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ABSTRACT

As in other archosauriforms, phytosaurs and aetosaurs are char-
acterized by the presence of well-developed osteoderms. Here we pro-
vide a comparative study on the microstructure of phytosaur (five
taxa) and aetosaur (thirteen taxa) osteoderms. For outgroup compari-
son, we sampled osteoderms of the sister taxon to Aetosauria,
Revueltosaurus callenderi, and the doswelliid Jaxtasuchus salomoni.
Phytosaur, aetosaur, and Jaxtasuchus osteoderms are composed of a
diploe structure, whereas the Revueltosaurus osteoderm microana-
tomy is more compact. The external cortex of phytosaurs, Revuelto-
saurus and Jaxtasuchus osteoderms is mainly composed of parallel-
fibered bone. In aetosaurs, the external cortex mainly consists of
lamellar bone, with lines of resorption within the primary bone indi-
cating successive cycles of bone erosion and deposition. The basal
cortex in all the specimens is composed of parallel-fibered bone, with
the cancellous internal core being more strongly developed in aeto-
saurs than in phytosaurs. Woven or fibro-lamellar bone was recorded
in both phytosaurian and aetosaurian taxa, as well as in Jaxtasu-
chus. Structural fibers, which at least partly suggest metaplastic ori-
gin, were only recorded in the internal core of two phytosaurs and in
the basal cortex of one aetosaur. Osteoderm thickness and cancellous
to compact bone ratios appear to be subject to ontogenetic change.
Minimum growth mark counts in osteoderms sampled indicate that
some aetosaurs and phytosaurs lived for at least two decades. Bone
microstructures are more uniform in phytosaur osteoderms and show
a higher level of disparity among aetosaur osteoderms, and at least
in the latter, histological features are potentially apomorphic for
species/genus level. Anat Rec, 297:240-260, 2014. © 2013 Wiley
Periodicals, Inc.
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INTRODUCTION

Osteoderms (bone mineralizations embedded within
the dermis) are widely distributed among different
groups of tetrapods (Moss, 1969; Hill, 2005; Sire et al.,
2009; Vickaryous and Sire, 2009), such as armadillos,
lizards (e.g., the blindworm, some geckos and skinks,
etc.) and, in part, the turtle shell. Besides serving as
armor or weapons (e.g., Scheyer and Sander, 2004; Hay-
ashi et al.,, 2012), osteoderms can have various other
functions such as calcium-storage in ovipositing female
specimens (e.g., in crocodylians: Klein et al., 2009 and
references therein), stabilization of the vertebral column
(e.g., Frey, 1988; Buchwitz et al., 2012), and heat-
regulation and/or species recognition (discussed in Far-
low et al., 2010 and Hayashi et al., 2012). In archosauri-
forms, these elements are a prominent part of the
skeleton, including pseudosuchian (the lineage leading
to modern crocodylians) and avemetatarsalian represen-
tatives, and are often of systematic value (e.g., Nesbitt,
2011). Within non-avemetatarsalian archosauriform line-
ages, Phytosauria and Aetosauria are two osteoderm
bearing clades of particular interest, as they represent
the two clades with most complete sets of dorsal, ventral
(gular shield in phytosaur), and appendicular osteo-
derms known.

Phytosaurs resemble modern long-snouted crocodyli-
ans in outer body shape and probably semi-aquatic life-
style, but their external nostrils are positioned close to
the eyes and not at the tip of the rostrum (e.g., Gregory,
1962; Romer, 1966; Chatterjee, 1978; Hunt, 1989a; Hun-
gerbiihler, 2002; Stocker and Butler, 2013). Phytosauria
are considered by most researchers to be restricted to
the Upper Triassic, although some earlier phytosaur
remains were described also from the Lower Triassic
(Buntsandstein, material lost during World War II) of
Germany (Jaekel, 1910; Buffetaut, 1993)—neither the
systematic position of that specimen nor its age estima-
tion are certain however. A similar situation exists for
the youngest phytosaur record from the Blue Lias For-
mation of Somerset, UK (Hillebrand and Krystyn, 2009).
Phytosaurs (also sometimes referred to as parasuchians)
were often recovered in a monophyletic Pseudosuchia
together with “rauisuchians”, ornithosuchids, aetosaurs,
and crocodylomorphs, the lineage leading to crown-clade
Crocodylia (e.g., Brusatte et al., 2010); however they
were recently suggested to lie outside of Pseudosuchia
(Fig. 1), constituting the sister group to Archosauria
instead (Nesbitt, 2011; Stocker and Butler, 2013).

Aetosauria constitute another prominent group of
armored, quadrupedal archosaurs from the Upper Trias-
sic time period, which were widespread over South
America, North America, Greenland, Europe, North
Africa, ?Madagascar, and the Indian subcontinent (Heck-
ert and Lucas, 2000; Parker, 2007; Desojo and Ezcurra,
2011; Desojo et al., 2013). Aetosaur osteoderm morphol-

ogy has often been used to diagnose taxa and to utilize
aetosaurs as index fossils for biochronological correla-
tions of Upper Triassic strata-level (e.g., Long and Bal-
lew, 1985; Heckert and Lucas, 2000). However, there are
limitations of this osteoderm determination, because sev-
eral taxa possess similar ornamentation patterns of the
paramedian osteoderms (e.g., Aetosauroides, Aetosaurus,
Calyptosuchus, Neoaetosauroides, Stagonolepis), and
there is significant morphological variation of homolo-
gous osteoderms within and among aetosaur taxa
(Parker, 2007; Parker and Martz, 2010).

A previous study on “rauisuchian” osteoderm histology
(Scheyer and Desojo, 2011) used a set of four archosauri-
form osteoderms for outgroup comparison. Therein, the
few aetosaur and phytosaur osteoderms used were
reported to “generally show parallel-fibered or lamellar-
zonal bone tissue” (Scheyer and Desojo, 2011: p. 1296),
whereas slightly raised growth rates, based on the pres-
ence of fibro-lamellar bone, were indicated for
“rauisuchian” osteoderms (see also Cerda et al., 2013).
Otherwise, comparatively little has been published on
aetosaur and phytosaur osteoderm histology (e.g., Heck-
ert and Lucas, 2002; Scheyer and Sander, 2004; Parker
et al., 2008; Cerda and Desojo, 2011). This is rather sur-
prising, given the number of identifiable osteoderms
recovered in the field (as they are more common than
long bone material in some cases, such as the aetosaur
osteoderms recovered in the Late Triassic outcrops of
North America), as well as their taxonomic value.

To elucidate the morphogenesis and growth rates of
these taxonomically important skeletal elements within
Archosauriformes, we here report on the bone micro-
structures of a broader sample of aetosaurian (thirteen
taxa) and phytosaurian (five taxa) osteoderms, as well
as on osteoderms of Revueltosaurus and the recently
described doswelliid non-archosaurian archosauriform
Jaxtasuchus from Germany (Schoch and Sues, 2013).

MATERIALS AND METHODS

In this study, various paramedian osteoderms or
osteoderm fragments of archosauriforms (Fig. 1) were
sampled and all material sampled in the present study
is compiled in Table 1. If not explicitly stated otherwise,
the position of the osteoderm on the body of the animal
is unknown.

The phytosaur sample (Fig. 2) of the present study
included osteoderms of Leptosuchus, Paleorhinus, Pseu-
dopalatus, and Phytosauria (all North America), as well
as Phytosauria from Germany. Another previously
sampled and described appendicular osteoderm (Stocker
and Butler, 2013) identifiable only as belonging to Phyto-
sauria is also included in the discussion (Scheyer and
Sander, 2004). Although phytosaur osteoderms are cur-
rently not considered to be species-diagnostic (Michelle
Stocker, personal communication 2012), the specimens
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Fig. 1. Working framework showing the genera included in the pres-
ent study. The composite hypothetical relationships are based on Des-
ojo et al. (2012), Nesbitt (2011), and Stocker (2012).

used in the study were found together or at least closely
associated with skull material, which warrants a specific
identification. In case of specimen TTU-P14639-t
referred to Leptosuchus, the osteoderm was found ca. 4
m apart from a Leptosuchus skull in the same layer, and
all other identifiable fragments from the locality belong
to Leptosuchus as well. TTU-P11554 was found 3—4 m
apart from a Pseudopalatus skull in the same layer, and
no other phytosaur has been recognized in that locality.
In the case of specimen TTU-P19255 from the Dockum
Group, the osteoderm was originally referred to Angisto-
rhinus sp. Because it was not directly associated to diag-
nostic skull material, and because Paleorhinus might
also occur in the same locality (Bill Mueller, personal
communication 2012), we conservatory refer it to
Phytosauria.

Phytosauria itself was repeatedly recovered as a
monophyletic clade (e.g., Ballew, 1989; Parker and Irmis,
2006; Brusatte et al., 2010; Stocker 2010, 2012; Nesbitt,
2011). Based on Stocker (2012) as main reference, our
sampling thus covers basally positioned Phytosauria
(Paleorhinus), as well as a more highly nested member
of pseudopalatine Leptosuchomorpha (Pseudopalatus).

The aetosaur (Fig. 3) sample included osteoderms of
Aetosaurus ferratus and Paratypothorax andressorum
(Germany), Stagonolepis olenkae (Poland), and Ada-
manasuchus eisenhardtae, Calyptosuchus wellesi, Des-
matosuchus smalli, and D. spurensis, Paratypothorax,
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Stagonolepididae unnamed species, Tecovasuchus chat-
terjeei, and Typothorax (all North America). Due to their
taxonomic utility, it was possible to confidently identify
aetosaur taxa based on isolated osteoderms even if they
were not associated with other skeletal material. Using
the phylogenetic analysis of Desojo et al. (2012) as a
framework, the sampling of osteoderms thus encom-
passes both major lineages within stagonolepidid aeto-
saurs, the Typothoracisinae (Paratypothorax,
Tecovasuchus, Typothorax), and the Desmatosuchinae
(Desmatosuchus), as well as approximate outgroups to
stagonolepidids (Aetosaurus, Calyptosuchus, Stagonole-
pis). Adamanasuchus eisenhardtae as described by
Lucas et al. (2007) was not included in Desojo et al.’s
(2012) analysis or in any other recent taxonomic study,
and so its position among aetosaurs remains unresolved
so far. A. eisenhardtae was nonetheless included in the
present study to elucidate whether the features of a
“distinctive dorsal armor that present a unique mosaic
of characteristics seen individually in other aetosaur
genera” (Lucas et al., 2007: p. 246) can also be recog-
nized on the histological level.

A preliminary report on the osteoderm microstucture
of the non-aetosaurian pseudosuchian Revueltosaurus
callenderi from the Upper Triassic Chinle Formation,
Petrified Forest National Park, Arizona (Parker et al.,
2005, Nesbitt, 2011) was given in Scheyer and Desojo
(2011). Here, the histological data of Revueltosaurus are
described in detail and used to elucidate the morphogen-
esis and structure among the aetosaur osteoderms
sampled. Furthermore, two osteoderms (Fig. 31,J) of the
new doswelliid archosauriform Jaxtasuchus (Schoch and
Sues, 2013) were sectioned for outgroup comparison.

Following standard petrographic thin-sectioning pro-
cedures (e.g., Chinsamy and Raath, 1992, Chinsamy-
Turan, 2005; Lamm, 2013) all osteoderms were sectioned
either longitudinally or transversely to allow compara-
bility among taxa. Prior to sectioning with a stone saw
equipped with a diamond-sintered blade, the specimens
were embedded in a two-component synthetic resin
(Araldit XW396 and XW397). The same resin was then
used for stabilization and filling of holes and fixing of
the specimens to glass slides. After cutting the specimen
off the slide (again using the stone saw), the remaining
bones on the slide were ground down to a thickness of
60—80 um or less (depending on the natural coloration of
the bones), using SiC powders (usually SiC 500, SiC,
800).The samples were then covered with a thin glass
cover slip using UV-resin (Panacol Vitralit 6127) and a
UV handlamb (UVAHAND 8/BL). The specimens were
then studied with a LEICA compound microscope DM
2500 M equipped with a LEICA digital camera DFC
420C. In the case of Revueltosaurus, polished sections
(using SiC 1200 polishing powder) were prepared in
addition to the thin sections, to be studied under
reflected light conditions. Nomenclature of osteoderm
structures is following Cerda and Desojo (2011). As such
the terms “external,” “internal” (for core area of osteo-
derm), and “basal” are used herein (which correspond,
respectively, to “external,” “interior,” and “internal” of
Scheyer and Desojo, 2011). All sections will be returned
to and kept with the reminder of the bone specimens in
the specific institutions and collections.

Institutional Abbreviations: PEFO, Petrified Forest
National Park, Arizona, USA; SMNS, Staatliches
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TABLE 1. Taxon names, specimen numbers, and locality data of archosauriform specimens

Taxon sampled

Specimen no.

Age and locality information

Phytosauria
Leptosuchus

Paleorhinus

Pseudopalatus

Phytosauria

Phytosauria

Phytosauria

Aetosauria
Adamanasuchus eisenhardtae
Lucas et al., 2007

Aetosaurus ferratus Fraas, 1877

Calyptosuchus wellesi (Long and
Ballew, 1985)

Desmatosuchus smalli Parker, 2005

Desmatosuchus spurensis Case,
1920

Paratypothorax andressorum Long

and Ballew, 1985

Paratypothorax sp. (Paratypothorax
Long and Ballew, 1985)

Stagonolepis olenkae Sulej, 2010

Stagonolepididae unnamed sp.

Tecovasuchus chatterjeei Martz and
Small, 2006

TTU-P14639-t (keeled osteoderm
fragment)

TTU-P18243 (keeled osteoderm frag-
ment associated with TTU-P09423, a
complete skull and partial
postcranium)

TTU-P11554 (osteoderm fragment)

TTU-P19255 (keeled osteoderm frag-
ment, originally referred to as Angis-
torhinus sp.)

IPB R479 (small, roughly circular
osteoderm with central apex; see
Scheyer and Sander, 2004)

SMNS 91013 (keeled osteoderm frag-
ment; previously identified as cf.
Mystriosuchus sp.)

TTU-P10593 (paramedian osteoderm
fragment)

SMNS 12670 (thin paramedian osteo-
derm fragment of Aetosaurus ferra-
tus specimen, see Schoch, 2007)

PEFO 34191 (paramedian osteoderm
fragment; listed also in Parker and
Martz, 2011: Table 1 as part of the
voucher specimens used in strati-
graphic range chart reconstruction)

TTU-P09204-z (paramedian osteoderm
fragment associated with postcranial
material)

TTU-P16092-v (isolated cervical lateral
osteoderm based on external surface
ornamentation; see Parker, 2005)

SMNS 91551 (paramedian osteoderm
fragment associated with other skel-
etal remains)

PEFO 5030 (larger paramedian osteo-
derm fragment)

PEFO 34187 (small paramedian osteo-
derm fragment)

TTU-P11594 (paramedian osteoderm
fragment, originally referred to as
Calyptosuchus wellesi)

ZPAL Ab I11/2379 (four paramedian
osteoderm fragments, two of which
were sampled herein)

TTU-P18443-b (small thick osteoderm
fragment, associated with most of
the carapace)

TTU-P19902 (paramedian osteoderm
fragment)

lower Tecovas Formation, Dockum
Group, Upper Triassic, Crosby
County, Texas

lower Tecovas Formation, Dockum
Group, Upper Triassic, Garza
County, Texas

upper Cooper Canyon Formation,
Dockum Group, Norian, Upper Tri-
assic, Garza County, Texas

middle Tecovas Formation, Dockum
Group, Carnian, Upper Triassic, Bor-
den County, Texas

Cooper Canyon Formation, Dockum
Group, ?Norian, Upper Triassic,
Garza County, Texas

Lowenstein Formation, Norian, Upper
Triassic, Heslach near Stuttgart,
Germany

lower Tecovas Formation, Dockum
Group, Upper Triassic, Crosby
County, Texas

Arnstadt Formation (middle Stuben-
sandstein), Norian, Upper Triassic,
Pfaffenhofen, southern Germany

upper Lots Wife beds, Sonsela Mem-
ber, Chinle Formation, Norian, Petri-
fied Forest National Park, Arizona

top of Tecovas Formation, Dockum
Group, Carnian, Upper Triassic,
Garza County, Texas

lower Tecovas Formation, Dockum
Group, Upper Triassic, Crosby
County, Texas

Lowenstein Formation (Stubensand-
stein), Norian, Upper Triassic,from
type locality Heslach near Stuttgart,
Germany

above Lithodendron Wash bed, Petri-
fied Forest Member, Chinle Forma-
tion, upper Norian, Petrified Forest
National Park, Arizona

top of Jim Camp Wash beds, Sonsela
Member, Chinle Formation, Norian,
Petrified Forest National Park,
Arizona

lower Tecovas Formation, Dockum
Group, Upper Triassic, Crosby
County, Texas

probably Drawno Beds coeval to the
Lehrberg Beds of Germany, Late
Carnian, Upper Triassic, Krasiejow,
Opole Silesia, southern Poland

near base of Cooper Canyon Forma-
tion, Dockum Group, Norian, Upper
Triassic, Garza County, Texas

lower Tecovas Formation, Dockum
Group, Upper Triassic, Crosby
County, Texas
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Taxon sampled
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TABLE 1. (continued).
Specimen no.

Age and locality information

Typothorax Cope, 1875

Non-aetosaurian Pseudosuchia
Revueltosaurus callenderi Hunt,
1989 (Hunt, 1989b)
Non-archosaurian Archosauriformes
Jaxtasuchus salomoni Schoch and

Sues, 2013

PEFO 5039 (smaller paramedian
osteoderm fragment, originally iden-
tified as Typothorax cf. T.
coccinarum)

PEFO 36853 (larger paramedian osteo-
derm fragment)

SMNS 91550 (isolated paramedian
osteoderm fragment)

PEFO 35283 (small paramedian osteo-
derm; see Scheyer and Desojo, 2011)

SMNS 81902 (larger osteoderm frag-
ment); SMNS 91549 (smaller osteo-
derm fragment)

top of Jim Camp Wash beds, Sonsela
Member, Chinle Formation, Norian,
Petrified Forest National Park,
Arizona

exact locality unknown, upper part of
Sonsela Member, Chinle Formation,
Norian, Petrified Forest National
Park, Arizona

Santa Rosa Formation (Santa Rosa
Sandstone?), Chinle Group, Carnian,
Conchas Lake, New Mexico

Chinle Formation, Upper Triassic, Pet-
rified Forest National Park, Arizona

Erfurt Formation (Lower Keuper), late
Ladinian, late Middle Triassic, Schu-
mann Quarry, Vellberg (Eschenau),
east of Schwabisch Hall, Baden-
Wiirttemberg, Germany

Museum fiir Naturkunde, Stuttgart, Germany; TTU,
Museum of Texas Tech University, Lubbock, Texas, USA;
ZPAL, Institute of Palaeobiology of the Polish Academy

Fig. 2. Sampled phytosaur osteoderms. A: Leptosuchus (TTU-P14639-t). B: Pseudopalatus (TTU-
P11554). C: Paleorhinus (TTU-P18243). D: Phytosauria (TTU-P19255). Images marked with 1 in external
and with 2 in basal view. Specimens are arranged so that keel/long axis is antero-posteriorly orientated.

of Sciences, Warsaw, Poland.

Phytosauria

All phytosaur osteoderms have a diploe structure with
a variably developed extensive internal core area, sur-

RESULTS

rounded by external and basal compact bone. The external
osteoderm surface is strongly sculptured, especially in the
central keeled regions, whereas the basal bone surface is

usually flat to slightly concave. Only in the Phytosauria
specimen IPB R479 (Scheyer and Sander, 2004), which
most likely is a non-median appendicular osteoderm, the
basal surface is convex. These differences might pertain to
the osteoderm position on the body (anterior-posterior or

medial-lateral). In all specimens, the cortices are well vas-
cularized and roughly of similar thickness.



Fig. 3. Sampled aetosaur and outgroup osteoderms. A: Paratypo-
thorax (TTU-P11594). B: Desmatosuchus spurensis (TTU-P16092-v). C:
Tecovasuchus chatterjeei (TTU-P19902). D: Paratypothorax andresso-
rum (SMNS 91551). E: Desmatosuchus smalli (TTU-P09204-z). F: Ada-
manasuchus eisenhardtae (TTU-P10593). G: Typothorax (PEFO 5039).
H: Stagonolepididae unnamed sp. (TTU-P18443-b). I: Jaxtasuchus sal-
omoni (SMNS 91549). J: Jaxtasuchus salomoni (SMNS 81902). K:

Typothorax sp. (PEFO 36853). L, M: Stagonolepis olenkae (ZPAL Ab
11/2379). N: Calyptosuchus wellesi (PEFO 34191). O: Paratypothorax
(PEFO 34187). P: Typothorax (SMNS 91550). Q: Paratypothorax (PEFO
5030). R: Aetosaurus ferratus (SMNS 12670). Images marked with 1 in
external, with 2 in basal, and with 3 in lateral view. If possible, speci-
mens are arranged with their anterior margin facing to the top of the
figure.
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Fig. 4. Phytosaur osteoderm histology, part |I. A-C: Phytosauria
(TTU-P19255). D: Leptosuchus (TTU-P14639-t). E,F: Phytosauria
(SMNS 91013). Images in A, B and D are shown in normal polarized
transmitted light, C and F in cross-polarized light and E in cross-
polarized light using a lambda compensator. A: External cortex over
keeled area of osteoderm. A growth mark (Line of arrested growth) is
marked by white arrow. B,C: Localized fibro-lamellar organization
(plexiform arrangement of primary osteons) of external bone cortex. D:
Cortical bone showing four growth cycles (succession of growth

Phytosauria (TTU-P19255, keeled osteoderm
fragment). The cortices are of similar thickness in
the specimen. Eight growth marks, that is, annuli, could
be traced within the whole compact bone.

SCHEYER ET AL.

0.2 mm

zones, annuli and lines of arrested growth, the latter marked by white
arrows) surrounding the internal osteoderm core. E: Dense internal
core area of osteoderm surrounded by external and basal cortical
bone. In both cortices, layers with higher vascularization intercalate
with those with low vascularization. F: Internal core area of osteoderm
showing interwoven patterns of structural fibers. Abbreviations: EC,
erosion cavity; FLB, fibro-lamellar bone; PFB, parallel-fibered bone;
SF, structural fibers.

External cortex—The cortex consists mainly of a cycli-
cal succession of growth zones (Fig. 4A), usually of
parallel-fibered bone extensively vascularized by a retic-
ular network of simple primary vascular canals and
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primary osteons, and avascular annuli of parallel-fibered
bone. Locally, however, portions of bone appear to be of
the fibro-lamellar type (isotropic matrix and vascular
canals seamed with lamellar bone in cross-polarized
light), with the vascularization reaching plexiform orga-
nization (Fig. 4B,C). Sharpey’s fibers extend into the cor-
tex in high to moderate angles (about 40° to 70°) and
are most conspicuous as coarse fibers in the keeled parts
of the osteoderm.

Cancellous bone—The cancellous bone is composed of
thick trabeculae preserving interstitial primary bone
and vascular spaces lined with lamellar bone. The tran-
sition from the core area to the surrounding cortex is
distinct, because there is no transitional zone dominated
by secondary osteons or erosion cavities.

Basal cortex—The cortex consists of parallel-fibered
bone, which is vascularized by a network of primary vas-
cular canals and primary osteons. A single large vascu-
lar space of circular shape is present in the cortex,
which is interpreted as a large nutrient foramen pervad-
ing the osteoderm. Sharpey’s fibers are also present
within the basal cortex, although they are not as con-
spicuous as in the external cortex.

Leptosuchus (TTU-P14639-t, keeled osteoderm
fragment). Previous growth stages of the osteoderm
are clearly observable and not remodeled, which allowed
a confident count of growth cycles, which showed annuli
and LAGs in the sample. Throughout the osteoderm,
four growth cycles were counted (Fig. 4D).

External cortex—The external cortex constitutes
growth cycles of strongly vascularized zones of parallel-
fibered bone tissue interspersed by less vascularized
annuli of the same matrix. Sharpey’s fibers that insert
perpendicularly or in high angles (>60°) into the cortex
are abundant.

Cancellous bone—The core area consists of primary
bone matrix and vascular cavities. The largest cavities
are situated in the center, whereas towards the cortices,
smaller vascular spaces and scattered secondary osteons
are found.

Basal cortex—The cortex also consists of cyclically
deposited parallel-fibered bone, with the growth zones
being vascularized by reticular network of vascular
canals. Here the growth marks, that is, LAGs, are most
conspicuous. Primary osteons or patches of fibro-
lamellar bone were not encountered. Sharpey’s fibers
also insert into the basal cortical bone.

Phytosauria (SMNS 91013, keeled osteoderm
fragment, previously identified as cf. Mystriosu-
chus sp.). The earlier identification of the specimen
as cf. Mystriosuchus sp. is doubtful, as Mystriosuchus is
not known from the Stuttgart-Heslach locality (identifia-
ble cranial material belongs to Nicrosaurus instead:
Hungerbiihler, 2002). The cortices in this specimen are
of similar thickness, but growth marks are not
traceable.

External and basal cortices—Both cortices are com-
posed of incremental layers of stronger and less strongly
vascularized parallel-fibered bone tissue (Fig. 4E). Fine
Sharpey’s fibers are found inserting the tissue in the
external keel areas, whereas more coarse bundles of
Sharpey’s fibers extend into the basal cortex. All fibers
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are slightly angled (between 50° and 80°) towards the
core area deep to the osteoderm keel. In both cortices,
vascularization consists of a reticular arrangement of
primary vascular canals.

Cancellous bone—The cancellous core is most exten-
sive deep to the keel and it tapers off in thickness
towards the flatter osteoderm margins. In the internal
core area, larger vascular spaces are irregular shaped
and smaller spaces are more round. In between the
spaces, interstitial primary bone tissue, in patches show-
ing an interwoven pattern of structural fibers, is pre-
served (Fig. 4F). True trabecular bone is absent in the
specimen.

Paleorhinus (TTU-P18243, keeled osteoderm
fragment). The cortices are of similar thickness,
except in the keel, where the internal cancellous core
extends partly up to the external bone surface. There is
no indication that extensive erosion of the external cor-
tex led to the exposure of the core tissue here, but
instead it appears to be a genuine histological feature of
the osteoderm. A similar pattern has been recently
described in an osteoderm from the caudal region of the
South American “rauisuchian” Fasolasuchus tenax
(Cerda et al., 2013).

External cortex—The external cortex is composed of
parallel-fibered bone, vascularized by simple primary
canals and primary osteons. Locally, highly vascularized
patches of tissue (almost like patches of trabecular tis-
sue) can be found intercalated with the less vascularized
layers in the keeled area. Much of the cortex is in the
process of being remodeled as evidenced by the presence
of scattered secondary osteons throughout the deeper
cortical layers (Fig. 5A). At least six growth marks,
LAGs and annuli, are traceable within the compact
bone, but the remodeling does not allow for getting reli-
able counts.

Cancellous bone—The internal core shows a complex
structure of smaller secondary osteons, several genera-
tions of larger erosion cavities, which range from being
newly formed to be completely lined with secondary
lamellar bone, and small patches of interstitial primary
bone. The latter consists of interwoven structural fibers.

Basal cortex—The basal cortex appears bi-partite in
structure. The deeper part bordering the internal cancel-
lous core is composed of lamellar-zonal bone sparsely
vascularized by scattered primary vascular canals (Fig.
5B,C). Coarse bundles of Sharpey’s fibers extending per-
pendicularly to the basal osteoderm surface are found
throughout this part. The more superficial part of the
cortex lacks to a large degree the lamellar-zonal organi-
zation but consists of a thick zone of parallel-fibered
bone heavily crossed by diagonally arranged coarse bun-
dles of Sharpey’s fibers. Only a thin band of bone
directly adjacent to the basal osteoderm surface again
shows a more highly ordered organization, that is,
lamellar-zonal bone. The basal osteoderm surface itself
is slightly irregular as evidenced by small bony protru-
sions and excavations formed by this outermost thin
band of cortical bone.

Pseudopalatus (TTU-P11554, osteoderm frag-
ment). In this specimen, a keel was not encountered,
leaving both the external bone surface slightly convex
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Fig. 5. Phytosaur osteoderm histology, part Il. A-C: Paleorhinus
(TTU-P18243). D: Pseudopalatus (TTU-P11554). Images in A and B
are shown in normal polarized transmitted light, C and D in cross-
polarized light using a lambda compensator. A: External cortex of
keeled area of osteoderm. Note vascularization reaching up to the
bone surface. B,C: Interior core area and bipartite basal cortex. Note

and the basal surface slightly concave. The basal cortex
is also thicker than the external cortex surrounding a
well-defined internal core area.

External and basal cortices—Both cortices are com-
posed of a homogenous zone of parallel-fibered bone, vas-
cularized by a reticular meshwork of primary vascular
canals. At the upturned tapering osteoderm margin, the
intrinsic fibers of the compact bone tissue are changing
their orientation to continue running parallel to the
osteoderm surface (Fig. 5D). In the opposite downturned
taping margin, this flexure of the tissue is less obvious,
because the bone tissue has a more fibrous texture here
(maybe due a higher amount or coarse Sharpey’s fibers
in this area). Fine Sharpey’s fibers extend into the exter-
nal cortical tissue, whereas coarser Sharpey’s fiber bun-
dles extend into the basal cortex. Basally, the coarse
bundles are overall angled (between 20° and 60°)
towards the internal center of the core area. There is
only a single growth mark, an annulus separating the
osteoderm core from the cortical bone, identifiable.

Cancellous bone—The cancellous core consists of
mostly larger, irregularly shaped vascular spaces lined
with secondary lamellar endosteal bone and a few thick
trabeculae preserving primary bone internally. Due to
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transition between lamellar-zonal and parallel-fibered bone tissues. D:
External and basal cortices of osteoderm. Note how fibrous scaffold
changes direction (indicated by change from blue to yellow colors).
Abbreviations: EC, erosion cavity; LB, lamellar bone; LZB, lamellar-
zonal bone; PFB, parallel-fibered bone; ShF, Sharpey’s fibers.

the high amount of re-crystallization of the internal core
area, the nature of the primary tissue is obscured. A
patch of Haversian bone is encountered at the border of
the core to the external cortex. Such a transition is not
visible towards the basal cortex. Here the border
between core area and cortex is highly distinct.

Aetosauria

All sectioned aetosaur osteoderms revealed a well-
developed diploe structure with external and basal com-
pact bone layers framing an internal cancellous bone
core. Changes in thickness within the cortices are linked
to areas of strong bone remodeling only. Depending on
the overall thickness of the sampled bone, the core area
(internal region) of the osteoderms could be quite exten-
sive. Some of the specimens share histological features,
so they have been combined in the descriptive parts
below.

Adamanasuchus eisenhardtae (TTU-P10593,
small paramedian osteoderm fragment). The
sampled fragment is part of several osteoderms in the
TTU collections, which resemble the morphology of
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Adamanasuchus eisenhardtae described by Lucas et al.
(2007), who noted that the paramedian osteoderms are
strongly arched (about 30°) and relatively narrow, with
prominent anterior bar and ventral keel, and ornamen-
tation with little radiation and sparse circular pits.
Unfortunately, due to its fragmentary nature, most of
the above characteristics (besides the prominent bar) are
indiscernible in the fragment used and only allow us to
refer it to Aetosauria.

External and basal cortices—The compact bone layers
consist basically of parallel-fibered bone vascularized by
scattered simple primary vascular canals (Fig. 6A).
Towards the interior core area of the osteoderm, the vas-
cularization gets more extensive with the canals show-
ing reticular patterns. Locally the outermost layers of
the external cortex consist of lamellar-zonal bone.
Locally, towards the anterior tapering tip of the speci-
men, four growth cycles are counted (Fig. 6A).

Cancellous bone—A larger area of trabecular bone is
present only in the interior-most and thickest part of the
osteoderm (Fig. 6A). Here the trabeculae consist of thick
secondary lamellar bone. In the other areas, the bone
matrix still consists of parallel-fibered tissue but trabec-
ulae are absent and an extensive reticular network of
thick primary vascular canals and primary osteons is
present instead (Fig. 6B).

Aetosaurus ferratus (SMNS 12670, small thin
fragment). Diploe structure—The cortices are thin
bands of lamellar bone surrounding an internal core area
(Fig. 6C). One compact layer (presumably the external
cortex, based on comparison with the other samples) has
an increased extensive vascularization system consisting
of thick primary vascular canals. No growth marks are
visible in the cortical bone. In the two-dimensional sec-
tion, the trabeculae appear as wide-spaced “floating iso-
lated islands” of bone and trabecular branching points are
few and scattered in the section. Otherwise, the specimen
lacks diagnosable histological features.

Calyptosuchus wellesi (PEFO 34191, parame-
dian osteoderm fragment). External cortex—The
cortex consists of lamellar-zonal bone, which shows a
high degree of remodeling. Lines of resorption are fre-
quently found in the tissue and many intersections occur
between successively deposited layers (Fig. 6D). Fine
Sharpey’s fibers insert into the cortex in high angles
(>60°). Thicker areas below ornamental saddles show a
generally isotropic fibrous tissue structure with reticular
vascularization patterns and rounded osteocyte lacunae.
These properties indicate the localized presence of woven
fibered bone. A minimum of seven growth cycles (growth
zones and LAGs) were counted.

Cancellous bone—The trabecular bone is secondary in
nature, constituting centripetally deposited lamellar
bone.

Basal cortex—There is a clear thin border between
the internal core and the basal cortex. Adjacent to the
internal core, the cortex is dominated by a loose
arrangement of intercalated longitudinally and trans-
versely extending structural fiber bundles. The latter
have a lenticular shape in cross-section. Towards the
basal bone surface, the amount of layers with a parallel-
fibered texture increases and finally the whole tissue is
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composed of parallel-fibered bone tissue (Fig. 6E,F). Con-
spicuous Sharpey’s fibers are restricted to the parallel-
fibered tissue and are not found in the more internal
part of the cortex. Both the inner and outer parts of the
cortex are vascularized by scattered simple or branching
primary vascular canals and primary osteons.

Isolated pockets of convoluted, well-vascularized sec-
ondary bone (Fig. 6E) within the primary bone might be
the result of a highly localized pathology (maybe lesion
caused by osteitis/osteomyelitis within parts of the basal
cortex; see Rothschild et al., 2012 for causes and discus-
sion). Another explanation of these peculiar isolated
occurrences of secondary bone might be that they are
the result of localized resorption domains caused by
increased calcium mobilization (e.g., in ovipositing
females). Counting growth marks is largely hampered
by delamination of cortical layers.

Desmatosuchus smalli (TTU-P09204-z) and
Desmatosuchus spurensis (TTU-P16092-v). Both
specimens sampled show a strong surface relief (see
Parker, 2005), which is also visible as ornamental val-
leys and saddles in the sections.

External cortex—The external cortex is composed of
lamellar bone locally grading into parallel-fibered bone
(Fig. 7A). Zonation of the tissue is clearly observable,
with five to six growth cycles being present in both
specimens (D. smalli and D. spurensis, respectively).
The vascularization of the compact tissue is overall low,
consisting only of scattered secondary osteons and ero-
sion cavities. Most of the interior compact layers on the
other hand are heavily remodeled, so that there is no
distinct transitional zone between the external cortex
and the cancellous interior.

Cancellous bone—The cancellous interior consists of
secondary remodeled trabecular bone. The trabeculae
extend far into the ornamental saddles (Fig. 7A), thus
paralleling the external relief of the osteoderm.

Basal cortex—The basal cortex in both taxa consists of
parallel-fibered bone (Fig. 7B) vascularized by few scat-
tered simple primary vascular canals. Sharpey’s fibers
extensively insert into the cortical bone in oblique angles
(range between 10° and 40°).

Paratypothorax (PEFO 5030, larger element; PEFO
34187, smaller element; TTU-P11594, fragment origi-
nally identified as Calyptosuchus wellesi)

External cortex—The cortex is composed of lamellar-
zonal bone tissue, with resorption lines frequently
reshaping the external saddle and valley ornamentation
(Fig. 7C). Sharpey’s fibers are concentrated in the saddle
regions. The transition to the internal core area could be
coarse cancellous or composed of Haversian bone, the
latter being more strongly developed in PEFO 34187
than in PEFO 5030 and TTU-P11594. The general pri-
mary vascularization locally varies between reticular
simple vascular canals and primary osteons, the latter
can be closely spaced (Fig. 7D). In PEFO 5030, patches
with up to five, hardly traceable growth marks were
visible, whereas in PEFO 34187, a high number of
tightly spaced growth marks (17-20 LAGs) were locally
observed (Fig. 7E).

Cancellous bone—The core area is composed of sec-
ondary trabecular bone, but interstitial primary parallel-
fibered bone tissue is also present (Fig. 7C-F).
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Fig. 6. Aetosaur osteoderm histology, part |. A,B: Adamanasuchus
eisenhardtae (TTU-P10593). C: Aetosaurus ferratus (SMNS 12670). D-
F: Calyptosuchus wellesi (PEFO 34191). Images in A-E are shown in
normal polarized transmitted light, F in cross-polarized light using a
lambda compensator. A: External cortex and interior trabecular bone
tissue. Note growth marks (arrows) in compact bone. B: Basal cortex
and interior non-trabecular bone tissue vascularized by reticular canal
system. C: Complete view of sectioned thin osteoderm. Both cortices
and the interior trabeculae consist of lamellar bone. D: External cortex
and adjacent interior cancellous bone. Note resorption and re-

Basal cortex—The basal cortex consists of parallel-
fibered bone, vascularized with primary vascular canals
which can be rather evenly distributed lending the tissue
a homogeneous appearance; no conspicuous coarse bun-
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deposition of cortical bone tissue. E: Basal cortex and interior cancel-
lous bone. Highly localized, presumably pathological pockets of sec-
ondary bone tissue are scattered within the cortex. No apparent
connection to either the external bone surface or the interior was
found. F: Close-up of the intercalated longitudinal and transverse fiber
bundles constituting largely the more interiorly situated parts of the
basal cortex. Abbreviations: LB, lamellar bone; LSF, longitudinally sec-
tioned structural fibers; LZB, lamellar-zonal bone; PATH, pathological
tissue; PFB, parallel-fibered bone; TSF, transversely sectioned struc-
tural fibers.

dles of Sharpey’s fibers are present. There is a clear, nar-
row transition between the internal core and the basal
cortex, with few scattered secondary osteons invading the
basal cortex tissue. Growth marks were not well enough



Fig. 7. Aetosaur osteoderm histology, part Il. A,B: Desmatosuchus
smalli (TTU-P09204-z). C-F: Paratypothorax (PEFO 5030, PEFO
34187, TTU-P11594). G: Paratypothorax andressorum (SMNS 91551).
Images in A and G are shown in cross-polarized light, B, C, and E in
normal polarized transmitted light, and D and F in cross-polarized light
using a lambda compensator. A: Close-up of external cortex and
ornamental ridge. B: Close-up of basal cortex and interior cancellous
bone. C: Complete thin-section of PEFO 5030. D: Close-up of external
cortex and interior cancellous bone. Note that outermost layers of
lamellar-zonal bone have been largely eroded here leading to a scal-

1.0 mm

loped surface relief. E: Close-up of external cortex and interior cancel-
lous bone. F: Close-up of external cortex and interior cancellous
bone. G: Close-up of basal cortex and interior cancellous bone. 17
Growth cycles are recognized (indicated by arrows), with the last 15
lines of arrested growth forming an outer circumferential layer or exter-
nal fundamental system (e.g., Horner et al., 2000; Ponton et al., 2004).
Abbreviations: CB, cancellous bone; EC, erosion cavity; LZB, lamellar-
zonal bone; LB-PFB, lamellar bone grading into parallel-fibered bone;
PFB, parallel-fibered bone; PO, primary osteon; SO, secondary
osteon.
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preserved to be counted in PEFO 5030 and TTU- P11594,
but a minimum of 10 LAGs were counted in PEFO 34187.

Paratypothorax andressorum (SMNS 91551,
small thick fragment). In this fragment from the
anterior part of the osteoderm (the un-sculptured ante-
rior bar), the histological details of the external and
basal cortices appear to be very similar.

External cortex—The external cortex is composed of
lamellar-zonal bone with coarse Sharpey’s fibers insert-
ing mostly perpendicularly into the bone surface. There
is a narrow distinct border to the internal core area. The
tissue is weakly vascularized with few scattered primary
vascular canals, although a few scattered secondary
osteons are also present.

Cancellous bone—The core is highly remodeled into
thin and oblong trabeculae consisting of secondary
lamellar bone.

Basal cortex—Lamellar-zonal bone with very few simple
primary vascular canals is present, whereas conspicuous
coarse bundles of Sharpey’s fibers insert in moderate angles
between 35° and 50° into the cortex. In areas where the
compact bone is thickened, the best growth record is visible,
showing growth zones and lines of arrested growth (a mini-
mum of 17 growth cycles; Fig. 7G).

Stagonolepis olenkae (ZPAL_Ab III-2379, one
thinner and one thicker element). Besides being
from the type horizon and locality of S. olenkae, the spe-
cies assignment appears valid because sampled speci-
mens are spiked and not strongly curved in section,
fitting well the species diagnosis given by Sulej (2010).

External cortex—The cortex is composed of lamellar
bone (Fig. 8A,B). Locally coarse Sharpey’s fibers are
present extending over the lamellar bone tissue. The cor-
tex is vascularized by scattered simple vascular canals
and few scattered secondary osteons. Higher vasculari-
zation is restricted to areas of strong bone remodeling.
The saddle and valley morphology of the surface orna-
mentation is also present in section as lines of resorption
within the primary bone indicate successive cycles of
bone erosion and deposition. Locally the ornamentation
is deeply incised and at least six growth cycles (zones
and annuli) could be counted in both specimens. One of
the samples possesses an unusual deep excavation in
the external cortex. This excavation is opened near the
anterior margin of the osteoderm and extends within the
external cortex in an antero-posterior orientation.

Cancellous bone—The core area is mostly composed of
elongated slender secondary trabeculae, showing centri-
petally deposited lamellar bone (Fig. 8A).

Basal cortex—The basal cortex consists of lamellar-zonal
bone, vascularized by a few scattered simple primary
canals. Massive incorporation of coarse bundles of Sharpey’s
fibers is common. The Sharpey’s fibers show a central point
of inflection (fibers inverse direction), which is present in
both sampled specimens (Fig. 8C). Similar to the external
cortex, six growth cycles were counted, which were best visi-
ble at the lateral margin of the thinner element.

Stagonolepididae undescribed sp. (TTU-
P18443-b, smaller fragment) and Tecovasuchus
chatterjeei (TTU-P19902, large fragment). Fol-
lowing Martz and Small (2006), TTU-P19902 is identi-
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fied as a Tecovasuchus chatterjeei paramedian osteoderm
based on the presence of a raised anterior bar (also pres-
ent in other species), an ornamentation combining deep
circular pits and shallower radiating grooves (also in
Stagonolepis and Neoaetosauroides) and posterior edge
strongly thickened and beveled.

The paramedian osteoderm fragments are very similar
in structure to that described already for the Paratypo-
thorax specimens. They also show an external cortex
which consists of lamellar-zonal bone (Fig. 8D,E) and a
basal cortex of parallel-fibered bone, which is vascular-
ized by a reticular network of primary vascular canals
(Fig. 8F). The cortices frame an interior core area of sec-
ondary remodeled trabecular bone. Up to five growth
cycles (growth zones separated by LAGs) are countable
in the external cortex of TTU-P19902, whereas in the
basal cortex only two growth cycles (growth zones and
annuli) are visible due to strong remodeling of the pri-
mary bone tissue. Sharpey’s fibers are not conspicuous
in this specimen and only found in few patches in the
external and basal cortices. In TTU-P18443-b, eight or
nine growth cycles (mostly indicated by LAGs) are
countable in both the external and basal cortices. Fine
Sharpey’s fibers are also widely discernible throughout
the external but more patchily in the basal cortices in
this specimen.

Typothorax (PEFO 5039 large fragment, origi-
nally referred to as Typothorax cf. T. coccina-
rum; PEFO 36853, large osteoderm; SMNS 91550,
smaller fragment). Osteoderms of three different
sizes were sampled. The smallest specimen is SMNS
91550, the larger ones PEFO 5039 and 36853, with the
latter of the two being more completely preserved. All
three specimens show the flat external surfaces with
non-radiating ornamentation consisting of sub-circular
pits surrounded by ridges, and prominent keels on the
basal sides typical for Typothorax paramedian osteo-
derms. Based on their fragmentary nature (i.e., length
to width ratios not known), however, none could be
unambiguously assigned to a species. The finer and
denser external pitting patterns in PEFO 5039 and the
specimen from SMNS would generally favor an assign-
ment to T. coccinarum instead of T. antiquum (see
Parker and Martz, 2011). All specimens share the most
complex histological structure among all sampled aeto-
saur osteoderms, including published data on Aetosaur-
oides scagliai (Cerda and Desojo, 2011) and the
desmatosuchine Sierritasuchus macalpini (Parker et al.
2008).

Smaller Osteoderm (SMNS 91550)

In the anterior bar region, the bone is compact and a
diploe structure is not yet developed. Here the bone tis-
sue consists of parallel-fibered bone, vascularized with
an extensive reticular system of primary vascular canals
(Fig. 9A). The canals are larger in the central area of
the bar and decrease in diameter towards the outer bone
surface. Towards the anterior tip of the bar the layers of
parallel-fibered bone extend sub-parallel to the external,
lateral, and basal bone surfaces. A diploe structure
(described in detail below) is developed at the thickened
central and more posteriorly situated regions of the
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Fig. 8. Aetosaur osteoderm histology, part Ill. A-C: Stagonolepis
olenkae (ZPAL Ab 111/2379). D: Stagonolepididae unnamed sp. (TTU-
P18443-b). E,F: Tecovasuchus chatterjeei (TTU-P19902). Images in A
and F are shown in normal polarized transmitted light, B-E in cross-
polarized light using a lambda compensator. A: Diploe structure of the
osteoderm. B: Close-up of the external cortex showing strong incor-
poration of coarse Sharpey’s fibers. C: Close-up of the basal cortex

osteoderm (Fig. 9B), whereas the posterior margin of the
osteoderm is yet more compact again (Fig. 9C).

External cortex—The external cortex shows an external
ornamentation of ridges and valleys in various stages of
remodeling. Lines of resorption mark separate areas of sec-
ondary bone deposition, which consist locally of parallel-
fibered or fibro-lamellar bone, the latter showing also
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with the “inflection” point of differently arranged oblique Sharpey’s
fiber sets (bluish and yellowish colors). D,E: Close-up of the external
cortex and interior cancellous bone. F: Close-up of the basal cortex
and interior cancellous bone. Abbreviations: CB, cancellous bone; LB,
lamellar bone; LZB, lamellar-zonal bone; PFB, parallel-fibered bone;
PO, primary osteon; ShF, Sharpey’s fibers; SO, secondary osteon.

plumper and round cell lacuna shapes (Fig. 9D). Patches
with irregular growth marks (three LAGs and annuli could
be identified) are present only in the external-most parts
of the cortex, but they cannot be followed through the sec-
tion, thus preventing reliable counts.

Cancellous bone—In the central thickened core region,
trabecular bone is developed consisting of few thick



Fig. 9. Aetosaur osteoderm histology, part IV. A-D: Typothorax
(SMNS 91550). E-F: Typothorax (PEFO 36853). Images in A and F are
shown in normal polarized transmitted light, B in cross-polarized light
using a lambda compensator, and C-E in cross-polarized light. A:
Anterior bar region. B: Thickened central region. C: Close-up of most
posteriorly situated region. D: Close-up of external cortex being com-

primary trabeculae and irregularly shaped inter-
trabecular erosion cavities. Sporadic deposition of sec-
ondary lamellar bone lines the vascular spaces. Primary
bone consists of parallel-fibered and fibro-lamellar bone,
the latter being prominently deposited in areas adjacent
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posed of fibro-lamellar bone. E: Close-up of external cortex and inte-
rior cancellous bone. F: Close- up of basal cortex and interior
cancellous bone. Abbreviations: CB, cancellous bone; FLB, Fibro-
lamellar bone; PC, primary vascular canal; PFB, parallel-fibered bone;
PO, primary osteon.

to the external cortex. In the more posteriorly situated
parts of the osteoderm, the trabeculae and large erosion
cavities are substituted by a finer scaffolding of primary
trabecular bone highly vascularized by densely packed
primary osteons and smaller erosion cavities lined with
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secondary lamellar bone (resembling large secondary
osteons). Towards the posterior margin of the osteoderm,
the smaller erosion cavities disappear and are them-
selves substituted by a few scattered secondary osteons.
The interior of the osteoderm can be completely com-
posed of fibro-lamellar bone vascularized by tightly
packed primary osteons (Fig. 9C,D). The posterior-most
tip of the osteoderm shares the same histological struc-
tures as the anterior bar in that a diploe structure is
missing and that the bone tissue is vascularized by a
reticular network of primary canals. However, the layers
do not extend sub-parallel to the osteoderm surfaces, so
that the parallel-fibered bone of the basal cortex can be
clearly separated from the internal core and external
compact bone, the latter two being composed of parallel-
fibered and fibro-lamellar bone.

Basal cortex—The cortex is composed of parallel-
fibered bone well vascularized with simple primary vas-
cular canals, which extend predominantly sub-parallel to
the basal bone surface. In the central area of the osteo-
derm, the canals are more randomly arranged in the cor-
tex, with a single layer of avascular parallel-fibered bone
intercalating with the rest of the parallel-fibered bone.
No growth marks could be counted in the basal cortex.

Larger Osteoderms (PEFO 5039, 36853)

The PEFO specimens resemble, to a large part, the
histological description of the smaller SMNS 91550 spec-
imen in that, for example, (a) the basal cortex is mainly
composed of parallel-fibered bone vascularized by a net-
work of primary canals and that (b) the valleys and sad-
dles of the external cortex are composed of numerous
remodeled parts of parallel-fibered and fibro-lamellar
bone (Fig. 9E). The main difference between the speci-
mens, however, is the well-developed diploe structure
being present only in the PEFO specimens. Here the
sub-equally thick external and basal compact layers,
which surround the internal core, extend almost from
the tip of the anterior bar to the posterior margin of the
osteoderm. At the anterior-most tip and the posterior
margin, however, the cancellous bone almost reaches the
basal bone surface, thus the thickness ratio between the
external and basal compacta shifts towards 3:1 or even
4:1. Large areas of the osteoderm center and the pri-
mary external cortex have been extensively remodeled.
They now consist of secondary trabecular bone constitut-
ing centripetally deposited lamellar bone (Fig. 9E),
whereas the basal cortex consists of parallel-fibered bone
(Fig. 9F). Although areas preserving growth cycles are
more widespread in the PEFO specimens, growth marks
remain untraceable throughout the complete sections.
Locally, 10-12 LAGs were counted in the cortex of PEFO
5039.

Outgroup Comparison

Revueltosaurus callenderi (PEFO 35283, thin
element). Besides stratigraphic reasons, the specimen
is identifiable as a R. callenderi paramedian osteoderm,
based on having the sub-rectangular outline with an
anterior bar and “subcircular pitting arranged in a
random to weakly radial pattern” as noted by Parker
et al. (2005; compare also to referred osteoderm shown
in fig. 3g).
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The element has a rather compact structure, with
both external and basal cortices well developed.
Although some large resorption cavities can be observed
at the internal core of the osteoderm, a distinct cancel-
lous bone is not developed in this area. Growth marks,
that is, 11 LAGs are present (Fig. 10A), although they
are more pronounced in polished section and more diffi-
cult to trace within thin-sections, mostly because of
internal remodeling processes.

External cortex—The cortex shows parallel-fibered
bone. Sharpey’s fibers insert perpendicularly to the
external bone surface into the primary bone tissue. The
external ornamentation pattern consists of valleys and
saddles, which involved the resorption of primary
parallel-fibered bone and re-deposition of lamellar bone
(Fig. 10B,C) in drifting ornamentation pits (sensu
Buffrénil, 1982). In thin-section and one polished longi-
tudinal section, 11 LAGs were counted.

Internal core—The core area consists of primary
parallel-fibered tissue densely remodeled by secondary
osteons and secondary vascular canals resembling sec-
ondary osteons.

Basal cortex—The cortex consists of parallel-fibered
bone. Growth marks hinting at a zonation of the tissue
are not conspicuous. Sharpey’s fibers are few, inserting
in low to moderate angles (20° to 40°) into the bone
proper. Most layers of the parallel-fibered bone are avas-
cular but very few scattered primary vascular canals are
present throughout the whole of the cortex.

Jaxtasuchus salomoni (SMNS 81902, SMNS
91549): (thicker osteoderm, PHZ 12; thinner
osteoderm, PHZ 14). In addition to be from the type
locality and listed among the referred material in Schoch
and Sues (2013), the identification of the specimens as
J. salomoni paramedian osteoderms appears valid based
on their overall rectangular outline, an ornamentation
pattern “comprising prominent ridges and deep pits that
are more strongly developed but fewer in number than
on comparable osteoderms of Doswellia”, and having a
“distinct dorsal eminence of variable shape”, the latter
characteristic being shared with Doswellia (Schoch and
Sues, 2013: p. 2).

The cortices are of similar thickness and the diploe
structure is restricted to thicker, central cores of the
osteoderms. The lateral parts show a more compact
structure with converging cortices framing only thin
intercalated central layers which, in longitudinal sec-
tion, are well vascularized with reticular primary canals
and primary osteons (Fig. 10D).

External cortex—The cortex, its bone tissue consisting
of parallel-fibered bone, is strongly sculptured into val-
leys and saddles. Resorption lines hint at the remodeling
of previously deposited external compact layers (Fig.
10E). The relief of the surface ornamentation increases
through differential growth throughout the cortex. The
cortex is extensively vascularized by a reticular network
of primary vascular canals and scattered larger foramina
insert into more central areas of the osteoderms. Shar-
pey’s fibers usually insert perpendicular to the bone sur-
face into the tissue. They occur both at saddles and
valleys. The external-most layers of the cortex are avas-
cular and show a good growth record. In SMNS 81902,
six to eight growth cycles (zones and LAGs/annuli) were
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0.5 mm

Fig. 10. Osteoderm histology of outgroup taxa. A-C: Revueltosaurus
callenderi (PEFO 35283). D-F: Jaxtasuchus salomoni (SMNS 81902,
SMNS 91549). Image in A shows polished section in reflected light.
Images in B and D-F are shown in normal polarized transmitted light,
C in cross-polarized light using a lambda compensator. A: Eleven
growth marks (lines of arrested growth) are identified in the external
cortex. B,C: Close-up of the external cortex. Note erosion of primary
bone and deposition of lamellar bone at the margin of ornamental pit.

counted, whereas in SMNS 91549 no more than three
were countable.

Cancellous bone—The internal core shows trabecular
bone with short thick primary trabeculae and small
inter-trabecular spaces only where the osteoderm is
thickest (Fig. 10E,F). The trabeculae consist of primary
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0.5 mm

0:5 mlﬁ’l

D: Part of longitudinal section of specimen. E: Close-up of external
cortex showing resorption of earlier growth stages and subsequent
bone deposition (arrow). Note relief of surface ornamentation increas-
ing through differential growth. F: Close-up of interior cancellous bone
and basal cortex with localized pad of highly vascularized woven bone
tissue. Abbreviations: CB, cancellous bone; EC, erosion cavity; LB,
lamellar bone; PFB, parallel-fibered bone; RPC, reticular primary vas-
cular canals; WFB, woven-fibered bone.

parallel-fibered bone tissue lined with secondary lamel-
lar bone. Thickened areas of internal bone tissue with
extensive reticular vascularization are present deep to
each external saddle. The parallel-fibered bone of the
core area generally has a different, slightly more iso-
tropic extinction pattern (well visible in polarized light
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with lambda compensator) than the surrounding cortical
parallel-fibered bone.

Basal cortex—The basal cortex consists of parallel-
fibered bone. In SMNS 91549, the cortex is vascularized
by scattered simple and reticular primary vascular
canals. In SMNS 81902, vascularization was less pro-
nounced with only few scattered simple primary vascu-
lar canals. Sharpey’s fibers insert in low to moderate
angles (range between 20° and 50°) into the cortical tis-
sue in both specimens. They are extending predomi-
nantly towards the thicker central core area of the
osteoderm, as is visible in longitudinal section. Four
growth cycles could be found in SMNS 81902.

Below the keel region of the specimen, the basal-most
layer of the cortex shows a localized patch of highly vas-
cularized, woven fibered tissue surrounded by the
parallel-fibered layers (Fig. 10F). Vascular spaces are
primary, reticular, and not widened by additional resorp-
tive processes, whereas towards the tapering margins of
the patch, vascularization is mainly by reticular network
of smaller primary canals. Osteocyte lacunae are
enlarged and circular here compared to the more oblong
ones in the surrounding bone layers. Sharpey’s fibers
are also embedded within the irregular tissue patch,
thus appearing to be continuous with those in the sur-
rounding parallel-fibered bone. This layer of woven
fibered bone resembles the pathological, reactive bone
tissue observed in other archosaurs (Reid, 1996; Chins-
amy and Tumarkin-Deratzian, 2009).

DISCUSSION

The phytosaur and aetosaur osteoderms sampled
herein are wusually less compact in comparison to
“rauisuchian” osteoderms (Scheyer and Desojo, 2011;
Cerda et al.,, 2013), and all specimens show a diploe
structure in which a central cancellous core is sur-
rounded by compact bone layers.

In phytosaurs, growth stages of the osteoderms are
usually clearly visible (except in the sampled Phytosau-
ria SMNS 91013 and Pseudopalatus osteoderms), with
growth counts often being easier to perform with higher
levels of reproducibility. These are thus deemed to be
more reliable than growth counts in the aetosaur osteo-
derms. The external and basal cortical tissues are very
similar in structure, in most cases showing a succession
of strongly vascularized growth zones intercalated with
less vascularized layers, both composed of parallel-
fibered bone (only in Paleorhinus the less vascularized
parts consisted of zones of lamellar bone). The amount
and structure of Sharpey’s fibers, however, differs
between external and basal cortices. Particularly in the
basal cortex, insertion and extension of coarser bundles
of Sharpey’s fibers was reminiscent of those seen in croc-
odylian osteoderms, so that a functional incorporation of
paramedian osteoderms into the axial bracing system
(sensu Frey, 1988) is also plausible in phytosaurs. The
differences encountered by Scheyer and Sander (2004)
between the Phytosauria osteoderm (IPB R479) and
crocodylian osteoderms thus appear to be related to the
fact that the former is an appendicular osteoderm (also
differing from the other phytosaurs sampled herein) and
not a paramedian osteoderm from a paravertebral shield
(sensu Frey, 1988; Salisbury and Frey, 2001). Otherwise,
we do confirm the observation of Scheyer and Desojo
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(2011) and Cerda et al. (2013) that the pitting ornamen-
tation pattern observable in crocodylian osteoderms, and
which was recognized now also in Revueltosaurus, is not
found in any aetosaur or phytosaur osteoderm so far.

Among the aetosaurs, even the thinnest and smallest
specimen sampled, that is, SMNS 12670, presumably
from a juvenile Aetosaurus ferratus, shows a diploe
structure. Depending on the individual thickness of the
osteoderms, the cancellous part can be quite extensive.
External and basal compact bone layers are generally of
similar thickness. The histological variation (including
the extent of interior cancellous core area) observed in
the three different sized Typothorax osteoderms herein
is interpreted to represent different ontogenetic stages of
the individuals sampled. This stands in contrast to the
basal aetosaur osteoderms (incl. Aetosauroides scagliai)
from South America sampled by Cerda and Desojo
(2011), which generally lacked a larger area of internal
cancellous bone. In a recent contribution, Taborda et al.
(2013) showed that the Aetosauroides scagliai osteo-
derms (paramedian and laterals) maintained a rather
compact structure through its ontogeny. Hence, our data
reinforces the previous hypothesis proposed by Cerda
and Desojo (2011), who suggested that the compact
microanatomy of the A. scagliai was a typical feature of
this taxon.

Given the presence of a well-developed core of cancel-
lous bone tissue in most aetosaurian osteoderms, the
estimation of the absolute age of the individuals from
growth mark counting alone appears to not be possible.
The age values obtained from this method are necessar-
ily a minimum age because of secondary remodeling of
the internal core. Cerda and Desojo (2011) proposed that
Aetosaurinae aetosaurian osteoderms appear to be well
suited to infer absolute age in these archosaurs. Our
data indicate that it is true only in those taxa where the
secondary remodeling of the internal core is minimal or
absent (i.e., in A. scagliai).

In the case of the Paratypothorax specimens from
North America and Europe, cortical and overall thick-
ness of the specimens indicate similar osteoderm sizes—
this assumption is corroborated by similar growth mark
counts of 17-20 LAGs.

The paramedian osteoderm of Adamanasuchus eisen-
hardtae shared a general histological structure with the
other aetosaur samples, but it also differed somewhat in
its interior cancellous composition. However, given the
limited amount and fragmentary nature of the material,
it is not clear if these interior structures are apomorphic
for the species or if they are variable among individuals.
More and less fragmentary material will shed light on
this problem.

Some of the aetosaur osteoderms seem to express his-
tological features that are potentially apomorphic for a
species/genus, such as the overall complex built of the
Typothorax osteoderms and the internal structure of the
basal cortex (i.e., loose, intercalated longitudinally and
transversely arranged fibers) in Calyptosuchus wellesi
(PEFO 34191). Specimen TTU-P11594 lacked this histo-
logical structure but shows details consistent with the
Paratypothorax specimens PEFO 5030 and 34187.
Therefore, based on outer morphology (e.g., radiating
ornamental ridges as in lateral parts of Paratypothorax
paramedian osteoderms, lack of keel on basal side of
osteoderm) and histology, we confidently identify this
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specimen as belonging to Paratypothorax instead of
Calyptosuchus. In addition, Tecovasuchus and the yet to
be described stagonolepidid species were found to be
very similar to Paratypothorax in terms of its osteoderm
histology, although outer morphological characters
clearly differentiate all three taxa.

Stagonolepis olenkae from Poland showed very coarse
Sharpey’s fibers in its external cortex and two sets of
oblique Sharpey’s fibers partly overlapping each other in
the basal cortex, with the latter also commonly found in
modern crocodylian osteoderms. In the extant crocodili-
ans, the Sharpey’s fiber arrangement pertains to the
attachment of the myosepta of epaxial musculature and
marginally the interosteodermal and cingulate ligaments
into the basal osteoderm cortex (e.g., Salisbury and Frey,
2001; Schwarz-Wings et al., 2009). The Sharpey’s fiber
arrangement in S. olenkae might thus indicate a strong
integration of the paramedian osteoderms into the verte-
bral bracing system of the animal as in modern
crocodylians.

Revueltosaurus is characterized by an overall compact
osteoderm structure and the presence of parallel-fibered
bone tissue in all areas of the bone. Even though it is
quite small in dimensions and definitely thinner than
some of the other osteoderms sampled herein, it never-
theless showed a high amount of growth cycles, indicat-
ing that the animal was in its twelfth year of life
(thirteenth year of life if, as in crocodylians, osteoderm
mineralization sets in well after hatching; Vickaryous
and Hall, 2008). Its position as sister taxon to aetosaurs
indicates that faster growth rates, as indicated by the
presence of woven or fibro-lamellar bone in several aeto-
saur taxa (e.g., in the basal Aetosauroides and the more
highly nested Calyptosuchus and Typothorax), were not
necessarily inherited along the lineage leading to Aeto-
sauria. Instead they might have evolved independently
and repeatedly within Aetosauria. In comparison, fibro-
lamellar bone was encountered only in a single phyto-
saur osteoderm (TTU-P19255) sampled herein (although
the sample size of phytosaur osteoderms was much
lower).

Similar to the Revueltosaurus osteoderm, the doswel-
liid Jaxtasuchus salomoni samples are also character-
ized by a general parallel-fibered bone matrix and a
good growth record. Both features have also been
reported in a recently preliminary study (Cerda et al.,
2011) of the osteoderms of Chanaresuchus ischigualas-
tensis, a proterochampsid from the early late Triassic
from Argentina (Trotteyn et al., 2012). The localized
patch of faster growing bone in the basal cortex of speci-
men SMNS 81902 indicates, however, the potential for
faster bone deposition under certain conditions (whether
as primary deposits or as a reaction to trauma, bone
lesion or infection cannot be elucidated).

The data obtained from our sample (Fig. 1) and from
previous studies allow us to compare the osteoderm
microstructure of aetosaurs, phytosaurs, Jaxtasuchus,
and Revueltosaurus with other archosauriform taxa, par-
ticularly of the pseudosuchian lineage. Since the exter-
nal microanatomy of pseudosuchian osteoderms is
variable even within a single species, we only compare
their fine internal histology. The basal cortex of pseudo-
suchians is commonly composed of parallel-fibered bone
tissue (Hill and Lucas, 2006; Scheyer and Sander, 2004;
Parker et al., 2008; Vickaryous and Hall, 2008; Vickar-
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yous and Sire, 2009; Klein et al., 2009; Hill, 2010; Cerda
and Desojo, 2011; Scheyer and Desojo, 2011; Filippi
et al., 2013). In “rauisuchians” and crocodylomorphs
(subclade of Paracrocodylomorpha in Fig.1), the internal
core (when not remodeled) is composed of parallel-
fibered, woven-fibered, and/or fibro-lamellar bone tis-
sues. Woven-fibered and fibro-lamellar bone was also
described in the osteoderm internal core of aetosaurs as,
for example, in Typothorax, and in the non-archosaurian
archosauriform Jaxtasuchus. Mineralized structural
fiber bundles have been reported in the internal core
of some taxa of “rauisuchians”, crocodylomorphs, and
phytosaurs (Hill and Lucas, 2006; Scheyer and Sander,
2004; Vickaryous and Hall, 2008; Vickaryous and Sire,
2009; Klein et al., 2009; Cerda and Desojo, 2011; Scheyer
and Desojo, 2011), but so far never in Aetosauria,
Revueltosaurus, and Jaxtasuchus. The presence of such
fibers in the internal core areas has been interpreted as
evidence of a metaplastic origin of the osteoderms in sev-
eral archosauriform lineages (Scheyer and Sander, 2004;
Vickaryous and Hall, 2008; Cerda and Powell, 2010;
Scheyer and Desojo, 2011). As pointed out by Cerda and
Desojo (2011), the absence of structural fibers in the
internal core of aetosaur osteoderms suggests that these
bones were not initially formed by metaplasia but by
intramembraneous ossification. The structural fibers
recorded in the basal cortex of Calyptosuchus wellesi
were possibly incorporated into the osteoderm late dur-
ing ontogeny by metaplasia of the dermis. The current
evidence thus suggests that the osteoderms were origi-
nated by metaplasia mainly in phytosaurs, some
“rauisuchians” and crocodylomorphs.

The microstructure of the external cortex is variable
in pseudosuchians. It is mostly composed by lamellar
and parallel fibered bone, but some degree of variation
occurs, even in a single clade or lineage (e.g., crocodylo-
morphs). For example, whereas the external cortex of
the “rauisuchian” osteoderms does not reveal any proc-
esses of resorption and new deposition of periosteal
bone, this process is actually well recorded in aetosaurs,
several crocodylomorph taxa, as well as in Jaxtasuchus
and Revueltosaurus. This process of resorption and re-
deposition of the bone tissue is evident in taxa where
osteoderms possess a strong ornamentation (deep pits
and grooves), but is absent in elements with a more deli-
cate external ornamentation. Hence, this histological
variation appears to be related to the degree of orna-
mentation of the superficial surface. The patchy distri-
bution of this character within Archosauriformes
suggests independent losses (at least in phytosaurs and
“rauisuchian” pseudosuchians, Fig. 1) during the evolu-
tion of this lineage.

CONCLUSIONS

This is the first comparative study on the osteohistol-
ogy of phytosaur and aetosaur osteoderms. In contrast to
the assumption of Scheyer and Desojo (2011), fibro-
lamellar and woven bone tissues which indicate higher
bone growth rates are known now from a variety of
pseudosuchian and archosauriform osteoderms, includ-
ing Phytosauria, Aetosauria, “Rauisuchia”, and archo-
sauriforms situated more basally on the tree. These
tissues are not obligatorily found in all species of each
group but are independently developed by some taxa.
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This is consistent with studies on the long bone histol-
ogy of these animals, which indicate that the physiologi-
cal prerequisites for the high growth rates found in
dinosaurs and birds (e.g., Ricqles et al., 2003) evolved
already non-simultaneously earlier within the archo-
sauromorph lineage (Werning et al., 2011). As evidenced
by the Typothorax specimens, osteoderm thickness and
the cancellous to compact bone ratio appear to be subject
to ontogenetic change. So far, histological evidence (of
osteoderm core areas) suggests a metaplastic origin for a
few phytosaur (and “rauisuchian”) osteoderms, but not
for aetosaurs, Revueltosaurus, and Jaxtasuchus. Mini-
mum growth mark counts in osteoderms sampled herein
indicate that some aetosaurs and phytosaurs lived at
least for two decades. Bone microstructures are more
uniform in phytosaur osteoderms and show a higher
level of disparity among aetosaur osteoderms. Moreover,
if we compare our aetosaurian sample with previous
studies (e.g., Cerda and Desojo, 2011), the histological
variation within Aetosauria increased with the amount
of taxa studied. Thus, inter- and intraspecific studies
among aetosaur taxa are needed to better understand
the breadth of histostructures present in this fossil
lineage.
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