomotor inferences associated with tarsal
structure and the phylogeny of basal archosaurs.
Several such studies have utilized the specimen
described here (USNM 18313), particularly its
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ankle (Parrish, 1986a, 1986b; Sereno, 1991; Sullivan, 2010), but none have commented on the
pathological nature of many of the other limb elements. In their review of Phytosauria, Stocker and
Butler (2013, fig. 4a,e) illustrated the (apparently
healthy) right scapulacoracoid and an isolated
osteoderm of USNM 18313 as illustrative of “typical” elements of phytosaurs, but did not comment
on the pathologies. Indeed, only a few postcranial
paleopathologies in phytosaurs have been
reported in the literature (e.g., Huene, 1922; Mehl,
1928; Zeigler et al., 2003a; Witzmann et al., 2014).
The most substantiated reports are those of Mehl
(1928), who reported a broken and healed radius in
an indeterminate phytosaur from Wyoming, and
Witzmann et al. (2014), who diagnosed spondyloarthropathy in the vertebral column of a German
phytosaur first described by Huene (1922). Neither
of these pathologies is similar to, or as systemic
as, those of USNM 18313. Zeigler et al. (2003a)
listed two phytosaur specimens, an ulna and a
femur, as pathological, but did not elaborate in the
text. As the illustrations in Zeigler et al. (2003a) are
inadequate to discern further, these elements
remain undiagnosed.
This research describes the multiple pathological elements found as part of USNM 18313, a
large, associated skeleton of a phytosaur from
Upper Triassic strata near St. Johns in eastern Arizona (Figure 1). We also provide a brief history of
study of the region and the specimen, review the
locality, stratigraphic context, and age of the specimen (Figure 2), and explicate its taxonomic position and provide a tentative biological interpretation
of its pathological state.
USNM 18313 is significant because (1) it is a
relatively rare instance of a pre-Jurassic pathological archosauromorph (if this animal suffered from
osteomyelitis, as proposed here, it would be the
oldest such record in this clade); (2) it is the most
extensive postcranial pathology reported for a phytosaur; and (3) it supports arguments on the relative distribution of pathologies on weight-bearing
elements in terrestrial versus semi-aquatic archosaurs. Comparison with modern zoological databases shows that confirmed cases of osteomyelitis
in the fossil record are roughly congruent with
those recorded in modern animals.
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FIGURE 1. Index maps showing the geographic position of the study area in the USA (A) and on a generalized geologic map of east-central Arizona (B) showing the most prolific Triassic localities in east-central Arizona, including the
Blue Hills (BH), Big Hollow Wash (BHW) and Blue Mesa (BM) in the Petrified Forest National Park (PFNP). The specimen described here probably came from the Blue Hills but may have come from Big Hollow Wash. The modern
administrative boundary of the PFNP is in black, the approximate outline of the smaller monument in 1948 is marked
by the white inset. Arizona Maps modified from Richard et al., 2002, Arizona Geological Survey publication DGM-17
(http://data.azgs.az.gov/geologic-map-of-arizona)

Institutional Abbreviations
AMNH = American Museum of Natural History,
New York, U.S.A.; FMNH = Field Museum of Natural History, Chicago, U.S.A.; MNA = Museum of
Northern Arizona, Flagstaff, U.S.A.; MOR =
Museum of the Rockies, Bozeman, U.S.A.;
NMMNH = New Mexico Museum of Natural History
and Science, Albuquerque, U.S.A.; SMA = Sauriermuseum Aathal, Seegraeben, Switzerland; UCMP
= University of California Museum of Paleontology,
Berkeley, U.S.A.; USGS = United States Geological Survey; USNM = National Museum of Natural
History, Smithsonian Institution, Washington, D.C.,
U.S.A.
Materials and Methods
This study focuses on a single pathological
phytosaur skeleton, USNM 18313, originally collected for the United States Geological Survey by
Guy Hazen in 1948; we provide details of the specimen’s provenance and collection in subsequent
sections. We analyzed the specimen both manually and digitally, with specimen photographs taken
with a Nikon Coolpix® 995 digital camera and subsequently edited in Adobe Photoshop (CS)® and
Adobe Illustrator (CS)®. Computer-aided tomography (CT) scans were accomplished in the Smithso-

nian’s Department of Anthropology, using a
Siemans Somotom/Emotion single-slice unit scanner operating at 8-130 keV and 30-240 mA. This
process generated 1 mm thick slices with image
size equal to 512 x 512. Images were subsequently
manipulated using OsiriX 3.0 on a MacIntosh G5.
For thin-sectioning, the specimen was first
reinforced and stabilized with EPO-TEK 301 epoxy
(manufactured by Epoxy Technology, Inc., Billerica,
Massachusetts). Next a working-size block was cut
away using a Felker tile saw equipped with a Raytech 6” Red Blazer diamond blade with 0.012”0.015” kerf. This block was further embedded in a
silicone mold with epoxy in a vacuum at ~40 torr for
5 minutes. After allowing the epoxy to cure for 24
hours at room temperature, the block was removed
from the mold, then wet-ground on 320, 600, and
1,200
grit
silicon
carbide
sandpaper
successively. After drying, the ground surface of
the block was affixed to a standard glass petrographic slide with EPO-TEK 301 epoxy. Following
a second 24-hour curing period, the block was cut
from the slide, and the specimen on the glass was
ground to approximately 20 microns using a
Hillquist thin-sectioning machine. The slide was
ground to petrographic thickness by hand on a
glass plate using 600 and 1,200 grit silicon carbide
sandpaper. Final polishing was done with a Leco
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FIGURE 2. Stratigraphy of the lower Chinle in the vicinity of St. Johns, Arizona. Blue Hills and St. Johns Landfill sections from Heckert and Lucas (2003), St. Johns South section is new to this study and described in Appendix 2.
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SS-1000 Spectrum Grinder Polisher, equipped with
an 8-inch Buehler Microcloth Polishing Cloth (No.
40-7218) using tin oxide polishing compound.
HISTORY OF STUDY
The Upper Triassic strata in the vicinity of St.
Johns, Arizona, have yielded numerous vertebrate
fossils that have been the subject of scientific study
since the 1920s, although relatively few collections
except those from the Placerias quarry have been
thoroughly published (Heckert et al., 2005; see
Long and Murry [1995] for a detailed history of
twentieth century collectors in Arizona). Charles
Camp of the UCMP was the first to make large,
systematic collections of vertebrates from this
area, including the badlands north and east of St.
Johns known locally as the “Blue Hills.” The holotype of Machaeroprosopus zunii (Camp, 1930) is
one of the few published vertebrates from this
area. Later collectors included parties working for
the USNM in the 1930s and 1940s and the MNA in
the 1970s. The UCMP returned to the Blue Hills in
the 1980s, although these collections, like the bulk
of Camp’s, remain unpublished. Long and Murry
(1995) published a generalized faunal list of sites
near St. Johns based primarily on the UCMP collections. This list has since been augmented by further
collecting
as
the
NMMNH
began
systematically working localities discovered by
Stan Krzyzanowski, including other macro- and
microvertebrate sites in the Blue Hills (Heckert and
Lucas, 2002a,b, 2003; Heckert, 2002, 2004, 2005;
Heckert et al., 2002, 2005). Currently the known
tetrapod assemblage of the St. Johns region exclusive of the Placerias quarry is dominated by fossils
of metoposaurs, phytosaurs, and other archosauromorphs (Table 1).
Details of Specimen
USNM 18313 consists of a skull and associated incomplete postcranial skeleton. The skull is
extremely large and robust (Figure 3)—1149 mm
long from the tip of the snout to the posterior tip of
the squamosals and nearly 300 mm wide at the
quadrates. The orbito-dorsal cranial length (ODCL)
is 192 mm, which corresponds to a total body size
of 5–6 m in length and 500–800 kg (Hurlburt et al.,
2003). Hazen probably found it lying on its right
side, as much of the left side and most of the palate
and ventral portion of the braincase are missing.
The rest of the left side has been crushed and
folded onto the right, and the right side is flared out
due to dorsoventral crushing (Figure 3A). The
external right side is nearly complete, lacking only

the articulation with the lower jaw. The left side is
much less complete, preserving a damaged premaxilla and maxilla as well as the nasal, septomaxilla, prefrontal, frontal, postorbital, part of the
parietal, and the exoccipital. The preserved axial
skeleton consists of nine cervical vertebrae including the axis, six dorsal vertebrae, both sacral vertebrae, a transitional sacro-caudal, 16 caudal
vertebrae, and at least 11 ribs as well as numerous
fragments of ribs and gastralia (Figure 4). The
appendicular skeleton includes the interclavicle,
both scapulocoracoids, humeri, ulnae, ischia, femora, tibiae, fibulae, astragali, and calcanea, as well
as the left ilium, numerous metapodials, several
phalanges, at least two unguals, and many osteoderms and osteoderm fragments.
Guy Hazen excavated this specimen from
July through October 1948 while working for the
USGS. In a letter to John B. Reeside, Jr. at the
Smithsonian (NMNH Department of Paleobiology
archives; see Appendix 1), Hazen provided the
bulk of the available locality data in a single paragraph (page 2, paragraph 3):
The phytosaur skeleton came from the
same horizon as the Club Mosses and
Lepodendron [sic] plant material. This
horizon continues in all of the Chinle formations which are exposed in the lower
section of the Chinle. I traced it around
St. Johns and at the northern end of the
Petrified National Monument [sic]. This
formation appears to have been the
channel for a slow moving meandering
river. Traces of other reptiles and a lung
fish are found throughout the same horizon. (Hazen)
He also stated that “the armor plate kept me from
working as rapidly as on a skeleton not having this
extra bone material,” that “I had to destroy some
vertebra [sic], ribs, and armor plate so as to be able
to remove portions small enough to handle,” and
that “[i]f I had cast of these [the ribs] it would’ve
taken much longer.” All of these appear to indicate
that the specimen was at least closely associated
when discovered, if not partially articulated, in addition to being somewhat more complete. His note
indicates that the lower jaws were not attached to
the skull, and the poor preservation of the left side
of the skull and the numerous loose teeth suggest
that it was the weathering skull that led to discovery of the site.
Nothing in Hazen’s note provides much geographic reference. However, Long and Murry
(1995, p. 5) stated that “[i]n late September, 1948,
5
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TABLE 1. The tetrapod fauna of the St. Johns area exclusive of the Placerias quarry (modified from Heckert et al.,
2005).
Stratigraphic Level and Area

Higher Taxa

Basal Tetrapoda

Species-Level Taxa

Buettneria perfecta
Apachesaurus sp.

Amniota incertae sedis

Kraterokheirodon colberti
multiple additional taxa

Synapsida

Placerias sp.

Archosauromorpha

multiple taxa

Archosauriformes

Type H? teeth*
Type L teeth*

Uppermost Bluewater Creek
Formation/Blue Mesa Member,
Blue Hills and Picket House Draw

Acaenasuchus geoffreyi
Krzyzanowskisaurus hunti
Phytosauria

Leptosuchus spp.

Aetosauria

Calyptosuchus wellesi

Suchia

cf. Saurosuchus sp.

Rauisuchidae

Rauisuchidae indet.

Sphenosuchia

Parrishia sp.

Desmatosuchus sp.
Poposaurus gracilis

Sphenosuchia indet.

Lower Chinle Group, Big Hollow
Wash

Theropoda

at least one taxon

trace fossils

vertebrate coprolites

Basal Tetrapoda

Buettneria perfecta

Phytosauria

Smilosuchus sp.

Aetosauria

Calyptosuchus wellesi
Desmatosuchus haplocerus

Rauisuchidae

“Postosuchus” sp.

*microvertebrate morphotypes described by Heckert (2004)

Hazen collected a well-preserved Leptosuchus
skeleton (USNM 18313) mixed with several elements of Stagonolepis wellesi at St. Johns.” Later
(appendix 2, p. 228), these authors specify, without
further documentation, the locality as Big Hollow
Wash North, and describe USNM 18313 as “much
of a postcranium, excellently preserved.” It is clear
from Hazen’s letter (paragraph 4, sentence 4) that
the skull and jaws were found with the rest of the
skeleton because, in the midst of a description of
that skeleton, he observed, “[t]he remains were
somewhat disturbed by stream action [in Triassic
time] as the jaw was separated from the skull by
several feet.” Big Hollow Wash is located to the
west of St. Johns in the same general outcrop belt
that, farther to the east, is known locally as the
“Blue Hills” (Figure 1C).
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Although none of Hazen’s observations pinpoint the locality within currently used stratigraphic
units, he is unambiguous about the horizon being
within the lower Chinle, sensu Gregory (1917).
Based on significantly more detailed local- and
regional-stratigraphic studies (e.g., Stewart et al.,
1972; Lucas, 1993 and references cited therein), it
is clear that the stratum to which Hazen refers, and
the strata in the places he mentions, are within the
lower Chinle Group (sensu Lucas, 1993; retained
as a formation-rank unit by many others). At the
time of Hazen’s writing, the Petrified Forest was a
national monument (i.e., not yet a national park)
and considerably smaller than it is now, with its
northern boundary located south of the Atchison,
Topeka, and Santa Fe railroad/U.S. Route 66
(modern-day Interstate 40) (Figure 1). This land is
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FIGURE 3. Nearly complete skull of USNM 18313 showing taxonomically relevant morphological details. (A) Stereopair of nearly complete skull in right dorsolateral view. (B) Stereopair of skull in posterior view. (C) Posterior portion
of skull in dorsal view, with yellow line indicating ODCL. (D) Close-up of right squamosal region in posterior view.
Abbeviations: aofe = antorbital fenestra; en = external naris; dps = descending process of squamosal; ltf = lateral temporal fenestra; lfm = lateral flare of maxilla; lfpm = lateral flare of premaxilla; nc = narial crest; ODCL = orbito-dorsal
cranial length (after Hurlburt et al., 2003); o = orbit; rs = ridge on squamosal. Scale bars equal 5 cm.

underlain by the strata of the lower Chinle Group,
principally the Blue Mesa Member of the Petrified
Forest Formation; by contrast, the area north of
there (which was added later) includes the vast
majority of younger strata in the present-day park.
Lungfishes are not biostratigraphically significant in
the Chinle, but their fossils tend to derive from
either the Bluewater Creek Formation low in the
group or the Painted Desert Member of the Petrified Forest Formation significantly higher stratigraphically (e.g., Murry, 1989; Heckert and Lucas,

2006; Milner et al., 2006). In addition, their fossils
are readily found in the lower Chinle in the Blue
Hills northeast of St. Johns (ABH personal obs.).
The horsetail (“Club Moss”) Neocalamites is not
biostratigraphically significant either (e.g., Ash,
1987), but occurs in abundance in the upper Bluewater Creek Formation in the Blue Hills and is most
typically recovered from the lower Chinle Group
generally (ABH pers. obs.).
Many institutions have collected in the Blue
Hills, and the stratigraphy there is accessible and
7
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FIGURE 4. Reconstruction of the skeleton of USNM 18313 in left lateral view. Preserved bones are in white, bones
that were not preserved are in gray, and pathological elements are in yellow.

well-studied (Heckert and Lucas, 2003; Heckert et
al., 2005; Figure 2, Appendix 2). Big Hollow Wash
is less well-known, but the southernmost stratigraphic section we document here (Figure 2)
shows that the units present in the Blue Hills, and
the fossiliferous interval high in the Bluewater
Creek Formation and low in the Blue Mesa Member, are present and persistent south of the primary
collecting areas in the Blue Hills. Thus we consider
it likely that this is the stratigraphic interval from
which Hazen collected the phytosaur specimen
described herein.
Associated Fauna
A small minority of the elements included with
USNM 18313 do not pertain to a phytosaur. These
include two small temnospondyl centra and several
aetosaur osteoderms. The centra are small (~ 1 cm
maximum dimension), with ovoid faces, but
approximately equant in width and height and
slightly less long. These characteristics suggest
that they pertain to a juvenile metoposaur, presumably Anaschisma (=Buettneria, Koskinonodon)
because the coeval Apachesaurus has centra that
are longer than tall (Hunt, 1993). The external surfaces of both centra are extensively pitted, suggesting that they may have been gut contents
subjected to attack by stomach acid and/or digestive enzymes. The aetosaur is represented by a
dorsal paramedian osteoderm that is at least twice
(but less than four times) as wide as long, possesses a discrete anterior bar, a robust boss emanating from the posterior margin of the osteoderm,
and a radial pattern of pits, grooves, and ridges
that emanates from the boss. These are characteristics of the aetosaur Calyptosuchus (= Stagonolepis) wellesi (Long and Ballew, 1985; Long and
Murry, 1995; Heckert and Lucas, 2000; Parker,
2007, 2018). Given the size and completeness of
8

this element, it is much less likely that it is a gut
content, and presumably represents another fossil
from the same locality. Calyptosuchus wellesi is an
index taxon of the Adamanian Land Vertebrate
Faunachron (= LVF; Heckert and Lucas, 2000;
Hunt et al., 2005; Lucas et al., 2007) and is also a
common fossil in both the Bluewater Creek Formation and the Blue Mesa Member of the Petrified
Forest Formation in Arizona (e.g., Long and Murry,
1995; Heckert et al., 2005; Parker, 2007, 2018).
Finally, there is also at least one small archosauriform (possibly phytosaur) cervical vertebra, a probable aetosaur ventral osteoderm, and a few small,
nondiagnostic elements included in USNM 18313
that do not pertain to the large, pathological skeleton.
STRATIGRAPHY AND AGE
Three members of two formations can be
mapped in the immediate vicinity of the Blue Hills
and east of St. Johns (although the statewide geologic map lumps all together as “Upper Triassic
Chinle”) (Figure 1). These stratigraphic units are
the lower, “red-bed”-dominated upper member of
the Bluewater Creek Formation and the overlying
Petrified Forest Formation, which can be subdivided into the lower, mudstone-dominated Blue
Mesa Member and the coarser-grained Sonsela
Member (Heckert and Lucas, 2003). To date, all
vertebrate fossils from the Blue Hills have been
recovered from localities either high in the Bluewater Creek Formation (a few localities) or low in the
Blue Mesa Member (the majority of the localities)
(Heckert et al., 2005), although Marsh et al. (2019)
have recently reinterpreted the “Blue Mesa Member” outcrops here and in western New Mexico as
part of the basal Sonsela. Regardless of which
unit, the age-diagnostic component of the assem-
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blage includes the phytosaur Smilosuchus (= Leptosuchus; tentatively referred to S. adamanensis),
the aetosaur Calyptosuchus (=Stagonolepis)
wellesi, and the possible revueltosaur Krzyzanowskisaurus hunti (Long and Murry, 1995; Heckert et
al., 2005; Heckert and Miller-Camp, 2013; Stocker
and Butler, 2013), all of which indicate an Adamanian (St. Johnsian) age sensu Hunt et al. (2005)
(Table 1). Tying the nonmarine tetrapod record to
the marine Standard Global Chronostratigraphic
Scale (SGCS, “marine time scale”) is difficult, but
the Adamanian generally and the St. Johnsian in
particular were traditionally considered latest Carnian in age (Hunt et al., 2005; Lucas et al., 2007),
although subsequent authors have accepted the
“long Norian” correlations set forth by Furin et al.
(2006) and reassigned much of the lower Chinle to
the early Norian. Consequently, recent estimates of
the Adamanian are that it represents early/earliest
mid-Norian time (e.g., Parker and Martz, 2011;
Martz and Parker, 2017). Indeed, Smilosuchus is
one of the taxa that defines the Adamanian teilzone (biozone) of Martz and Parker (2017). Thus,
given the available geographic and stratigraphic
information, we suggest that USNM 18313 almost
certainly was recovered from the lower Chinle
Group, probably the Blue Mesa Member of the Petrified Forest Formation, and thus is of Adamanian
(St. Johnsian) age (Figure 2). Regionally persistent
beds of reworked volcanic material at the base of
the Blue Mesa Member as traditionally interpreted
(= base of the Sonsela of Marsh et al. [2019]) yield
a maximum depositional age of approximately
217–218 Ma (Heckert et al., 2009; Irmis et al.,
2011; Marsh et al., 2019; Rasmussen et al., 2021),
which is middle Norian on current versions of the
SGCS.
Other data associated with USNM 18313 support the age assignments provided here, in spite of
the paucity of detailed locality data. Although the
bones are well prepared, there is some residual
matrix adhering to them, including in some of the
lesions on the pathological elements. This matrix
includes light greenish-gray bentonitic mudstone
and grayish white lithic-rich sandstone, lithologies
typical of the Blue Mesa Member. These sediments
are also consistent with Hazen’s use of the term
“lower Chinle” in his letter. Also, the white bones
are more typical of Blue Mesa Member preservation in the Blue Hills; Bluewater Creek Formation
bones from this area tend to have a reddish cast
(ABH personal obs.).

TAXONOMY AND SYSTEMATICS
The taxonomic assignment of USNM 18313
has fluctuated since its discovery. As it has never
served as the type specimen of any phytosaur species, its identification has rested on the ability to
refer it to an existing taxon. Most authors who have
discussed USNM 18313 have not mentioned the
skull at all, which is puzzling given its large size
and good condition. We suspect that this apparent
oversight is because the skull was on display in the
USNM for more than 30 years, during which time it
was not identified by specimen number in the exhibition. The postcranium was kept in the collections,
but there was little to indicate that it pertained to
the same individual as the exhibit skull. For this
reason, we suspect that most authors (at least in
recent decades) have studied only the postcranium, or at best had a long-distance view of the
skull, and that has contributed to the difficulties
assigning USNM 18313 to a known taxon. Furthermore, many phytosaur taxa have not been studied
in detail in recent years and are not diagnosed by
autapomorphies; even fewer include any postcranial features in their diagnosis.
The only species-level assignment of USNM
18313 (e.g., Stocker and Butler, 2013; Jones and
Butler, 2018) has been to Smilosuchus gregorii
(Camp, 1930), with that species originally having
been assigned to Machaeroprosopus (Camp,
1930) and variously transferred to the genera Phytosaurus (Gregory, 1962), Nicrosaurus (Westphal,
1976), Rutiodon (Ballew, 1989), Smilosuchus
(Long and Murry, 1995; Stocker and Butler, 2013),
and Leptosuchus (Irmis, 2005), although in several
other cases (Parrish, 1993; Padian et al., 2009;
Stocker, 2010) there has been no accompanying
diagnosis of that species. The type specimen of S.
gregorii is UCMP 27200, a skull with an associated
partial postcranial skeleton (Camp, 1930). Camp’s
(1930:43) original diagnosis included a mixture of
unique and shared features, which were described
only in comparison with other species he assigned
to Machaeroprosopus. Many of these features
were repeated by Colbert (1947:60), who referred
a second well-preserved skull from correlative
strata in north-central Arizona (AMNH FARB 3060)
to this taxon. The skull of USNM 18313 is
extremely similar to that of UCMP 27200, which is
even larger (see Camp, 1930, pl. 6) and was
recovered from correlative strata in northeastern
Arizona (Heckert et al., 2005). It also shows a
strong resemblance to AMNH FARB 3060.
Three studies have listed autapomorphies for
the species gregorii, but unfortunately none
9
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referred USNM 18313 to that taxon. Ballew (1989)
listed six autapomorphies of ‘Rutiodon’ gregorii but
did not mention USNM 18313 at all. Long and
Murry (1995) used eight features to define the species, which they made the type of the new genus
Smilosuchus, but identified USNM 18313 as Leptosuchus sp. (which they diagnosed by seven autapomorphies). Two more recent papers (Irmis et al.,
2007; Sullivan, 2010) also identified the present
specimen as Leptosuchus sp. Despite the inconsistencies among these identifications, they agree
in placing this specimen as an intermediate-grade
phytosaur among taxa traditionally classified as
“rutiodontines.” Kammerer et al. (2016) included
two species of Smilosuchus, S. lithodendrorum,
and S. gregorii, in their phylogenetic analysis but
made no diagnosis of either taxon. Most recently,
Jones and Butler (2018) diagnosed Smilosuchus
gregorii based on a unique combination of two
characters, referring USNM 18313 to this taxon.
Although few phylogenetic studies have mentioned USNM 18313, the specimen is sufficiently
well preserved to permit an assessment of its phylogenetic position using published characters. Historically, most workers have used one or more of
the following: Ballew (1989), Long and Murry
(1995), and Hungerbühler (2002). An additional,
unpublished scheme (Hunt, 1994) expands on
Ballew’s (1989), and other authors have provided
additional insight and commentary (e.g., Doyle and
Sues, 1995). In more recent years, a series of new,
detailed studies have greatly increased phylogenetic resolution within the clade (Stocker, 2010,
2012; Jones and Butler, 2018).
These studies generally agree on the following hypotheses: (1) all but the most primitive phytosaurs possess external nares that are dorsal, but
not anterior, to the antorbital fenestra; (2) more
derived phytosaurs have supratemporal fenestrae
that are increasingly depressed below the skull
roof and proportionately narrower and more slitlike; (3) the size and shape of the squamosals are
taxonomically informative; and (4) overall skull proportions delineate relatively robust and gracile taxa
that may otherwise be indistinguishable according
to hypotheses 1–3 (but see Stocker, 2010). To
date, no serious attempt to utilize phytosaur postcrania (or even lower jaws) for taxonomic purposes
has been published since Camp (1930).
The most important taxonomic features of
USNM 18313 are the placement of the nares relative to the antorbital fenestrae (Figure 3A); the size,
shape, and position of the supratemporal fenestrae
(Figure 3C–D); the size and shape of the squamos10

als (Figure 3); and the size and shape of the snout
(Figure 3A). The nares are retracted to lie dorsal
and medial to the antorbital fenestrae, the derived
condition in phytosaurs (Hunt, 1994; Long and
Murry, 1995; Hungerbühler, 2002; Stocker, 2010).
The supratemporal fenestrae, however, are large,
round, and open at the level of the skull roof anteriorly, but slightly depressed posteriorly, which is
usually considered an intermediate condition
(Rutiodon + Pseudopalatus node of Ballew, 1989;
Rutiodontinae of Long and Murry, 1995; character
32:1 of Stocker, 2010) (Figure 3C–D).
Hungerbühler (2002) explicitly used the squamosal in five of 47 characters and Stocker (2010)
expanded this to nine of 43. Both rely on the squamosal at least peripherally in other characters,
especially those relating to the supratemporal
fenestra, rendering it the most phylogenetically
informative bone in the phytosaur skull. The squamosals of USNM 18313 are robust, with triangular
descending processes that point ventrally when
seen in lateral view (Figure 3A). In dorsal view,
they extend somewhat posteriorly but are not elongate or rod-like (Figure 3C). Medially the squamosals possess a faint ridge that runs anteroposteriorly
dorsal to the articulation with the exoccipital (Figure 3D). This combination of features is again diagnostic of intermediate-grade phytosaurs (Rutiodon
sensu Ballew, 1989; Rutiodontinae sensu Long
and Murry, 1995; Hungerbühler, 2002). Stocker
(2010) considered the “dorsoventrally expanded,
posteriorly rounded posterior processes of the
squamosals” diagnostic of Smilosuchus + “Leptosuchus” adamanensis (Stocker, 2010:fig. 11, node
10), and a similar character was used by Jones
and Butler (2018) to partly diagnose S. gregorii.
The snout of USNM 18313 exhibits two potentially important features (Figure 3A): (1) a prominent crest extends anteriorly from the nares and (2)
in dorsal view the tooth row “flares” laterally twice.
Dimorphism has been documented in feature (1) in
Pseudopalatus (Zeigler et al. 2002, 2003b; this
genus is generally considered synonymous with
Machaeroprosopus in more recent studies, e.g.,
Jones and Butler, 2018). We cannot discern
sutures that would indicate whether the crest of
USNM 18313 includes substantial contributions
from the septomaxillae (as in “Pseudopalatus”), but
the condition observed here is consistent with that
of presumed male phytosaurs according to Zeigler
et al. (2002, 2003b). It is also consistent with the
“full rostral crest” described as part of the diagnosis
of S. gregorii (Jones and Butler, 2018). The two
flared regions of the snout—once in the posterior
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FIGURE 5. Right (A, B) and incomplete left (C, D) humeri of USNM 18313 in dorsal/lateral (A, C) and ventral/medial
(B, D) views. Abbreviations: ect = ectepicondyle; eg = entepicondylar groove; ent = entepicondyle; hh = humeral head;
pb = pathological bone; x-x’ = location of histological thin-section shown in Figure 5. Scale bar equals 5 cm.

portion of the premaxilla and again in the posterior
maxilla—constitutes the “brachyrostral” condition
(Hunt, 1989) and are historically considered a key
characteristic of robust phytosaur taxa (e.g.,
Ballew, 1989; Hunt, 1989, 1994; Long and Murry,
1995). Indeed, not only is the snout massive, but
the back of the skull is relatively wide and robust,
with a particularly robust quadratojugal and quadrate (Figure 3A, C).
The skull morphology of USNM 18313 is consistent with “R.” gregorii according to the schemes
of Ballew (1989) and Hunt (1994), Rutiodontinae
sensu Long and Murry (1995), and the node including S. gregorii and “L.” adamanensis of Stocker
(2010). Based on these observations, the most
recent phylogenetic topology available (Jones and
Butler, 2018), and the strong general similarities
between UCMP 27200, AMNH FARB 3060, and
USNM 18313, we agree with these latter authors in
assigning the latter specimen to Smilosuchus gregorii.

DESCRIPTION
Phytosaur postcrania are not especially well
studied, in part because they are seldom associated with the more diagnostic skulls. Indeed, Case
(1930) is one of very few authors to ascribe any
taxonomic significance to postcranial variation in
phytosaurs, and so far no one has attempted to
distinguish phytosaur taxa by the elements that are
pathological in USNM 18313, namely the left
humerus, right ulna, both femora, left and, possibly,
right fibula, and at least two metapodials (Figure 4).
Even recent phylogenetic analyses (e.g., Stocker,
2010, 2012; Jones and Butler, 2018) rely almost
exclusively on cranial characters. In the following
sections we describe typical phytosaurian elements and then provide detailed descriptions of
their pathological counterparts in USNM 18313.
Humerus
The right humerus exhibits anatomy typical for
phytosaurs (Figure 5A). It is moderately elongate,
approximately three times as long as the anteroposterior width of the proximal head. In dorsolat11
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FIGURE 6. Movie showing rendered CT-scan of humeri
of USNM 18313. Pathological bone on the left humerus
is highlighted in yellow. Movie available for download at
https://palaeo-electronica.org/content/2021/3385-pathological-phytosaur.

eral view, the anterior margin is generally straight
except for a projection surrounding the entepicondylar groove, and the posterior margin is concave.
The head is convex proximally and expanded posteriorly. A prominent, but not exceptionally long or
large, deltopectoral crest is situated as a short
ridge on the medial (ventral) surface, starting at a
point proximal to the most distal extent of the head.
The shaft narrows through the midshaft before
expanding again posteriorly to a similar extent as
the proximal end. The distal end bears a robust
entepicondyle and similarly large ectepicondyle,
the latter occupying much of the posterior portion
of the distal end. With the exception of the articular
surfaces of the proximal and distal ends, and to a
lesser degree the deltopectoral crest, the bone surface is smooth.
The left humerus of USNM 18313 is striking in
exhibiting several obviously pathological lesions
that considerably alter the typically smooth medial
surface (Figures 5D, 6). Several of these lesions
have completely engulfed the deltopectoral crest
and surrounded the midshaft, greatly increasing its
cross-sectional dimensions. In pathological terms,
the deltopectoral crest (deltoid tuberosity) is irregular with exostoses and cavitations obscuring normal architecture. There are two cavitations on the
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concave face. One is approximately 180 mm from
the proximal end and is 10 x 7 mm. Bony exostoses are ramped or sloped at the periphery and
extend 6–12 mm from the edges of the cavity. An
exophytic lesion begins at the [medial] edge at the
level of the distal edge of the first lesion. The cavity
here has irregular, sharper, and ill-defined borders
and may be preservationally distorted. The exophytic bone is slightly irregular at the crest of the
nodule and smoother near the periphery of the
lesion. Substrate still attached to the distal portion
of the humerus inhibits full evaluation of pathological lesions in this area. The affected left humerus is
425 mm long, while the unaffected right element is
435 mm long.
In order to best understand these pathologies,
we had a thin section made of the pathological left
humerus (Figure 7), as this element was both
incomplete (with a preservationally damaged distal
end) and one of the most severely afflicted elements (with the possible exception of the right
femur). Because the other lesions appear macroscopically similar, we suspect that the observations
documented here are typical of those on the other
affected elements. Unfortunately, there has been
little histological work on phytosaur limbs previously, with published sections limited to two femora
from Arizona sampled by de Ricqles et al. (2003,
pl. 1) and another from Austria by Butler et al.
(2019, fig. 16).
As seen in thin-section (Figure 7), the outermost dimensions of the relatively normal cortex are
55 x 25 mm; the cortex itself is 9–10 mm thick. The
medullary cavity is filled with trabecular bone (Figure 7C) and reduced in size, probably due to
taphonomic changes: there is a focus of indentation and fracture on the lateral aspect of the bone
(Figure 7A–B). The cortex is discontinuous along
the anteromedial aspect of the bone and replaced
by woven bone with regular, though often interrupted morphology. This periosteal new bone overlaps the normal cortex at both the anterior and
caudomedial extents of the cortical defect (Figure
7D) and is up to 13 mm thick (Figure 7A–B). The
exophytic bone is arrayed roughly perpendicular to
the existing cortical surface. In some areas, lakes
of new woven bone trabeculae abut separate lakes
of trabeculae that are acutely arranged in a different direction (Figure 7D). Near the center of the
broad area of periosteal new bone formation is a
cavitation that overlies one of these interrupted
lakes. Multifocal taphonomic changes often
obscure the relationship between the normal bone
and exostoses, and also within the pathologic alter-
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FIGURE 7. Histological section of left humerus of USNM 18313 in distal view (A-B) Overview of complete section
showing regions highlighted in C-D, with color-added version (B) to highlight different tissues. (C) Normal lamellar cortical bone (top) transitions into the woven bone of the medullary cavity (bottom); (D) Periosteal new bone formation
composed of woven bone arranged nearly perpendicularly to the eroded lamellar cortical surface; fragments of normal
cortical bone and remodeled bone are taphonomically juxtaposed. Abbreviations: ecb = eroded cortical bone; LAGs =
lines of arrested growth; lcb = lamellar cortical bone; mc, medullary cavity; pnb = new periosteal bone (pathological); rb
= remodeled bone. Colors: red = spongy bone of medullary region; yellow = lamellar cortical bone; blue, periosteal
new bone (pathological); green = remodeled bone (pathological). Scale bars equal 1 cm (a-b) and 5 mm (c-d).

ation itself. In the more pristine (unaffected)
regions of the bone several LAGs (lines of arrested
growth) are visible as discontinuities within the
lamellar bone.
Ulna
The left ulna of USNM 18313 is relatively typical for a phytosaur (Figure 8A–B). The more robust
proximal end is concave along the anterior surface
between the radial articulation and the end of the
substantial olecranon process. It is convex around
the remainder of the proximal end and its posterior

surface. The olecranon itself is rugose and globular, with a broadly rounded outline in mediolateral
view, and is expanded slightly relative to the adjacent bone surfaces. By contrast, the radial articulation is quite small and takes the form of a truncated
cone. The shaft is markedly straight in both anteroposterior and mediolateral views, tapers gently distally, and expands slightly at the distal end. In
cross-section the shaft is “D”-shaped, with a convex lateral surface and a flat medial surface,
against which the radius would have been
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FIGURE 8. Left (A, B) and right (C, D) ulnae of USNM 18313 in medial (A, D) and lateral (B, C) views. Abbreviations:
op = olecranon process; pb = pathological bone; pbl = pathological bone lesion; ra = radial articulation. Scale bar
equals 5 cm.

appressed. The distal end is thicker mediolaterally
than the adjacent shaft.
Only the right ulna shows macroscopic evidence of pathology (Figures 8C–D, 9). An irregular
band of bone that is 40–88 mm wide traverses the
lateral midshaft surface. Within this band are
numerous longitudinal ridges and furrows, some of
which bear evidence of lesion formation. The exophytic bone wraps slightly onto the medial surface
as well. Interestingly, although the articular ends
seem unaffected, the entire shaft appears more
broadly curved than the left ulna. This pathologic
ulna is 325 mm long, while the unaffected left element is 345 mm long.
Femur
Phytosaur femora are, like the humeri, relatively elongate (proximodistal length approximately four or more times proximal width).
Although both femora of USNM 18313 are pathologic (Figure 10), the left is substantially less so,
and we describe its general anatomy first. In dorsoventral view (Figure 10A–B), the element is sigmoidal, with an anteriorly projecting head and a
14

pair of posteriorly directed distal condyles. The
greater trochanter occupies most of the anteriorly
broadened proximal end, forming a flat, anterodorsally facing surface. The head is convex and compressed dorsoventrally, tapering to an acuminate
tip. Along the proximal one-third to one-half of the
bone, the fourth trochanter forms an obvious, but
not especially robust, linear ridge along the middle
of the ventral surface. The narrowest diameter
occurs about two-thirds down the shaft, which then
expands slightly and twists to reach the distal condyles. This is also the point where the majority of
the pathological bone occurs on this specimen,
consisting primarily of exophytic lesions with
ramped or sloped margins (Figure 10A-B). Only
the proximal and distal articular surfaces and the
area surrounding the fourth trochanter bear any
rugose texture, otherwise the external surface is
smooth.
The right femur has experienced extensive
alteration through both remodeling and development of exophytic lesions (Figures 10C–D, 11).
The greater trochanter is much reduced, especially
in comparison to the left, and does not project as
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and 12 x 17 mm across. This cavitation is surrounded by proliferative bone that is raised above
the surface at its border and blends with the bone
surface within 26 mm (Codman’s triangle). Approximately 180 mm from the distal end of the bone is
another lesion with at least three cavities ranging
from 6 x 9 mm to 3.5 mm in diameter. Similar ramping bony proliferation surrounds this lesion and
extends up to 31 mm proximally.
In addition to the rampant exophytic bone
growth documented here, the femora also show
extensive remodeling and destruction of the “normal” architecture. Comparison of the two elements
shows a substantial loss of symmetry, which is particularly evident in the proximal head of the right
femur, where the greater trochanter is abbreviated
(Figure 10). The markedly osteopathic right femur
is 510 mm long, while the less affected left femur is
500 mm long.
Fibula

FIGURE 9. Movie showing rendered CT-scan of right
ulna of USNM 18313. Pathological bone is highlighted
in yellow. Movie available for download at https://
palaeo-electronica.org/content/2021/3385-pathologicalphytosaur.

far anteriorly as it normally does in a phytosaur.
Found in isolation this element would be difficult to
recognize as phytosaurian. In pathological terms
the femoral lesions on the right femur include an
exophytic lesion that extends distally from a point
on the fourth trochanter that is approximately 110
mm from the head. It is sharply defined at the proximal border and projects up to 11 mm off the surface. This lesion was fractured post-fossilization 14
mm from the proximal border, but continues 13 mm
down the shaft of the bone with a less well-defined
border that extends approximately 1–2 mm off the
bone surface. Several confluent, exophytic plates
extend the bony reaction along the metaphysis.
The largest of these plates is 39 x 54 mm, with a
thickness ranging up to 9 mm. On the medial edge
of the bone is a cavitated lesion ca. 10 mm deep

In USNM 18313 the essentially complete left
fibula is clearly pathological (Figure 12). The fibula
of a typical phytosaur is a gracile, relatively
unspecialized element. The proximal and distal
ends are slightly expanded mediolaterally but significantly so anteroposteriorly, with the distal end
larger than the proximal end. The proximal end is
relatively flat except for a protuberance in the anterior half of the articular surface; it overhangs the
shaft slightly medially where it contacted the tibia,
producing a weak embayment. The posterior end
is markedly canted such that the anterior side
extends much farther distally than the posterior
side. A slight upturn bevels the anteriormost side of
the distal end. The iliofibularis process forms a
prominent, oblique ridge on the lateral and posterolateral surfaces of the shaft. The shaft itself tapers
evenly from either end toward the midshaft, but is
otherwise straight in anteroposterior view and
weakly sigmoidal in mediolateral view. It bears an
elliptical cross-section except for flattened portions
of the medial surface where it contacts the tibia
both proximally and distally (Long and Murry, 1995,
fig. 53).
The left fibula of USNM 18313 is exceptionally
gracile and strongly mediolaterally compressed
(Figure 12). The proximal half bears extensive
pathological modification consisting of cavitated
exophytic lesions covering much of the medial and
lateral surfaces. Approximately 75 mm from the
distal end of the fibula on the anteromedial surface
is a 20 x 14 mm crateriform exostosis, which projects up to 11 mm off the surface of the cortical
15
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FIGURE 10. Left (A, B) and right (C, D) femora of USNM 18313 in ventral (A, C) and dorsal (B, D) views. Note that the
right femur is distorted such that (C) is closer to anteroventral. Note that the right femur is distorted such that (C) is
closer to posterolateral. Abbreviations: fc = fibular distal condyle; fh = femoral head; ft = fourth trochanter; gt = greater
trochanter; pb = pathological bone; tc = tibial distal condyle. Scale bar equals 5 cm.

bone. Opposite this lesion is a similar 62 x 24 mm
exophytic lesion. The extreme rugosity of the iliofibularis process may be pathologically exaggerated as well.
Another element may represent the proximal
end of the right fibula (Figure 13A). It displays a
sizable area of pathological bone growth in a position similar to that of the left, on the lateral surface
proximal to the iliofibularis process.
Metapodials
Phytosaur metapodials are poorly studied
and, aside from the distinctive archosaurian
‘hooked’ fifth metatarsal, difficult to assign to a
more specific anatomical position with confidence.
Relatively few metapodials are preserved with
USNM 1831, but at least one left element is pathological (Figure 13B). Based on the specimen’s
overall size (preserved length more than 120 mm),
it is probably a metatarsal. Approximately 49 mm
from its proximal end is a ramped, crateriform
16

exostosis that is 23 x 13.7 mm. A second, unidentified metapodial element also exhibits pathological
bone growth (Figure 13C).
CLINICAL DIAGNOSIS AND INTERPRETATION
At least eight bony elements of USNM 18313
exhibit one or more areas of periosteal new bone
formation (exostoses). The distribution of these
lesions is limited to the limbs and spares the axial
skeleton, including the skull and lower jaws. Exostoses appear to be largely composed of woven
bone extending from the surface of the lamellar,
cortical bone. Speaking broadly, pathologic bone
modification may have traumatic, neoplastic, metabolic, nutritional, or infectious/inflammatory etiologies (Thompson, 2007). Although the pathology
exhibited by this phytosaur is inconsistent with
some of these etiologies, it partially reflects
changes characteristic of others. Each of these
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FIGURE 11. Movie showing rendered CT-scan of distal
(top) and proximal (bottom) halves of right femur of
USNM 18313. Pathological bone is highlighted in yellow.
Movie available for download at https://palaeo-electronica.org/content/2021/3385-pathological-phytosaur.

processes will be explored herein with regard to
our observations of USNM 18313.
Trauma is the most common cause of bone
pathology in modern dogs and cats (Johnson et al.,
1994). A bone will break when the elastic capacity
of the matrix is overcome by a force; the subsequent pattern of fracture is dictated by the type of
force (e.g., point, broad), the load on the bone
(compression vs. distraction), and the presence of
rotational forces along the axis. Complete fractures
of bone result in circumferential separation of the
fracture ends (or less frequently, longitudinal separation; Porta, 2005) and may divide the bone into
two or more segments. Focal, traumatic perforation
of bone cortex is uncommon. Perforation of the
skull may occur with high velocity impacts, such as
gunshot injury to extant animals. High-pressure
point forces from carnivoran canine teeth or raptor
talons can cause perforation of the skull of mammals or birds, or the thin cortex of avian long bones
(TCV pers. obs.), but the stouter long bones of ter-

FIGURE 12. Left fibula of USNM 18313 in anterior (A), lateral (B), posterior (C), and medial (D) views. Abbreviations:
ifp = iliofibularis process; pb = pathological bone; pbl = pathological bone lesion. Scale bar equals 5 cm.
17
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FIGURE 13. Additional pathological elements of USNM 18313. (A) Probable right fibula, proximal end in lateral view.
(B) Left metapodial. (C) Metapodial. Abbreviation: pbl = pathological bone lesion. Scale bar equals 5 cm.

restrial animals will completely fracture in response
to such forces. Intra- and interspecific aggression
resulting in bone pathology is almost always associated with significant overlying soft tissue damage,
such as lacerations of the muscles and/or skin
(Intarapanich et al., 2017). Bite-associated bone
pathology has been documented in other extinct
reptiles (Lingham-Soliar, 2004; Xing et al., 2018),
though the lesions are few and not as widespread
as in USNM 18313.
The process of fracture healing involves an
initial soft tissue response, followed by proliferation
of bony matrix at the fracture site. Depending on
the level of natural (or medically induced) stabilization between the fractured ends, active remodeling
of the bone will result in a bony callus that fully follows the fracture lines and binds the fractured ends
together in as little as three weeks (Irwin and Ferguson, 1986). After initial stabilization, the reactive,
woven bone that was initially produced to bridge
the defect is resorbed and replaced by compact,
lamellar bone. Bone segments that are permitted
to move against each other during the remodeling
phase of healing may result in a larger callus,
delayed healing, or non-union of the fractured
18

ends. Bone perforations follow the same healing
process, wherein the callus manifests as a thickened area of bone that may either surround the
defect or fill in the hole caused by the point force.
Given enough time and proper alignment, fractured
bones can re-attain their prior, unmolested morphology. In extant reptiles, the complete healing
process may take up to 18 months (Mader, 2014).
Although the bone remodeling documented
here is extensive, there is no evidence of complete,
circumferential fracture, or focal puncture (bite
wound) in any of the affected elements of USNM
18313, either on the bone surfaces or in the radiological analyses. Theoretically, an armor-bearing
carnivore such as a phytosaur would be better protected from bites than would theropod dinosaurs,
which are the fossil group with the most extensively
documented occurrences of skeletal traumarelated pathologies associated with bites (e.g.,
Tanke and Currie, 2000; Molnar, 2001; Tanke and
Rothschild, 2002; Rothschild and Tanke, 2005, but
note that some reinterpretation may be warranted
in light of Wolff et al., 2009; Hone and Tanke,
2015). We have not observed any evidence of similar pathologies in the preserved dermal armor, but
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most of the remaining specimens are paramedian
osteoderms that were arranged in two columns
dorsal to the vertebral series, not over the limbs,
which were generally covered with much smaller
osteoderms (Camp, 1930). The widespread distribution of bone pathology in USNM 18313 makes a
single traumatic event less likely. The soft tissue
damage associated with a single aggressionrelated or other trauma that affected at least eight
elements would almost certainly not have been
survivable. The presence of extensive bone
remodeling to heal the defects in the cortex
requires longer-term survival, indicating that the
inciting etiology must have occurred at least 2–3
weeks prior to death. In animals with a slower
metabolism, the time required to develop lesions
such as these may be prolonged. Additionally, all of
the preserved lesions include woven bone that was
not fully remodeled or healed (e.g., Figure 7), indicative of lesions that developed over no more than a
few months. Knowing that many osteoderms were
sacrificed to collect the remainder of the skeleton, it
is impossible either to demonstrate or to rule out
bite-related injuries as root causes for the pathology documented here. However, we emphasize
that there is no direct evidence for such a cause.
Neoplasia is the unregulated growth of cells
stemming locally from a specific tissue and can be
expressed in multiple ways. A neoplastic growth
begins with a mutation within a single cell that is
subsequently propagated as that cell divides and
replicates in an uncontrolled manner (Wang et al.,
2019). The growth may invade its native tissue
and/or infiltrate neighboring organs. Malignant
tumor cells may travel via the bloodstream to distant organs, most commonly the lungs and liver.
Neoplasia is rarely reported in extant, wild, vertebrate populations (Ewald and Swain Ewald, 2015).
This apparent rarity may be an artifact of the limited lifespan of wild animals versus those in captivity (thus avoiding diseases associated with
senescence) as well as the low relative frequency
of post-mortem examination for animals that die in
the wild. To our knowledge, no reports exist of primary bone tumors in wild, extant reptiles. For this
reason, although this etiology is possible for USNM
18313, we consider it extremely unlikely.
Osteosarcoma, a neoplasm originating in
osteoblasts, usually begins as a solitary mass.
Metastases often form in distant soft tissues, especially those of the lung (Thompson, 2007), but
manifestation of tumors in multiple bones is rare
(Hoenerhoff et al., 2004). Microscopically, neoplastic osteoblasts form a disorganized, variably miner-

alized matrix that effaces and expands normal
bone architecture. Osteosarcoma is extremely rare
in the saurian paleopathological record, but has
been reported recently in both a stem-turtle (Haridy
et al., 2019) and the Cretaceous dinosaur Centrosaurus (Ekhtiari et al., 2020). When neoplastic
osteoblasts produce ossified matrix, the distribution is haphazard and unstructured, unlike the regular, perpendicular orientation of woven bone
against the intact cortex of USNM 18313 (Figure
7). The histomorphology and the multifocal distribution of the lesions of USNM 18313 are inconsistent with a diagnosis of osteosarcoma.
Osteochondromatosis is a benign neoplastic
condition that results in multiple, concurrent, bony
and cartilaginous proliferations on the bones of
young humans and some domestic species
(Thompson, 2007). It is hereditary and not the
result of a single-cell mutation. Histologically, the
marrow cavities of the existing bone are contiguous with multi-nodular pathologic outgrowths composed of both cartilage and osteoid matrix. This is
in contrast to the lesions of USNM 18313, which
appear to be composed almost entirely of bone
and extended outward from the periosteum without
involving the marrow cavity (Figure 7).
Hypertrophic osteopathy (HO) is a metabolic
condition reported in humans, domestic dogs, and
an iguana (Barten, 2000). HO may be idiopathic or
precipitated by intrathoracic inflammatory conditions or neoplasia and resolves upon removal of
the inciting cause. Without treatment of the underlying etiology, the disease is progressive and
invariably fatal. Lesions of HO spare the axial skeleton and consist of periosteal new bone formation
along the metaphyses while sparing the joints. The
exostoses are generally bilaterally symmetrical and
of consistent thickness around the metaphysis of
the long bones or metacarpals/tarsals (Olson and
Carlson, 2017). New woven bone in HO is generally arranged at right angles to the surface of the
cortex. Although the distribution of HO lesions in
the appendicular skeleton is similar to the location
of lesions in USNM 18313, the distribution within
each bone is not perfectly reflective of that in HO,
whereas all four limbs of this phytosaur were
affected, the lesions on the bones were unevenly
distributed within and between the affected bones
and lack symmetry. Also, HO lesions encompass
most of the diaphysis to a relatively consistent
thickness, whereas the lesions in USNM 18313
were largely nodular or crateriform (Figure 7). Similarly, the perpendicular arrangement of woven
bone against the lamellar cortex is consistent
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between HO and USNM 18313. In sum, the confinement of lesions to the axial skeleton and the
organization of woven bone perpendicular to the
core support a diagnosis of HO, but the asymmetrical, nodular to crateriform lesions are inconsistent
with that diagnosis.
A number of infectious agents have been
associated with pathologic changes in bone.
Osteomyelitis is inflammation of the bone and is
most commonly caused by a bacterial infection, but
mycotic or viral agents have also been associated.
Bacterial osteomyelitis is generally established via
hematogenous (blood-borne) dissemination and
accompanies septicemia. Local soft-tissue injury or
trauma that damages the periosteum may also
lead to bacterial invasion into the adjacent damaged bone surface. Osteomyelitis, while frequently
diagnosed in paleopathological specimens, is not
extensively documented in extant reptiles. In the
modern literature, various bacterial organisms
have been associated with inflammation of the
spine in an iguana and several species of snake
(Ramsay et al, 2002, Brown et al, 2006), and in the
forelimb of a dwarf crocodile (Heard et al, 1988).
Rare reports describe capture of wild, seemingly
healthy animals that subsequently developed bony
lesions in their new, artificial environment (Jacobson, 2007). “Mouth rot” or tooth root infections
have resulted in mandibular or maxillary osteomyelitis in modern crocodiles and lizards (Munevar et
al., 2019; TCV, unpub. data). Osteomyelitis caused
by the blood-borne spread of bacteria in reptiles
often manifests in the spinal column (Mader, 2014).
There is a comprehensive description of osteomyelitic lesions in an Early Cretaceous basal ornithopod with multiple other lesions (Gross et al., 1993;
Hanna, 2000). Bony changes in this animal were
largely associated with trauma, but draining tracts,
indicating infection, were present in the digits and
rib. Hanna (2000) hypothesized that large carnivores may live longer with their injuries, due to predation avoidance, and thus allow time for bones to
react to injurious or infectious insults.
The response of bone to destruction and stimuli from infectious and inflammatory sources is
multifaceted. Osteoclasts and osteoblasts are
mobilized to remodel and stabilize the damaged
tissue. The result is a proliferation of bone primarily
from the periosteal surface, but also from the endosteal surface. This new bone formation elevates
the periosteum from the surface of the bone, with
the greatest distance between the two layers found
close to the focus of the bony insult. Radiographically, this is represented as Codman’s triangle and
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is characteristic of osteomyelitis or bony neoplasia
(Thompson, 2007) and reminiscent of many
lesions seen in USNM 18313 (Figures 5–13).
Below, we explore several pathogens affecting the
bones of extant animals we consider relevant to
the pathological features expressed on USNM
18313.
Some bacterial species, such as Staphylococcus aureus, are osteotropic and attach to bone surface proteins such as sialoproteins and collagen,
and also invade osteoblasts (Josse et al., 2015).
The bacteria incite the production of inflammatory
mediators as well as destroy the osteoblasts, ultimately resulting in bone loss. From their intracellular location, they can inhibit the bony proliferation
that normally accompanies inflammation. The
lesions in USNM 18313 were proliferative rather
than lytic and, thus, not consistent with S. aureus
infection.
Salmonella has been well documented as an
agent of spinal osteoarthritis in snakes (Ramsay et
al., 2002; Grupka et al., 2006, Bemis et al., 2007).
This bacterium leaves the circulation in the highly
vascular cartilaginous end plates and releases
destructive substances such as hyaluronidase.
Subsequent inflammation and release of toxic
metabolites from heterophils further erodes the
articular cartilage and subjacent bone leading to
fulminant osteomyelitis. The erosive effects of Salmonella infection, and tropism for joints, are unlike
the pathological bone in USNM 18313, which is
largely additional (although there has been extensive remodeling of the femora). Additionally,
though extant reptiles often manifest bacterial
osteomyelitis in the vertebral column, none of the
vertebrae of USNM 18313—which include representatives of the cervical, dorsal, sacral, and caudal series—were affected. The axial skeleton was
not completely recovered (Figure 4), however, so
the possibility that some of the missing elements
were pathological cannot be excluded.
Mycobacterium has a tendency to localize to
the medullary cavity of bones, inciting a granulomatous inflammatory response. This response has
been well documented in tree kangaroos (Dendrolagus sp.), in which there appears to be a unique
predisposition to infection with this organism (Mann
et al., 1982; Montali et al., 1998), as well as a more
anecdotal report in a Pliocene macropod (Rothschild et al., 1997a). This pathogen is also suggested to be the cause of focal vertebral pathology
in a sauropod dinosaur (Garcia et al., 2017). We
rule out Mycobacterium because the lesions in
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USNM 18313 do not appear to involve the medullary cavity (e.g., Figure 7).
Infection of muscle with Hepatozoon americanum in dogs is associated with extensive periosteal
new bone formation (Thompson, 2007). The limbs
are most often affected, though lesions can be
found on the pelvis and spine. Like HO, the distribution of lesions is often symmetrical, and the exophytic woven bone extends nearly perpendicularly
from the cortical surface. Different species of
Hepatozoon have been found in modern reptiles,
including Caiman (Viana and Marques, 2005), but
no skeletal lesions have been documented in association with the disease. Of the pathogens discussed
herein,
Hepatozoon-associated
osteomyelitis is most consistent with the changes
seen in USNM 18313.
In summary, the bony lesions exhibited by
USNM 18313 are not fully explained by any one
etiology, but have features inclusive and exclusive
of both osteomyelitis—most closely that associated
with Hepatozoon—and hypertrophic osteopathy.
The character of the lesions, including the nodular
or crateriform shape and the asymmetrical distribution, is more reminiscent of an infectious etiology
(e.g., Rothschild and Martin, 2006, figs. 13-1-3).
However, the sparing of the axial skeleton and
joints, and the proliferative rather than destructive
nature of the lesions, is more consistent with
hypertrophic osteopathy.
It is certainly possible, perhaps likely, that the
specific pathogen involved in the condition of
USNM 18313 is no longer extant. Indeed, mirroring
the evolution of tetrapods, it is reasonable to
assume that many pathogens that were widespread during the Triassic are extinct now, and
likewise that many of those commonly causing disease in the modern day were nonexistent when
phytosaurs such as USNM 18313 were alive. The
expected behavior of modern pathogens, such as
Salmonella and Hepatozoon—i.e., where in the
body they manifest their effects and what physiologic responses they elicit—may not inform the
same behaviors in ancient pathogens of the Triassic. Similarly, metabolic or idiopathic conditions
such as hypertrophic osteopathy may have been
different or more common during the Triassic,
although we agree with Beatty and Rothschild
(2009) that certain immune responses are likely
deeply rooted within Amniota, if not Tetrapoda or
Vertebrata. Both osteomyelitis and hypertrophic
osteopathy are rarely reported in extant reptiles,
but the ubiquity and timelessness of pathogens
generally makes disseminated osteomyelitis a

more distinct probability. If the slow metabolic rate
and speed of healing of extant reptiles can be
translated to extinct ones, then prolonged survival,
allowing for bony proliferation in response to infectious niduses, is the most plausible possibility.
SIGNIFICANCE AND DISCUSSION
Tanke and Rothschild (2002) reviewed the
published record of pathologies in dinosaurs, and
Rothschild and Martin (2006; see also Beatty and
Rothschild, 2009) presented an overview of paleopathological practice as a whole. This paper is narrower in scope, but we note a few interesting
aspects of how the specimen described here
affects these reviews.
Paleopathologies in Phytosaurs
This specimen records only the third instance
of phytosaur postcranial paleopathology reported
in the literature and is by far the most extensive.
The first instance consists of two pairs of fused vertebrae first described by Huene (1922) and rediagnosed as spondyloarthropathy by Witzmann et al.
(2014). The second to be described is a fractured
and healed radius from the Upper Triassic of Wyoming reported by Mehl (1928, pl. 37, fig. 3). By contrast, nearly all previous reports of phytosaur skull
pathologies, principally involving the narial crest of
various skulls from the Upper Triassic of Germany
(e.g., Huene, 1911; Moodie, 1918; Abel, 1922;
Gregory, 1962), instead actually describe nonpathological morphologies (Moodie, 1922; Hungerbühler, 2002; Witzmann et al., 2014). Indeed, as
reviewed by Hungerbühler (2002, p. 394), only a
single phytosaur skull bears obvious pathological
bone growth (Huene, 1911, pl. 13, figs. 1, 3; Hungerbühler, 2002, fig. 2D). Unfortunately, no postcrania are associated with this specimen, and the
published illustrations are inadequate to provide a
reasonable diagnosis. Thus, the fossil we describe
here is the most extensively pathological known
phytosaur specimen, whether counting by number
of affected elements (at least eight) or total number
of lesions (many), although it is likely that the
pathologies here represent a single etiological
event. Still, it is clear that the animal survived for a
significant period of time (at least months and possibly years) with this condition, and indeed the
presence of the infection is the only evidence supporting the hypothesis that it may have died of
complications related to it. The numerous lines of
arrested growth (LAGs) evident on the humeral
cross-section (Figure 7) corroborate that this phytosaur was slow-growing, and thus probably had a
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relatively low basal metabolic rate, as proposed for
other phytosaurs based on histological evidence
(de Ricqlés et al., 2003). This evidence further supports our supposition that USNM 18313 lived for
multiple months, if not years, with this condition.
Paleopathologies in Other Non-dinosaurian
Archosauriforms
We are aware of only three other Late Triassic
instances of pathological non-dinosaurian archosaurs. Drumheller et al. (2014) documented a
series of bite marks, some healed and others possibly reflecting scavenging rather than predation,
on the femora of two poposaurid paracrocodylomorphs from western North America. There was no
indication of infection on either femur, and Drumheller et al. (2014) attributed the bite marks to
either phytosaurs or conspecifics. A specimen of
the aetosaur Paratypothorax from the Upper Triassic of Germany preserves extensive exostoses
encompassing and effectively fusing or coalescing
three paramedian osteoderms (Lucas, 2000).
Lucas (2000) did not diagnose this specimen
beyond a probable “infection after an injury” (p. 1),
or “osteoblastic reaction” (p. 5). We note that the
“filigree texture,” massive bony overgrowth, and
presence of draining sinuses or similar structures
(Lucas, 2000, fig. 2a-b) are all indicative of osteomyelitis, so we tentatively include this specimen in
our list of fossil archosaurs afflicted with the condition, pending further analysis. Additionally, Heckert
et al. (2010) documented two possibly pathological
elements of the aetosaur Typothorax, including a
left radius with an irregular texture and ventral
excavation and a foreshortened and thickened
right MT IV that they (Heckert et al., 2010, fig. 5a)
interpreted as a possible healed fracture. An additional instance of Triassic paleopathology is a case
of spondyloarthritis in an archosauriform of Early
Triassic age from South Africa (Cisneros et al.,
2010), although this specimen almost certainly lies
outside of crown Archosauria and stemward of the
phytosaur described here.
Relative to dinosaurs, the literature on crocodylian paleopathology is scant. The only documented occurrences of osteomyelitis in fossil
crocodylians are in the Paleocene Leidyosuchus
formidabilis (Sawyer and Erickson, 1998), although
there are other cases that we suspect involve
osteomyelitis (e.g., Katsura, 2004). Sawyer and
Erickson (1998, figs. 5a-b, 6,10, table 5) documented osteomyelitis in seven elements (atlas,
dorsal vertebra, cervical rib, radius, ilium, femur,
tibia) from an unknown number of individuals out of
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a total of at least 80 individuals represented by
7,154 elements, including osteoderms. Extensive
hyperreactive bone surfaces and apparent drainage tracts similarly characterize parts of the mandible, tibia, and fibula in the holotype of the
Pleistocene crocodile Toyotamaphimeia machikanensis (Katsura 2004, figs. 1, 2).
Pathologies also have been documented in
pterosaurs, the best-known ornithodiran archosaur
clade exclusive of dinosaurs. Bennett (2003) summarized the known paleopathologies of large
pterosaurs but provided only generalized diagnoses. Thus, some of the conditions he identified as
necroses (13 instances) and bony overgrowths
(four instances) may well include instances of
osteomyelitis, but the descriptions and illustrations
provided are inadequate for more specific diagnoses in most cases.
Paleopathologies in Dinosaurs
Aside from hominids, dinosaurs in general
and theropods in particular have received by far
the most attention with respect to documenting
paleopathological specimens (Rothschild, 1997;
Tanke and Rothschild, 2002; Rothschild and Martin, 2006), perhaps at the expense of other taxa.
Still, dinosaurs are, along with other ornithodirans,
the sister taxon to the Crurotarsi, of which phytosaurs are often recovered as an early-diverging
clade, so these records are still relevant to our
study. This is especially true given that documented instances of paleopathology in crocodylians are comparatively rare, leaving the
dinosaurian record as the best way to assess the
possible phylogenetic significance of the paleopathological record in archosaurs. In the following
paragraphs we evaluate this phytosaur in the context of the fossil record of osteomyelitis in nonavian archosaurs, acknowledging that the record of
dinosaurs is almost certainly under-reported, either
because affected elements were not preserved in
recovered specimens or, as in this case, have not
yet been recognized.
Because Triassic dinosaurs are rare, their
pathologies are similarly uncommon—in fact,
nearly unknown at this time (Tanke and Rothschild,
2002). This near-total absence is somewhat surprising given the existence of large quarry samples
for some taxa that have been examined in detail,
including Coelophysis from Ghost Ranch (e.g.,
Colbert, 1990; Weishampel and Chapman, 1990;
Rinehart et al., 2009) and Plateosaurus from
Trossingen, Halberstadt, and Hallau (e.g., Schoch,
2011). Of these hundreds of Triassic dinosaur skel-
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etons, the paleopathological record is limited to
healed fractures in the gastralia of some specimens of Plateosaurus (Sander, 1992), one element
of the sauropodomorph Camelotia (Galton, 1998;
Tanke and Rothschild, 2002), an abnormal distal
tibia in the herrerasaurid Sanjuansaurus (Alcober
and Martinez, 2010), and a neotheropod fibula
(Griffin, 2018). Pathologies are also apparent in
some Triassic dinosaur footprints (McCrea et al.,
2015), but these present numerous additional diagnostic hurdles.
At first glance, Tanke and Rothschild (2002,
appendix two) document numerous cases of Jurassic and Cretaceous dinosaurs afflicted by osteomyelitis in the literature. However a careful review of
their sources reveals much duplication, where multiple authors have reported the same instance of a
pathology, so while their literature review is comprehensive, there are fewer paleopathological
specimens, especially those indicating osteomyelitis, than it at first appears. For example, Rothschild
et al. (1997b), Rega and Brochu (2001), Larson
(2001), and Wolff et al. (2009) all described pathologies, including osteomyelitis, in the same individual of Tyrannosaurus rex (FMNH PR 2081; later
substantiated by Brochu, 2003 and Hamm et al.,
2020). We also discount occurrences only published in abstract form (e.g., Marshall et al., 1997)
unless substantiated by later publications (e.g.,
Rega and Brochu, 2001, Brochu, 2003). Additionally, some instances of osteomyelitis recorded in
earlier literature (e.g., the Troodon reported by
Rothschild [1997] as “Molnar, in press”) were not
substantiated by later papers (e.g., Molnar, 2001).
This leaves the dinosaurian record with only a few
bona fide, peer-reviewed reports of osteomyelitis
(Table 2). To this record we add a second, inverse
caveat: many paleopathologies have likely gone
unreported, simply because their presence has
gone unnoticed or has been considered undeserving of mention in a publication.
Of the formally documented examples, only
three theropods—one specimen of Tyrannosaurus
rex (“Sue,” FMNH PR 2081; Brochu, 2003), one of
Allosaurus (“Big Al,” MOR 693; Hanna, 2002), and
another of Dilophosaurus (Senter and Juengst,
2016) show multiple, discrete lesions on distinct
elements—all other confirmed cases consist of
individual elements (or articulated and/or closely
associated elements) responding to a single traumatic event. In both the Tyrannosaurus and Allosaurus cases, multiple pathological elements
appear to reflect a single event. Brochu (2003)
noted pathologies he interpreted as possible osteo-

myelitis on the right humerus and left fibula of
FMNH PR 2081, of which the latter is the most volumetrically impressive (Brochu, 2003, fig. 97a-b;
Hamm et al., 2020, fig. 1g–h, 2-3). Other pathological elements with extensive exostoses include the
left surangular and many ribs (13–15 on the right
side, 17–21 on the left), although Brochu (2003)
did not diagnose many of these further, noting only
that the surangular lesions appear grossly similar
to those of the humerus and one of the ribs, and
that several of the ribs were obviously broken and
healed. Wolff et al. (2009) later diagnosed the
surangular lesions as deriving from a trichomonosis infection, rather than bite wounds or actinomycosis. Similarly, Hanna (2002) documented 19
skeletal abnormalities in MOR 693 but interpreted
them as probably reflecting a much smaller number of events befalling that individual of Allosaurus.
Incidentally Foth et al. (2015) did not explicitly diagnose osteomyelitis in another, similarly pathological Allosaurus specimen (“Big Al 2,” SMA 005).
Finally, Senter and Juengst (2016) documented an
array of pathologies on eight elements of the pectoral girdle and forelimbs of Dilophosaurus,
although only two elements (the left ulna and the
proximal phalanx of digit I) were diagnosed as
experiencing osteomyelitis.
Paleobiological Implications
What is striking is the comparison of elements
infected in this phytosaur relative to other archosaurs, especially dinosaurs. To date no study has
confirmed the presence of a major pathology on a
theropod dinosaur femur, and in general the primary weight-bearing elements of dinosaurs
(humerus, femur, and tibia) only infrequently show
evidence of injury (Molnar, 2001; Tanke and Rothschild, 2002). The few published femoral pathologies we are aware of in non-avian dinosaurs are
tumors, such as those reported in the stegosaur
Gigantspinosaurus (Hau et al., 2018) and sauropod Bonitasaura (Gonzalez et al., 2017). By contrast, injuries to these elements are much more
common in crocodylians (Katsura, 2004). Previous
authors have interpreted this distribution, as well
as the absence of major trauma to the flight apparatus in pterosaurs (e.g., Bennett, 2003), as evidence that major locomotor elements in Mesozoic
archosaurs were extremely resistant to trauma
and/or that injuries or pathologies in these elements were usually fatal. Certainly both theropods
and pterosaurs would have been unable to compensate for the disuse of one of the main propulsive limbs; quadrupedal dinosaurs may not have
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TABLE 2. Instances of osteomyelitis in the literature of Mesozoic fossil archosaurs, listed in approximate stratigraphic
order.
Age

Taxon

Element(s)

References and other
notes

Specimen(s)
FMNH PR 2294

Late Cretaceous

Majungasaurus
crenatissimus

amputated tail, also
possibly a left pedal
phalanx

Farke and O’Connor (2007)

Late Cretaceous

Hadrosaur

tibia

Tanke in Tanke and
Rothschild (2002)

Late Cretaceous

Edmontosaurus annectens

left metacarpals III and Moodie (1926), Rothschild
IV*
(1997)

Late Cretaceous

Ankylosaurids

vertebrae

Arbour and Currie (2011);
osteomyelitis or other
conditions

Various

Late Cretaceous

Tyrannosaurus rex (“Sue”)

humerus and tibia

Larson (2001), Rega and
Brochu (2001), Brochu
(2002)

FMNH PR 2081

Late Cretaceous

Tyrannosaurus rex

phalanx I-1

Rothschild et al. (1997b);
infection preceded by gout

TMP 92.36.328

Late Cretaceous

Tyrannosaurus rex (“Jane”) pedal phalanx

Vittore and Henderson
(2013)

BMR P2002.4.1

Late Cretaceous

Titanosauridae indet.

caudal vertebrae

García et al. (2017)

MCS-PV 183

Early Cretaceous

Tenontosaurus tilletti

dorsal rib, metacarpal
IV

Hunt et al. (2019)

OMNH 58340

Early Cretaceous

Leaellynasaura
amicagraphica

tibia

Gross et al. (1993), Hanna
(2000); Woodward et al.,
(2018)

NMV P186047

Late Jurassic

Stegosaurus spp.

tail spikes

McWhinney et al., (2001)
and references therein; at
least two individuals

DMNH 2818; USNM 6646

Late Jurassic

Camptosaurus dispar

ilium

Moodie (1917), Rothschild
(1997)

USNM 4282

Late Jurassic

Allosaurus fragilis

Peterson et al. (1972);
Hanna (2002); Tanke and
Rothschild (2002); multiple
individuals from
Cleveland-Lloyd Quarry

UMNH VP 1657, 1528,
5599 (up to 5 elements)

Late Jurassic

Allosaurus jimmadseni
(“Big Al”)

multiple elements

Hanna (2002)

Late Triassic

Paratypothorax
andressorum

three caudal dorsal
paramedian
osteoderms

Lucas (2000); Desojo et al.
(2013)

CMN 41201
USNM 3814

MOR 693
SMNS 12598

*Reported by Moodie (1926), but the diagnosis of osteomyelitis is from Rothschild (1997). The lack of crateriform lesions and
Moodie’s description of the concentric arrangement around vascular channels suggests that this may be callus development associated with fracture repair.
Acronyms: BMR, Burpee Museum of Natural History, Rockford; CMN = Canadian Museum of Nature, Ottawa; DMNH = Denver
Museum of Nature and Science; FMNH = Field Museum of Natural History, Chicago; MCS-Pv, Palaeovertebrate collection of the
Museo de Cinco Saltos, Río Negro, Argentina; NMV = National Museum of Victoria, Melbourne; SMNS = Staatliches Museum für
Naturkunde, Stuttgart; TMP = Tyrell Museum of Paleontology, Drumheller; USNM = National Museum of Natural History (Smithsonian
Institution), Washington, DC; UMNH = Utah Museum of Natural History, Salt Lake City.

faced so severe a constraint. It is possible that
some combination of the sprawling, quadrupedal
posture of phytosaurs, their presumed, semiaquatic lifestyle, and their possibly ectothermic
physiology rendered these pathologies more sur24

vivable (and thus preservable) than in theropods.
Similarly, at least one of the poposaurids described
by Drumheller et al. (2014) also survived an attack
that damaged the femur at least long enough for
the resulting bite marks to initiate healing. Indeed,

PALAEO-ELECTRONICA.ORG

TABLE 3. Incidences of osteomyelitis in necropsied animals, U.S. National Zoo, 1980–2008. Note that Sauropsida in this database includes Crocodylia but excludes
Aves.
Instances

Total
necropsies

Percentage

Sauropsida

12

2230

0.54%

Crocodylia

1

35

2.86%

Taxon

Aves

63

6307

1.0%

Mammalia

80

7703

1.0%

Katsumo (2004) provided a good summary of the
apparent survivability of modern crocodilians in
spite of grievous injuries to the appendicular skeleton. This observation would seem to be corroborated by this specimen, which records more
pathology to major weight-bearing, propulsive
bones (humerus, both femora) than have been
recorded for all of Dinosauria to date.
Accurately documenting the incidence of
pathologies in extant populations is extremely difficult, and, even if possible, may not be particularly
relevant to the Mesozoic. Reports of bony lesions
of any etiology in extant reptiles are scant. Citations of osteomyelitis and osteoarthritis in reptiles,
though few in number, overwhelmingly involve captive populations. Zoo records afford a window into
the health of a wide range of taxa which, although
not wild, may at least reflect phylogenetic tendency
or susceptibility to disease. Additionally, the Smithsonian National Zoo database records the results
of 16240 necropsies of amniotes dating back to
1980 (Table 3); these include only a single instance
of osteomyelitis out of 35 crocodilian necropsies
(~3%), and much lower rates in other reptiles,
birds, and mammals (Table 3).
CONCLUSIONS
The phytosaur specimen documented here,
USNM 18313, was recovered from strata of Adamanian (early–mid-Norian) age near Saint Johns,
Arizona, and is best assigned to Smilosuchus gregorii, a species known from two other large, robust
skulls. USNM 18313 comprises one of the betterpreserved phytosaur postcranial skeletons, and the
best known for S. gregorii, but the appendicular
skeleton includes at least eight elements with significant paleopathological alteration. These alterations, which include numerous exophytic lesions,
often with central cavitation and formation of Codman’s triangles, and resorption or other alteration
of the architecture of the most affected elements,

strongly resemble features often diagnosed as
osteomyelitis in the paleopathological literature.
However, osteomyelitis typically affects the axial
skeleton, which is incompletely preserved but
apparently unaffected in USNM 18313. Thus,
these lesions could also be interpreted as resulting
from hypertrophic osteopathy, which would be
restricted to the limbs but typically exhibits symmetrical lesions. Based on either the number of
affected elements or the total extent of diseased
bone, USNM 18313 is the single most pathological
specimen not only of a phytosaur, but of any Triassic archosauriform. Depending on the phylogenetic
placement of Phytosauria, it may also be one of the
most pathological crurotarsan (crocodile-line) fossil
archosaurs known. The preservation of paleopathological femora in this specimen, compared to
its extreme rarity in non-avian dinosaurs, supports
interpretations of phytosaurs as semi-aquatic predators (for which individual limb support was less
critical). While osteomyelitis is one of the most
commonly recognized paleopathologies, especially
in dinosaurs, we urge caution in interpreting it,
especially as it is understudied in the primary veterinary literature and almost unknown in wild populations.
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APPENDIX 1
Letter from Guy Hazen to John Reeside detailing the collection of the specimen that would
become USNM 18313.
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APPENDIX 2
Description of the measured section “St. Johns South” in Figure 2.
Section measured 18 May, 2008 by Appalachian State University Students (A. Ahlström, A.
George, J. Mitchell, J. Norman, W. Sautter) under the direction of A.B. Heckert.
Unit
13

Petrified Forest Formation
Sonsela Member

Thickness
(in m)

Conglomerate and sandstone; sandstone matrix is ~grayish orange (10YR7/4), medium-coarse
grained, moderately poorly sorted, subangular sublitharenite that is weakly calcareous;
conglomerate is extraformational chert and quartzite clasts, subrounded to rounded, up to ~ 10 cm
diameter; clast-supported; poorly indurated; forms a brown slope across top of hill.

3.6

Unconformity (Tr-4 unconformity of Lucas, 1993)/erosional base
Blue Mesa Member
12

Mudstone; grayish yellow green (5GY7/2) with some dusky blue green (5BG3/2) and grayish red
purple (5RP4/2) mottles.

2.35

11

Mudstone, grayish purple (5P4/2) with yellowish gray (5Y8/1) mottles; not calcareous; bentonitic;
popcorn weathering; forms uppermost purple stripe.

8.0

10

Mudstone, grayish red purple (5RP4/2) with mottles of light greenish gray (5GY8/1); weakly
calcareous; includes a horizon of brownish gray (5YR8/1) highly calcareous concretions at top of
unit.

2.5

9

Sandstone; sandstone is light greenish gray (5GY8/1) with grayish purple (5P4/2) mottles;
sandstone is fine-medium grained, rounded, moderately sorted litharenite to lithic wacke; includes
pebble-sized (~2 mm) rounded mudstone rip-ups, not calcareous. In outcrop forms a green-purplegreen sandwich; upper fossiliferous layer (including past excavations)

2.6

8

Mudstone; grayish red purple (5RP4/2) with mottles of yellowish green (5GY87/2); slightly silty;
includes yellow green (5GY7/2) concretionary layer at top that weathers brown with mottles of
grayish red purple. Forms second prominent purple band locally.

2.2

7

Mudstone, grayish purple (5P4/2) to very dusky purple (5P2/2) with mottles of grayish yellow green
(5GY7/2); bentonitic; calcareous; popcorn weathering; forms lowest prominent purple band.

5.6

6

Slightly silty mudstone; medium gray (N5) with bluish white (5B9/1) mottles; not calcareous;
popcorn weathering; grades into unit 7; locally has fossiliferous green sandstones

4.6

5

Slightly silty mudstone; dark reddish brown (10R3/4), weakly calcareous, forms uppermost red
band.

3.6

4

Slightly silty mudstone, medium gray (N5) with light greenish gray (5GY8/1), very dusky red purple
(5RP2/2) and moderate yellowish brown (10YR5/4) mottles; calcareous; forms greenish band with
steep slope.

2.45

3

Thin sandstone (3A) overlain by mudstone (3B); mudstone is dusky red (5R3/4) with light greenish
gray (5G8/1) mottles; silty; not calcareous; forms reddish layer above sandstone; basal sandstone
is very pale green 910G8/2) fresh, weathers to dark reddish brown (10R3/4); fine- to mediumgrained, subrounded, moderately well sorted micaceous litharenite; very calcareous; some softsediment deformation.

2.45—2.75

2

Silty mudstone; pale red (5R6/2) with light greenish gray (5GY8/1) mottles, slightly calcareous;
forms reddish slope mantled with sandstone debris

3.6

1

Sandstone; yellowish gray (5Y8/1) fresh; weathers to pale red (10R6/2) and grayish red (10R4/2);
fine- to very-fine grained, rounded, well sorted micaceous litharenite; ripple laminated; locally floors
arroyo

2.5+

Bluewater Creek Formation
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