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Abstract

Maximum individual body size in pseudosuchian archosaurs is not well

constrained in the fossil record, but it may be influenced by a variety of factors

including basal metabolic rate, evolutionary relationships, and environmental

conditions. Body size varies among the Aetosauria in which estimated total

length ranges between 1 m (e.g., Coahomasuchus kahleorum) and 5 m

(e.g., Desmatosuchus spurensis). A new, very large specimen of the aetosaurian

Typothorax coccinarum from Petrified Forest National Park in northeastern

Arizona is nearly twice the size of all other known specimens of Typothorax

and is the largest aetosaur specimen currently known worldwide. The speci-

men lacks co-ossified neurocentral sutures in the trunk vertebrae which may

suggest that the individual had not yet reached skeletal maturity, yet smaller

specimens of T. coccinarum exhibit partially or fully co-ossified neurocentral

sutures in the same region. If body size correlates with skeletal maturity

in aetosaurs, this discrepancy warns that timing of neurocentral suture

co-ossification in aetosaurs may not be a reliable indicator of ontogenetic stage.

Osteohistological observations of a trunk rib demonstrate that although PEFO

42506 shows a large body size, the specimen did not deposit an external funda-

mental system despite depositing as many as 19 growth lines, further indicat-

ing that it had not yet reached skeletal maturity. Thus, at least within

Aetosauria, neurocentral suture co-ossification and skeletal maturity may

correlate, whereas body size can be incongruent in comparison. Furthermore,

this specimen indicates that non-desmatosuchin aetosaurs could exhibit large

body sizes and suggests that some aetosaurs may have experienced indetermi-

nate growth.
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1 | INTRODUCTION

Aetosaurs are heavily armored pseudosuchian archosaurs
known exclusively from terrestrial Upper Triassic strata
(Desojo et al., 2013). Aetosaurs are of interest because they

are relatively common and taxonomically diverse, but
more importantly, they possess diagnostic skeletal ele-
ments (i.e., osteoderms) that allow them to be easily iden-
tified and useful for vertebrate biostratigraphy (Heckert &
Lucas, 2000; Long & Ballew, 1985; Long & Murry, 1995;

Received: 19 July 2023 Revised: 13 September 2023 Accepted: 13 October 2023

DOI: 10.1002/ar.25343

Published 2023. This article is a U.S. Government work and is in the public domain in the USA.

Anat Rec. 2023;1–17. wileyonlinelibrary.com/journal/ar 1

https://orcid.org/0000-0002-6005-7098
https://orcid.org/0000-0002-9967-2557
https://orcid.org/0000-0002-3223-8940
mailto:william_parker@nps.gov
http://wileyonlinelibrary.com/journal/ar
http://crossmark.crossref.org/dialog/?doi=10.1002%2Far.25343&domain=pdf&date_stamp=2023-11-08


FIGURE 1 Legend on next page.
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Lucas & Hunt, 1993). Aetosaurs have a wide range of body
sizes from 1 m to nearly 5 m in total length (Desojo
et al., 2013). In addition, aetosaurs of similar age and body
length can vary in overall mass, reflective of wide versus
narrow body shapes (Taborda et al., 2013). The largest
aetosaur specimen presently known is MNA V9300, an
individual of Desmatosuchus spurensis that has an esti-
mated body length of >5 m (Parker, 2008). Desmatosu-
chins (sensu Parker, 2016) tend to have the largest body
sizes among aetosaurs, followed by the relatively wide-
bodied typothoracines (Desojo et al., 2013; Heckert &
Lucas, 2000; Parker, 2008).

In this contribution, we present a large specimen of
the typothoracine Typothorax coccinarum (PEFO 42506)
from the Petrified Forest Member of the Chinle Forma-
tion of Arizona (Figure 1). Currently, this specimen rep-
resents the largest reported aetosaur to date (see details
below). The size discrepancy between the preserved ele-
ments of PEFO 42506 and that of other specimens of
T. coccinarum (Figure 2) makes it ideal for studying the
skeletal growth of this taxon. What is significant about
PEFO 42506, aside from its large body size, is that the
trunk vertebral centra and associated neural arches are
not co-ossified (Figure 1b). Co-ossification of the cen-
trum and neural arch has been used as a proxy for asses-
sing skeletal maturity in some archosaurian groups
(Brochu, 1996; Irmis, 2007); the co-ossification of the
neurocentral suture occurs in a posterior-to-anterior
sequence through ontogeny in Alligator mississippiensis,
where co-ossified vertebral centra and their respective
neural arches indicate that the specimen is skeletally
mature and is often associated with larger individuals of
a taxon (Griffin et al., 2020). This pattern has been uti-
lized for other archosaurian groups, but the timing and
pattern of neurocentral sutures varies between clades
(Irmis, 2007) and there is evidence of intraspecific plastic-
ity among some taxa (e.g., Coelophysis bauri; Griffin, 2018;
Griffin et al., 2020). Irmis (2007) and Griffin et al. (2020)
advocated that osteohistology be integrated with skeletal
criteria to better determine archosaurian ontogeny. Thus,
we assessed the skeletal maturity of PEFO 42506 through
histological analysis to test whether large body size and
neurocentral suture co-ossification is associated with skel-
etal maturity in some aetosaurs.

Most previous histological studies on aetosauriforms
(i.e., aetosaurs, Acaenasuchus geoffreyi, Revueltosaurus
callenderi; Parker et al., 2008; Scheyer et al., 2014; Marsh
et al., 2020; Parker et al., 2021) focused on sampling the
dorsal carapace (i.e., paramedian and lateral osteoderms).
This is because osteoderms (including fragments) are the
most common fossilized elements of the group (Desojo
et al., 2013; Long & Ballew, 1985). Appendicular bones of
aetosaurs from the Placerias Quarry (UCMP A269) of Ari-
zona have been used for histological studies (e.g., de
Ricqlès et al., 2003); however, the species-level referrals of
those individual elements are ambiguous (Parker, 2018;
Reyes et al., 2023). Despite the lack of data obtained from
the appendicular region (e.g., de Ricqlès et al., 2003;
Teschner et al., 2022, 2023), histological analyses of osteo-
derms have aided in determining approximate skeletal
maturity and growth curves of a few aetosaur taxa
(e.g., Cerda et al., 2018; Cerda & Desojo, 2011; de Ricqlès
et al., 2021; Hoffman et al., 2019; Paes-Neto et al., 2021;
Parker et al., 2008; Scheyer et al., 2014; Taborda
et al., 2013; Teschner et al., 2023; Werning, 2013).

Recently, Ponce et al. (2023) sampled osteoderms and
associated limb bones from two specimens of differing
sizes of Aetosauroides scagliai. Significantly, that study
showed that discrepancies exist between age estimates
based on lines of arrested growth dependent on the ele-
ment sampled, and those based on size. They concluded
that because of differences in timing in bone remodeling
between osteoderms and appendicular elements that
osteoderms were the best indicator of age in the late
stages of growth (Ponce et al., 2023). Strangely, no osteo-
derms were found with the associated skeleton of PEFO
42506 despite its large body size and the frequency at
which aetosaur osteoderms are preserved; only an iso-
lated right maxilla, trunk vertebrae, trunk ribs (primarily
from the left side of the body), and partial pelvis were
preserved (Figure 1g). Because of the limited elements
available, histological analysis of PEFO 42506 was
restricted to the trunk ribs.

Histological analyses are often selective toward the
shaft of long bones or osteoderms (Lee et al., 2013;
Woodward et al., 2013; Griffin et al., 2020; de Buffrénil
et al., 2021). However, ribs have also been found to be
informative in assessing skeletal maturity in a range of

FIGURE 1 Skeletal elements of Typothorax coccinarum (PEFO 42506). (a) left ilium in lateral view; (b), trunk vertebra in anterior view;

(c) right maxilla in lateral view; (d–f) left trunk rib in posterior view (d) with dashed lines indicating location of the proximal (e) and distal

(f) histological samples (in proximal view); (g) reconstruction of a typothoracine aetosaur with osteoderms removed showing estimated

positions of preserved elements (red) of PEFO 42506 (modified from Walker, 1961). a, anterior; aof, antorbital fenestra; ap, ascending

process; ca, capitulum; dia, diapophysis; L, lateral; M, medial; ncs, neurocentral suture; ns, neural spine; P, posterior; pap, preacetabular

process; par, parapophysis; pmm, premaxilla-maxilla contact; pop, postacetabular process; prz, prezygapophysis; sac, supraacetabular crest;

tu, tuberculum. Scale bars equal 5 cm (a–d) and 1 cm (e,f).
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FIGURE 2 Legend on next page.
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tetrapods (e.g., mosasaurs, Waskow & Sander, 2014; non-
archosaur archosauromorphs, de Ricqlès et al., 2008; thero-
pods, Erickson et al., 2004; sauropods, D'Emic et al., 2015;
and pseudosuchians, Scheyer & Sues, 2017). Recently, Was-
kow and Mateus (2017) histologically sampled the ribs of
crocodylomorph and dinosaurian archosaurs to assess onto-
genetic signals. The authors found that the proximal end of
the rib shaft preserves the best growth record near the pos-
teromedial margin by recording more lines of arrested
growth, or LAGs, which is most likely due to the aniso-
metric growth of the ribs (Waskow & Sander, 2014). Thus,
the ontogenetic information derived from rib histology may
be comparable to that obtained from a limb or osteoderm
when those are unavailable (Erickson et al., 2004;
Waskow & Mateus, 2017; Waskow & Sander, 2014).

In this study, we assess the body size of PEFO 42506
using various proportional comparisons to other aetosaur
taxa, particularly other specimens of T. coccinarum. Addi-
tionally, we histologically sample a trunk rib of PEFO
42506 with the goal of (1) observing growth indicators of
the internal bone structure in a large, if not, hypotheti-
cally skeletally mature specimen of T. coccinarum; and
(2) determining if maximum individual body size is cor-
related with skeletal maturity in some aetosaurs. Histo-
logical images associated with this study are available as
Morphobank project P4879.

Institutional abbreviations—DMNH, Perot Museum of
Nature and Science, Dallas, Texas, USA; GR, Ghost
Ranch, Abiquiu, New Mexico, USA; MNA, Museum of
Northern Arizona, Flagstaff, Arizona, USA; NMMNH,
New Mexico Museum of Natural History and Science,
Albuquerque, New Mexico, USA; NHMUK, Natural
History Museum, United Kingdom; PEFO, Petrified
Forest National Park, Arizona, USA (PFV refers to a
vertebrate locality number from PEFO); PVL, Paleontología
de Vertebrados, Instituto “Miguel Lillo,” San Miguel de
Tucum�an, Argentina; SMSN, Staatliches Museum für
Naturkunde, Stuttgart, Germany; TTU-P, Museum of
Texas Tech, Lubbock, Texas, USA; UCMP, University
of California Museum of Paleontology, Berkeley, Califor-
nia, USA; UMMP, University of Michigan Museum of
Paleontology, Ann Arbor, Michigan, USA; YPM, Yale
Peabody Museum, New Haven, Connecticut, USA;
ZPAL, Institute of Paleobiology, Polish Academy of
Sciences, Warsaw, Poland.

2 | METHODS AND MATERIALS

2.1 | Collection

The new specimen of Typothorax (PEFO 42506) was col-
lected from Petrified Forest National Park vertebrate
locality PFV 453 (Puerco Ridge N). The specimen is from
the Petrified Forest Member of the Chinle Formation
(sensu Martz et al., 2012) and consists of both ilia, the
right ischium, the right maxilla, one trunk centrum, at
least five trunk neural arches, and at least 11 trunk ribs,
mostly from the left side (Figure 1). No osteoderms
were recovered with the specimen but, fortunately, the
shape of the ilium is diagnostic for Typothorax within
Aetosauria (Martz, 2002; see below). All elements were
found associated and all pertain to a single individual of
Typothorax.

2.2 | Systematic paleontology

Archosauria Cope, 1869, sensu Gauthier &
Padian, 1985
Pseudosuchia Zittel, 1887–1890, sensu
Gauthier & Padian, 1985
Aetosauria Marsh, 1884, sensu Parker, 2007
Typothoracinae von Huene, 1915, sensu
Parker, 2016
Typothorax coccinarum Cope, 1875
Referred specimen: PEFO 42506
Stratigraphic Horizon and Geologic Age:
Petrified Forest Member (Chinle Formation).
Late Triassic, middle Norian, Revueltian
Land Vertebrate Estimated Holochronozone
(Martz and Parker, 2017).
Maturity Assessment: Skeletally immature
based on the open neurocentral sutures in the
trunk vertebral series (Griffin et al., 2020).

2.3 | Taxonomic assignment

Specimens are traditionally assigned to T. coccinarum
based on the presence of diagnostic paramedian osteo-
derms, which are characterized by an ornamentation

FIGURE 2 Elements of comparative specimens of Typothorax coccinarum. (a) right ilium (PEFO 33967) in lateral view; (b) right ilium

(UCMP 122683; modified from Long & Murry, 1995) in lateral view; (c) right half of articulated pelvic girdle (NMMNH P-36075; modified

from Lucas et al., 2002) in ventral view; (d) right trunk paramedian osteoderm (PEFO 23388) in dorsal view; (e) skull (PEFO 38001/YPM

58121; modified from Reyes et al., 2020) in right lateral view; (f) comparative elements represented by scaled silhouettes and estimated body

sizes of Typothorax coccinarum (dorsal outline modified from Heckert et al., 2010). ab, anterior bar; ac, acetabulum; alc, anterolateral corner;

isc, ischium; mx, maxilla; pap, preacetabular process; pop, postacetabular process. Scale bars equal 10 cm except where noted.
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pattern consisting of random circular pits (Heckert
et al., 2010; Long & Ballew, 1985; Long & Murry, 1995;
Martz, 2002). PEFO 42506 comprises no osteoderms;
however, the ilium (Figure 1a) of T. coccinarum is very
distinctive among aetosaurs (Martz, 2002). PEFO 42506
bears an iliac blade with an extremely anteroposteriorly
elongate and distinctly ventromedially curved preace-
tabular process, very similar to that of UCMP 122683,
an unambiguous specimen of T. coccinarum (Figure 2;
Long & Murry, 1995; Martz, 2002). The postacetabular
process of the ilium does not project posteriorly far past
the posterior end of the ischiadic peduncle. The end of
the preacetabular process is blunt, not pointed, and
mediolaterally thickened, forming a distinct knob-like
end. This differs from the condition found in all other
aetosaurs with known pelvic material where the preace-
tabular process is often reduced and triangular in lateral
view (e.g., Aetosauroides scagliai; Casamiquela, 1967;
Heckert & Lucas, 2002), and the postacetabular process
is more anteroposteriorly elongate and not mediolater-
ally thickened (e.g., D. spurensis; Parker, 2008). This
allows for referral of the ilia and associated material of
PEFO 42506 to Typothorax.

The preserved maxilla in PEFO 42506 (Figure 1c) has
an elongate anterior process and the margin along the
dorsal process and anterior process is gently curved and
anteriorly sloping. This is very similar to what is seen in
other known skulls of T. coccinarum (PEFO 38001/YPM
VP.58121, Reyes et al., 2020; NMMNNH P-12964,
Heckert et al., 2010) and differs significantly from
the shorter, more triangular anterior process of the
maxilla seen in other aetosaurs such as Paratypothorax
andressorum (SMNS 19003, Schoch & Desojo, 2016) and
Aetosaurus ferratus (SMNS 5770 S-16, Schoch, 2007).
The maxillae of D. smalli (TTU-P9023, Small, 2002),
Stagonolepis robertsoni (NHMUK PV R 4787, Walker, 1961),
and Stagonolepis olenkae (ZPAL AbIII 574, Sulej, 2010) also
have elongate anterior processes, but not to the extent
present in Typothorax. Combined with the ilium, the
anatomy of these elements supports the assignment of
this material to Typothorax.

Typothorax currently includes only a single recog-
nized species, T. coccinarum, with other proposed species
demonstrated as ontogenetically variable specimens of
the same taxon (Parker & Martz, 2011). Therefore, PEFO
42506 is referred to as the species T. coccinarum, pending
further revision of the genus and closely related taxa.

2.4 | Histological preparation

We histologically sampled one of the larger ribs of PEFO
42506 at two locations, near the proximal and distal third

of the shaft (Figure 1d–f) to determine if the same signals
are observed on opposite ends. Based on the results of
Waskow and Mateus (2017), we hypothesized that the
proximal end sample would preserve the most accurate
growth record. The proximal and distal cross-sections of
the rib were chosen based on the occurrences of natural
breaks in the regions of interest along the shaft. The
bones of PEFO 42506 are coated by a thick oxidized iron-
rich mineral (Figure 1e,f). We decided against mechani-
cally removing this mineral because we did not want to
risk losing any data from the sub-periosteal surface.
Molds and casts of the rib samples were created using a
1:1 ratio of PlatSil® 73-25 silicon rubber and EasyFlo
60 liquid plastic. The matrix-covered rib samples were
individually embedded in resin using 1.5 oz Silmar plus
15 drops of MEKP and air bubbles were removed with a
vacuum chamber. As we polished a surface of the resin
block, we noticed that the matrix was flaking away which
made the mounting onto the glass slide susceptible to air
pockets. To mediate this, we stabilized the samples by
adding PaleoBOND in a vacuum chamber to fill air bub-
bles. The resin surface was later repolished, and the sam-
ples were mounted onto glass slides using Devcon 2-ton
epoxy. Once cured, the samples were cut to a thickness of
�4 mm and then ground to optical clarity using abrasive
papers of increasing grit size (120/P120, 400/P800,
600/P1200). Samples were analyzed and photogra-
phed using the petrographic microscope Zeiss AXIO
Imager.M2m.

2.5 | Body size estimation

Following Martz (2002) the maximum anteroposterior
length and the maximum dorsoventral height of the
ilium were used to proportionately compare the ilium of
PEFO 42506 to that of other well-preserved Typothorax
specimens (with associated osteoderms) to estimate body
size (Figure 2f; Table 1). Additionally, the maxillae of
known Typothorax specimens (i.e., PEFO 38001/YPM
VP.58521, Reyes et al., 2020) were compared in size using
the maximum anteroposterior length and dorsoventral
height (Table 1). The vertebrae of PEFO 42506 were not
used for proportional comparisons because of the uncer-
tainty in their position within the trunk sequence.

3 | RESULTS

3.1 | Body size

Preservation of the ilium and maxilla in PEFO 42506
allows for comparisons with known Typothorax
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specimens to observe size variation across the taxon in
the Chinle Formation and Dockum Group (Figure 2).
Three well-preserved Typothorax ilia are PEFO 33967
(Figure 2a,f) from the Petrified Forest Member (Chinle
Formation) of Arizona, UCMP 122683 (Figure 2b,f) from
the Petrified Forest Member of New Mexico (Long &
Murry, 1995; Martz, 2002), and NMMNH P-36075
(Figure 2c,f) from the Tres Lagunas Member of the Santa
Rosa Formation (Lucas et al., 2002). The ilium of PEFO
42506 (Figures 1a and 2f; Table 1) has a maximum ante-
roposterior length of 28 cm and maximum dorsoventral
height of 27.5 cm. UCMP 122683 has a maximum antero-
posterior length of 12 cm and maximum dorsoventral
height of 11 cm; they equate to 43% and 40% of those
respective measurements in PEFO 42506. PEFO 33967
exhibits a maximum anteroposterior length of 15.5 cm
and maximum dorsoventral height of 15 cm; they both
equate to 55% of those respective measurements in PEFO
42506. NMMNH P-36075 has a maximum anteroposterior
length of 12.5 cm and maximum dorsoventral height of
9.5 cm (Table 1); they equate to 45% and 35% of those
respective measurements in PEFO 42506. Additionally,
the maxilla of PEFO 38001/YPM VP.58521 (Figure 2e,f;
Table 1) has a maximum anteroposterior length of 8.5 cm

and maximum dorsoventral height of 2.9 cm, which
equate to 45% and 42% of those respective measurements
(length = 18.7 cm; height = 6.9 cm) of PEFO 42506
(Figure 1c).

3.2 | Histology

3.2.1 | Proximal sample

The thin section (Figure 3a) highlights the thick mineral
coat on the bone surface (Figure 1d,f). Cracks and eroded
spaces permineralized by calcite are visible in cross-
section. The extent of this permineralization varies
throughout the bone; the periosteum and compact bone
have been partially degraded with cracks running per-
pendicular and parallel to the surface, resulting in many
bone fragments being assimilated within the matrix itself
(Figure 3c,e). Permineralization is greatest medially as
the rib is mostly eroded/remodeled and replaced by cal-
cite (Figure 3e). Proximally, the rib is predominantly
coarse cancellous bone with the medullary region trend-
ing in a transverse lateromedial direction. The layer of
compact bone is thin, but in general it is thickest

TABLE 1 Measurements (mm) of select elements.

PEFO 42506 PEFO 33967 YPM VP.58521 UCMP 122683 NMMNH P-36075

Ilium

Iliac blade length 280 155 N/A 120 125

Ilium height 275 150 N/A 110 95

Acetabulum height 165 75 N/A 55 45

Acetabulum width 200 90 N/A 97 57

Acetabulum W/H 1.21 1.2 N/A 1.76 1.27 Ratio

Maxilla

Length 187 N/A 90 N/A N/A

Height 69 N/A 29 N/A N/A

Trunk vertebra

Transverse process width 154 N/A N/A N/A N/A

Spine table width 6 N/A N/A N/A N/A

Neural arch height 141 N/A N/A N/A N/A

Neural spine height 90 N/A N/A N/A N/A

Osteoderms

Paramedian A width N/A 200 N/A N/A 216

Paramedian A length N/A 80 N/A N/A 84

Paramedian A W/L N/A 2.5 N/A N/A 2.6 Ratio

Paramedian B width N/A 225 N/A N/A 210

Paramedian B length N/A 70 N/A N/A 75

Paramedian B W/L N/A 3.2 N/A N/A 2.8 Ratio

PARKER ET AL. 7
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FIGURE 3 Legend on next page.
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anteriorly (Figure 3a). Evidence of endosteal resorption
of the compact bone is most notable posteromedially.
Anteriorly, the compact bone preserves two resorption
boundaries (Figure 3b), indicating two different intervals
of endosteal bone resorption. The compact bone shows
evidence of significant secondary remodeling throughout
the rib sample, particularly in the posterior margin.

Anteriorly and posterolaterally, the cortical bone
exhibits a vascularized reticular to longitudinal pattern.
Posteromedially, there is a section of lamellar fabric tis-
sue in the cortex that is predominantly unremodeled and
poorly vascularized (Figure 3c,d). This area shows a
decrease in the density of osteocyte lacunae periosteally.
This is the only region of compact bone that preserves
lines of arrested growth (LAGs; Figure 3c,d), which rep-
resent the slowing or complete cessation of growth
(de Ricqlès et al., 2021; Francillon-Vieillot et al., 1990;
Huttenlocker et al., 2013; Tucker, 1997; Woodward
et al., 2011). Although this region of the proximal rib
sample preserves the most accurate growth data, the
outer rim of the bone has been partially assimilated into
the matrix (Figure 3c,e), including some of the outer
LAGs. Thus, LAG count suggests a minimum age of
around 16–19 years (see discussion). A resorption bound-
ary is evident near the endosteal margin of the compact
bone (Figure 3d) suggesting that some LAGs deposited
early in life may have been lost due to bone resorption.
The spacing between the LAGs decreases periosteally, yet
there is no clear evidence of an external fundamental sys-
tem (EFS), which is deposited in a range of vertebrates
(e.g., mammals, non-avian dinosaurs, and some reptiles)
as skeletal maturity is reached (Woodward et al., 2011,
2013). It is possible that the region of the cortex that
would preserve the EFS has been too degraded by the
interface with the matrix, but there is also no evidence of
an EFS in the fragments of bone that have been assimi-
lated into the matrix (Figure 3c).

3.2.2 | Distal sample

The distal sample (Figure 4a) of the rib shaft is similar
to the proximal sample mentioned above (Figure 3a)
in that it is predominantly coarse cancellous bone
(Figure 1d,e–g). Most of the compact cortex is preserved,

but it is thickest posteriorly, unlike the proximal sample.
The outer sub-periosteal surface of the distal sample
exhibits a high degree of permineralization (Figure 4b,c,e).
Unfortunately, the medial portion of the rib cross-section
was ground too thin during slide preparation resulting in
the loss of some bone, but it is apparent that this area
exhibited extensive secondary remodeling (Figure 4c). The
cortex is not as degraded as the proximal sample, but there
is a large crack running anteroposteriorly that was diage-
netically filled with calcite (Figure 4a,b). The cortex
exhibits longitudinal patterning and extensive secondary
remodeling. Unlike the proximal sample, there is no evi-
dence of LAGs on the posteromedial region of the distal
rib sample (Figure 4b). This is most likely related to the
growth trajectory of the rib from the proximal to distal end
as noted by Waskow and Sander (2014). Anteriorly, the
compact bone preserves two continuous resorption bound-
aries (Figure 4d), indicating two different intervals of end-
osteal bone resorption. There appear to be approximately
six LAGs present near the resorption boundaries in this
region of the cortex, but they are separated by an area of
extensive secondary remodeling (Figure 4d).

4 | DISCUSSION

4.1 | Body size estimate

Based on known specimens, Typothorax was thought to be
a mid-sized aetosaur with a maximum body length of
3–4 m (Desojo et al., 2013; Heckert et al., 2010; Long &
Murry, 1995). However, the size discrepancies (Figure 2f)
between PEFO 42506 and known specimens of Typothorax
with overlapping skeletal elements (i.e., PEFO 33967,
Figure 2a; UCMP 122683, Figure 2b; NMMNH-P 36075,
Figure 2c; PEFO 38001/YPM VP.58521, Figure 2e) are
extreme, with PEFO 42506 being nearly twice the size of
the largest individual mentioned above (Figure 2f). Unfor-
tunately, no osteoderms were recovered with PEFO 42506,
but at that scale the mediolateral width of a dorsal pelvic
paramedian osteoderm would be approximately 50 cm
based on those found in other Typothorax specimens
(e.g., PEFO 33967). In Typothorax, dorsal pelvic parame-
dian osteoderms are some of the mediolaterally narrower
osteoderms in the carapace, as a trunk paramedian would

FIGURE 3 Histological images of the proximal sample of the trunk rib of PEFO 42506. (a) whole image of proximal histological

section with regions of interest bounded by squares; (b) resorption boundaries in the anterior region of the cortex; (c) posteromedial region

of the cortex with lines of arrested growth (LAGs) partially intermixed into the matrix; (d) magnified region of the cortex in (c) used to

determine LAG count; (e) medial region of the cortex showing extensive remodeling and permineralization. Images of slides are in plane

polarized light. White arrows = estimated LAGs; yellow arrows = resorption boundaries. A, anterior; bt, bone tissue; ct, cortex; ep, epoxy; L,

lateral; M, medial; mt, matrix; P, posterior; pm, permineralization.
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FIGURE 4 Legend on next page.
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be another 25%–30% of that width near the center of the
trunk (Heckert et al., 2010); this would result in a dorsal
trunk paramedian osteoderm in PEFO 42506 with an
approximate mediolateral width of 65 cm (Figure 2f).
Heckert et al. (2010) estimated a maximum dorsal trunk
paramedian osteoderm mediolateral width of 43 cm for
a large T. coccinarum specimen from the Bull Canyon
Formation of New Mexico (NMMNH P-12964). Using
size as a proxy, the authors hypothesized that NMMNH
P-12964 represents an individual of Typothorax that is
nearing or at skeletal maturity. Thus, Heckert et al.
(2010) argued that NMMNH P-12964 preserved the
largest paramedian osteoderms known for Typothorax
and that this taxon exhibited a maximum body length
of 3 m (Figure 2f). Another paramedian osteoderm of
T. coccinarum (PEFO 23388; Figure 2d,f), also from the
Petrified Forest Member at PEFO, has a maximum
mediolateral length of 42.6 cm and a maximum antero-
posterior width of 11.3 cm, making it slightly smaller
than NMMNH P-12964. Considering the large size of
the dorsal trunk paramedian osteoderms observed in
NMMNH P-12964 and PEFO 23388 (Figure 2d), they
are still more than one-third smaller than those we
hypothesize would be present in PEFO 42506 based on
the size of the ilia (Figure 2f), if those elements grew
isometrically.

The ilia of PEFO 42506 (Figures 1a and 2f) are the larg-
est recorded aetosaur ilia yet known. A very large speci-
men of D. spurensis (MNA V9300; Parker, 2008) with an
estimated body length >5 m (Parker, 2008) has an approxi-
mate ilium dorsoventral height of 20 cm and maximum
anteroposterior length of 23.5 cm. These measurements
are 71% and 85% of the same measurements in PEFO
42506, respectively. An isolated right ilium (UMMP 7322)
from the Dockum Group of Texas that Long and
Murry (1995, fig. 92) assigned to D. spurensis has a maxi-
mum anteroposterior length of 27.5 cm and a dorsoventral
height of 18.4 cm, which are 98% and 67%, respectively,
the same measurement in PEFO 42506. Thus, proportion-
ally PEFO 42506 is the largest known aetosaur specimen
with a body length probably >5 m based on comparison
with MNA V9300 (see Parker, 2008). This is supported fur-
ther by the size of the associated maxilla. The maxilla of
PEFO 42506 (Figure 1c) is more than double the antero-
posterior length and dorsoventral height of that observed

in Typothorax specimen PEFO 38001/YPM VP.58521
(Figure 2f). Reyes et al. (2020) hypothesized that PEFO
38001/YPM VP.58521 exhibited a body length of at least
2.1 m based on proportional comparisons to other aetosaur
taxa. These measurements further support our propor-
tional analysis indicating that PEFO 42506 represents an
individual of Typothorax with a body length >5 m.

4.2 | Ontogenetic size indicators

The neural arches (Figure 1b) on the trunk vertebrae of
PEFO 42506 have elongate transverse processes with
both the diapophysis and parapophysis preserved, and a
tall neural spine with an expanded spinal table. In all
these vertebrae the neurocentral sutures are not co-
ossified (Figure 1b), which is considered an indicator of
an individual that has not reached an advanced ontoge-
netic stage in some pseudosuchians (Brochu, 1996;
Irmis, 2007). Considering its large size, this would suggest
that PEFO 42506 had not yet reached skeletal maturity,
which is remarkable considering its large size. Yet, smal-
ler specimens of Typothorax (i.e., AMNH 7634, PEFO
33937, TTUP-9214) that are less than half the size of
PEFO 42506, exhibit vertebrae with co-ossified neurocen-
tral sutures (Irmis, 2007; Martz, 2002). Irmis (2007) and
Griffin et al. (2020) discuss the disparity in the timing of
the closure of the neurocentral sutures making this proxy
limited in the absence of independent histological analy-
sis. Griffin et al. (2020) noted that two relatively large
individuals of Coelophysis bauri exhibit open neurocen-
tral sutures unlike the smaller individuals described by
Griffin (2018). PEFO 42506 appears to exhibit a similar
condition as seen in C. bauri, in which large individuals
of these taxa may lack co-ossified neurocentral sutures
whereas they can be completely co-ossified in smaller
individuals. TTUP-9214 is considered a skeletally imma-
ture specimen of T. coccinarum based on its approximate
body length of 2 m, and the fact that the neural arches
are partially co-ossified with their respective centra in the
cervical, trunk, and caudal regions (Martz, 2002);
the neural arches are attached to the respective centra,
unlike PEFO 42506; however, the sutures are clearly
discernable indicating that they are not completely
co-ossified with each other (Martz, 2002). The degree of

FIGURE 4 Histological images of the distal sample of the trunk rib of PEFO 42506. (a) whole image of distal histological section with

regions of interests bounded by squares; (b) posterior region of the cortex showing thick regions of permineralization; (c) medial region of

the bone that was grounded too thin during slide preparation; (d) LAGs and resorption boundaries in the anterior region of the cortex.

Images of slides are in plane polarized light; (e) anteromedial region of cortex intermixed with permineralization. White arrows = estimated

LAGs; yellow arrows = resorption boundaries. A, anterior; a, air; bt, bone tissue; ct, cortex; ep, epoxy; L, lateral; M, medial; mt, matrix; P,

posterior; pm, permineralization.
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co-ossification in the vertebrae of TTUP-9214 aligns with
the observations of the vertebra in C. bauri (Griffin et al.,
2020). Because of the disparity in the pattern and timing
of the sequence, particularly with respect to body size,
the use of neurocentral sutures to assess maturity should
be limited to specific groups in the absence of indepen-
dent histological evidence (Irmis, 2007; Griffin et al.,
2020). In this case, specimen size and presence of open
neurocentral sutures conflicted in the determination of
skeletal maturity, thus we decided to hypothesize the
skeletal maturity of PEFO 42506 through histological
analysis of a trunk rib.

The bone tissue (Figures 3 and 4) of PEFO 42506 indi-
cates that this individual exhibited high bone remodeling
and slow growth (Huttenlocker et al., 2013; Woodward
et al., 2013; de Buffrénil et al., 2021). The spacing between
the LAGs decreases periosteally (Figure 3c,d) indicating
that growth was slowing down (Lee et al., 2013). Histologi-
cal studies on extant crocodylomorphs show that as the
specimen reaches skeletal maturity, skeletal growth slows
down and LAG spacing decreases radially (Woodward
et al., 2011), however Cullen et al. (2021) demonstrate that
decreased LAG spacing might be expected regardless of
growth rate due to the relationship between circumference
and cross-sectional area of the sampled element.

The posteromedial region of the proximal sample
(Figure 3d; where the LAGs are preserved) shows no evi-
dence of high vascularity or high levels of disorganization
(i.e., woven bone tissue) which are suggestive of fast
growth (de Boef & Larsson, 2007; de Buffrénil &
Quilhac, 2021; Parker et al., 2021). Previous histological
studies (e.g., Cerda et al., 2018; Cerda & Desojo, 2011; de
Ricqlès et al., 2021; Hoffman et al., 2019; Paes-Neto
et al., 2021; Parker et al., 2008; Ponce et al., 2023; Scheyer
et al., 2014; Taborda et al., 2013; Teschner et al., 2022,
2023; Werning, 2013) sampling aetosaur limbs and osteo-
derms arrived at the same interpretations, suggesting that
aetosaurs exhibited growth rates similar to extant crocody-
lians (de Ricqlès et al., 2003; Parker et al., 2008) or possibly
even slower (Taborda et al., 2013). Recent histological stud-
ies found that some aetosaurs (i.e., Coahomasuchus chatha-
mensis; Aetosauroides scagliai = “Polesinosuchus aurelioi”;
typothoracine juvenile specimen, GR 252) exhibited
periods of rapid bone deposition as indicated by the pres-
ence of woven-fibered bone tissue (Hoffman et al., 2019;
Paes-Neto et al., 2021; Ponce et al., 2023; Werning, 2013),
suggesting a disparity in growth rates within the Aeto-
sauria. Cubo et al. (2012) determined that Typothorax had
low growth rates; however, the specimen they sampled
(proximal end of limb bone; UCMP 25905) is from the Pla-
cerias Quarry (UCMP A269) of Arizona. The stratigraphic
position of that site (lower Chinle Formation) and the lack
of distinguishing apomorphies in the element almost

certainly preclude it from being assignable to Typothorax,
which does not occur at that site (Long & Murry, 1995;
Parker, 2018; Reyes et al., 2023).

This disparity in growth rates among aetosaurs
aligns with histological analyses of A. mississippiensis
(Woodward et al., 2014), where the bone tissue indicates
that this taxon exhibits brief periods of fast growth
(woven tissue) early in ontogeny but, overall, the
growth rate is slow (lamellar to parallel-fibered tissue
organization). Woodward et al. (2014) suggested that
the woven tissue in A. mississippiensis likely coincides
with optimal environmental conditions promoting rapid
skeletal growth. However, a recent study by Grigg et al.
(2021) hypothesized that this period of rapid growth in
A. mississippiensis is an atavistic property associated to
its ancestry, where archosauriforms exhibited tachyme-
tabolic endothermy (whole-body endothermy), contrary
to historical interpretations arguing that ectothermy is
plesiomorphic among archosaurs. This hypothesis aligns
with observations of woven fibered tissue in basal pseu-
dosuchians, including aetosaurs (Hoffman et al., 2019;
Paes-Neto et al., 2021; Werning, 2013).

The most complete sequence of LAGs is observed in
the posteromedial cortex of the proximal rib sample of
PEFO 42506 (Figure 3c,d), a feature documented in proxi-
mal rib sections of other archosaur taxa (Waskow &
Mateus, 2017; Waskow & Sander, 2014). These LAGs rep-
resent the slowing or temporal cessation of skeletal growth
(Woodward et al., 2011). Among ectothermic reptiles
(e.g., crocodylians), the slowing and/or cessation of skele-
tal growth can reflect the animal's inability to adjust to
seasonal stress (e.g., changes in temperature, precipitation,
sunlight exposure), either directly and/or indirectly
(e.g., influencing physiology, food resources; Rootes
et al., 1991; Köhler et al., 2012; Werning, 2013; Rainwater
et al., 2021). Because of the relationship between skeletal
growth and seasonal variation, LAGs, or LAG ‘packets’
(group of associated LAGs) are hypothesized to represent
a yearly cessation of growth (Tucker, 1997; Werning, 2013;
Woodward et al., 2013). Therefore, because of the relation-
ship between skeletal growth and seasonal variation, LAG
or LAG ‘packet’ counts can be used as a proxy for absolute
age (Griffin et al., 2020; Woodward et al., 2013).

Paleosol data of the Petrified Forest Member of the
Chinle Formation, the stratigraphic unit from which
PEFO 42506 was collected, indicates that the environ-
ment was semi-arid with variations in annual precipita-
tion and temperatures, which have been related to the
shift in tectonics and northern movement of the North
American plate associated with the rifting of Pangea dur-
ing the Norian (Atchley et al., 2013; Dubiel &
Hasiotis, 2011; Nordt et al., 2015). Based on the relation-
ship observed between skeletal growth and environmental
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stress among extant crocodylomorphs, we hypothesize that
environmental seasonal stress (i.e., yearly flux in precipita-
tion and temperature) influenced the skeletal growth of
aetosaurs to some extent. Thus, the LAGs observed in the
proximal rib sample of PEFO 42506 (Figure 3c,d) are
hypothesized to represent a yearly cessation of growth
allowing for an absolute age count.

Previous histological studies on osteoderms of the aeto-
saurs Paratypothorax andressorum (SMNS 91551; Scheyer
et al., 2014) and Aetosauroides scagliai (PVL 2052; Taborda
et al., 2013; Cerda et al., 2018) found that these taxa lived
a minimum of 17–22 years, respectively, indicating that
some aetosaurs could live beyond two decades. The LAG
count on the proximal rib sample suggests that PEFO
42506 lived a minimum of 16–19 years prior to death
(Figure 3d). This age is a minimum estimate because:
(1) endosteal resorption of the primary tissue in the inner
cortex can result in the loss of LAG data, thus eliminating
records of early growth (Parker et al., 2008; Tucker, 1997;
Woodward et al., 2011); (2) the incorporation of the outer
bone cortex into the matrix seen in the proximal sample
(Figure 3c,e) may have resulted in the loss of LAG data;
(3) there can be variation in LAG count between ribs and
limb elements (Cullen et al., 2020; Heck &
Woodward, 2021; Waskow & Sander, 2014; Woodward
et al., 2014); and (4) age studies on wild crocodylians
(e.g., Crocodylus johnstoni) with known ages (up to
20 years) indicate that there is a ± 1-year age variation
between the known age of an individual and age based on
LAG count within a post-occipital osteoderm
(Tucker, 1997). Thus, it is evident that age estimates based
on osteoderm histology can be offset from the actual age
(Tucker, 1997), and is likely associated with the delay in
the timing of ossification between osteoderms and the
endoskeleton (Vickaryous & Hall, 2008).

The LAG data observed in PEFO 42506 aligns with
these previous observations, despite PEFO 42506 being a
much larger individual. In the compact bone of the proxi-
mal part of the rib (Figure 3c,d), the LAGs become more
tightly spaced periostealy, yet there is no clear evidence of
an EFS. Previous studies (e.g., Cullen et al., 2020, 2021;
Padian et al., 2016) determined that there can be variation
in the development of an EFS between bones that experi-
ence different mechanical stresses (e.g., rib versus femur).
It is evident that elements freed of weight-bearing stress
(e.g., gastralia, ribs) will develop an EFS sooner than a
weight-bearing limb element (e.g., femur) to grow allome-
trically within the same individual (Cullen et al., 2020;
Padian et al., 2016). Thus, the presence of an EFS in a rib
does not imply that asymptotic growth had yet been
achieved in the femur or that an EFS would be present
within this element. Although PEFO 42506 does not pre-
serve any limb elements, the absence of an EFS within the

sampled trunk rib (Figure 3d) does imply that an EFS is
absent within the femur of this individual. Based on our
data and current understanding of the discordance in the
development of an EFS between skeletal elements (Cullen
et al., 2020; Padian et al., 2016), we infer that PEFO 42506
did not reach skeletal maturity before its death and may
have continued growing had it lived longer.

Although we are not able to unambiguously confirm
the presence of an EFS in PEFO 42506 (Figure 3c,d), pre-
vious studies have documented the presence of an EFS in
other aetosaur taxa. For example, Woodward et al. (2011)
indicated an EFS within a partial humerus of Desmatosu-
chus sp. (UCMP 3218); but note that (1) the specimen
UCMP 3218 is mislabeled in Woodward et al. (2011) and
the correct specimen number is UCMP 32178 (de Ricqlès
et al., 2003, plate 2.1; Werning, 2013, pg. 63); (2) there are
at least four different aetosaur taxa (i.e., Calyptosuchus
wellesi, D. smalli, D. spurensis, Kryphioparma caerula) pre-
sent in the Placerias Quarry (Long & Murry, 1995;
Parker, 2005, 2018; von Baczko et al., 2021; Reyes
et al., 2023), so it is possible that UCMP 32178 could possi-
bly belong to C. wellesi or K. caerula since their humeral
anatomy is currently unknown (Parker, 2018; Reyes
et al., 2023), and it differs significantly from known
humeri of T. coccinarum (e.g., TTU-P9124, NMMNH
P-12964) and paratypothoracins (e.g., DMNH 9942). Thus,
the partial humerus UCMP 32178 should be conserva-
tively assigned to the broader aetosaurian clade Stagonole-
pidoidea (sensu Parker, 2018). Nonetheless, assuming that
UCMP 32178 belongs to Desmatosuchus sp., following de
Ricqlès et al. (2003) and Woodward et al. (2011), it only
represents the proximal portion of a right humerus imped-
ing our ability to estimate the body length of this individ-
ual and properly compare it to the data presented here for
PEFO 42506. Like T. coccinarum (based on PEFO 42506),
D. spurensis could also exhibit a skeletal length of >5 m as
estimated for MNA V9300 (Parker, 2008). It should be
noted that the P. andressorum (SMNS 91551, paramedian
osteoderm fragment) sampled by Scheyer et al. (2014, fig.
7g) appears to exhibit an EFS (based on the tightly packed
LAGs near the periosteal margin) although this feature is
not described by those authors.

The histological data presented by Woodward et al.
(2011) and Scheyer et al. (2014) suggested that aetosaurs
did not exhibit indeterminate growth (continued but
reduced skeletal growth after sexual maturity is reached;
Rainwater et al., 2021). Historically, it has been argued
that extant crocodylomorphs exhibit indeterminate
growth (Chabreck & Joanen, 1979) but recent long-term
studies on both wild and captive populations of
A. mississippiensis, C. johnstoni, and Caiman yacare argue
that these archosaurs exhibit determinate growth as indi-
cated by their asymptotic body lengths and the presence
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of an EFS (Campos et al., 2014; Rainwater et al., 2021;
Wilkinson et al., 2016; Woodward et al., 2011). Studies on
both extinct and extant archosaurs suggest that determi-
nate growth might be plesiomorphic to Archosauria
(Woodward et al., 2011; see extended data, Nesbitt
et al., 2017). Thus, it is hypothesized that early-diverging
pseudosuchian groups, such as aetosaurs (Desojo
et al., 2013), exhibited a maximum body size. PEFO 42506
indicates that some aetosaurs (e.g., desmatosuchins,
typothoracines) could exhibit very large body sizes >5 m
and possibly maintained indeterminate growth.

5 | CONCLUSIONS

The discovery and osteohistological analysis of PEFO
42506 highlights the size potential and growth of a
typothoracine aetosaur. Currently, this specimen repre-
sents the largest known specimen of this group and is the
largest aetosaur specimen reported, which demonstrates
the potential upper size range for the Aetosauria. The non-
co-ossified neural central sutures may suggest that this
specimen had not yet reached skeletal maturity and the
lack of indicators of growth cessation suggests that even
larger individuals may have existed. Various specimens of
T. coccinarum of differing sizes and degrees of neurocentral
co-ossification (including PEFO 42506) highlight the dis-
cordance in the timing of co-ossification of the neurocen-
tral sutures indicating that no single factor should be used
as a reliable proxy for ontogenetic maturity in archosaurs.
Thus, a combination of several proxies, including histologi-
cal analysis, should be used to assess the skeletal maturity
of an individual. In this case, histological analysis of a
trunk rib shows that PEFO 42506 did not deposit an exter-
nal fundamental system after as few as 16 years, indicating
that it had not reached skeletal maturity before death
despite its extremely large body size, and that it may have
reached a larger body size >5 m. Finally, the agreement of
histological data and neurocentral suture co-ossification
indicates that PEFO 42506 was skeletally immature and
demonstrates that size is the incongruent indicator and
should not be used alone to determine the maturity of an
individual (Brochu, 1996; Griffin et al., 2020).
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