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ABSTRACT Postcranial osteoderms are commonly
developed in the major lineages of Archosauriformes,
including forms such as proterochampsids and doswel-
liids. Here, we survey the histology of osteoderms of the
doswelliids Archeopelta arborensis and Tarjadia ruthae,
and the proterochampsids Chanaresuchus bonapartei and
Pseudochampsa ischigualastensis to understand better
the morphogenesis of these skeletal elements. Whereas,
the Doswelliid osteoderms possess a trilaminar organiza-
tion, in which two cortices (external and basal) can be dif-
ferentiated from an internal core of cancellous bone, these
elements are compact structures in proterochampsids.
The osteoderms of P. ischigualastensis are avascular and
they consist entirely of parallel-fibered bone. Conversely,
the osteoderms of C. bonapartei are well vascularized
structures composed of zones of woven-fibered bone and
annuli of parallel-fibered bone. The rather simple micro-
structure observed in P. ischigualastensis osteoderms sug-
gests that these elements grew at a constant, low rate.
Compared with proterochampsids, doswelliid osteoderms
possess a more complex histology, which appears to be
linked to variations in the growth rate during the osteo-
derm formation and also to the development of the exter-
nal ornamentation. A comparison of our findings with the
results of earlier studies on other archosauriforms (phyto-
saurs and pseudosuchians) reveals that the general osteo-
derm histology of doswelliids bears a closer resemblance
to that of phytosaurs and pseudosuchians than the proter-
ochampsid osteoderm microstructure. If all archosauri-
form osteoderms are homologous structures, the closer
resemblance of doswellid osteoderm microstructures to
that of phytosaurs and pseudosuchians is in agreement
with the hypothesis that doswellids are more closely
related to archosaurs than proterochampsids. J. Morphol.
276:385–402, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Osteoderms represent the most commonly iden-
tified and documented element of the tetrapod

integumentary skeleton (Vickaryous and Sire,
2009). These skeletal elements have been defined
as mineralized organs entrenched within the der-
mis (Francillon-Vieillot et al., 1990; Vickaryous
and Hall, 2008). Osteoderms vary greatly in size,
shape, ornamentation, arrangement, and number
both among and within taxa (Vickaryous and Sire,
2009 and references therein). These structures are
common to most major tetrapod lineages, includ-
ing “amphibians,” lepidosaurs, archosauriforms,
turtles, parareptiles (pareiasaurs and procolopho-
nids), placodonts (sauropterygians), and some syn-
apsids (xenarthrans; Vickaryous and Sire, 2009
and references therein). Especially within Archo-
sauriformes, osteoderms are a prominent part of
the skeleton of several groups, including pseudosu-
chian and avemetatarsalian representatives.

In recent years, the bone histology of osteoderms
in pseudosuchian and avemetatarsalian archo-
sauriforms has increasingly attracted the interest
of paleontologists and several contributions has
been published on this topic (e.g., Buffr�enil et al.,
1986; Scheyer and Sander, 2004; Main et al., 2005;
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Hill 2006, 2010; Vickaryous and Hall, 2008; Cerda
and Powell, 2010; Cerda and Desojo, 2011; Scheyer
and Desojo, 2011; Burns et al, 2013; Filippi et al.,
2013; Scheyer et al., 2014; Cerda et al., in press).
With the exception of phytosaurs (Scheyer et al.,
2014), the histology of the dermal ossifications of
nonarchosaurian archosauriforms, has received
less attention. In a recent contribution, Scheyer
et al. (2014) described the osteoderm microstruc-
ture of the doswelliid Jaxtasuchus salomoni from
the Ladinian of Germany (Schoch and Sues, 2013),
in which the presence of woven-fibered bone tissue
was interpreted as evidence of a rapid early
growth of the osteoderm.

In this study, we increase the sampling base of
nonarchosaurian archosauriforms by focusing on
the detailed description of the osteoderm bone tis-
sues occurring in selected taxa of proterochamp-
sids and doswelliids. The proterochampsids are a
monophyletic group of archosauriforms from the
Middle to Late Triassic of South America (Trotteyn
et al., 2013). They usually have been considered as
one of the potential successive sister taxa of the
crown group Archosauria (Sereno and Arcucci,
1990; Sereno, 1991; Dilkes and Sues, 2009;
Ezcurra et al., 2010). This clade includes the gen-
era Chanaresuchus, Gualosuchus, Tropidosuchus,
Proterochampsa, Rhadinosuchus, Cerritosaurus,
and Pseudochampsa (Price, 1946; Reig, 1959; Sill,
1967; Romer, 1971, 1972a, 1972b; Barberena,
1982; Arcucci, 1990; Trotteyn et al., 2013; Trotteyn
and Ezcurra, in press). With regard to their body
“armor,” proterochampsids possess a single row of
osteoderms dorsal to the vertebral column. The
Doswelliidae includes four known genera: Tarja-
dia, Archeopelta, Doswellia, and Jaxtasuchus
(Arcucci and Marsicano, 1998; Desojo et al., 2011;
Schoch and Sues, 2013; Sues et al., 2013). They
were a group widely distributed geographically
and temporally, present in the Middle and Late
Triassic of Europe and America (Desojo et al.,
2011; Schoch and Sues, 2013; Sues et al., 2013).
Unlike proterochampsids, doswelliids possess par-
amedian, lateral and, in some taxa (e.g., Jaxtasu-
chus), appendicular osteoderms.

The major aims of the present contribution are:
characterize the osteoderm microanatomy and his-
tology of some nonarchosaurian archosauriforms,
establish the mode of skeletogenesis of these
bones, infer the processes of osteoderm develop-
ment, and compare the histology of doswellids and
proterochampsid osteoderms to other armored
archosauriformes. Since armored avemetatarsalian
taxa (i.e., certain dinosaur groups) are phyloge-
netically well separated from those of pseudosu-
chians and stem-group archosaurs, we focus our
comparison on nonavemetatarsalian taxa (Pseudo-
suchia and Phytosauria).

On the basis of morphological, sedimentary and
taphonomic evidence, doswelliids and protero-

champsids have been traditionally considered as
semiaquatic forms (Sues et al., 2013; Trotteyn
et al., 2013). Given that the microanatomy of der-
mal bones has been previously employed to deter-
mine ecological traits in some vertebrates (Scheyer
and Sander, 2007, 2009), we discuss whether the
semiaquatic hypothesis is supported by the osteo-
derm microanatomy of doswelliids and
proterochampsids.

Finally, given that doswelliids have been in part
characterized by the strong degree of ornamenta-
tion in their osteoderms (Desojo et al., 2011;
Schoch and Sues, 2013; Sues et al., 2013), we aim
to identify the osteogenic mechanisms linked to
the development of the osteoderm ornamentation.

Institutional Abbreviations

CPEZ–Coleç~ao Municipal, S~ao Pedro do Sul;
Brazil; PULR–Museo de Ciencias Naturales de la
Universidad Nacional de La Rioja, La Rioja,
Argentina; PVL–Instituto Miguel Lillo, Tucum�an,
Argentina; PVSJ–Divisi�on Paleontolog�ıa de Verte-
brados, Museo de Ciencias Naturales, Universidad
Nacional de San Juan, San Juan, Argentina.

MATERIALS AND METHODS

Osteoderms of the species Pseudochampsa ischigualastensis,
Chanaresuchus bonapartei, Tarjadia ruthae, and Archeopelta
arborensis were used in this study (Fig. 1, Table 1). Specimens
were prepared for thin sections based on the methodology out-
lined in Chinsamy and Raath (1992). Given that the prepara-
tion of petrographic thin sections is a destructive method, all
specimens were photographed and standard measurements
were taken before sectioning. Transverse sections were
obtained from each osteoderm. Parasagittal and longitudinal
sections were also obtained from T. ruthae and P. ischigualas-
tensis. The histological sectioning was carried out in the Depar-
tamento de Geolog�ıa de la Universidad Nacional de San Luis
(Argentina). Osteoderm thin sections were analyzed under a
light microscope in normal and cross-polarized light and they
are housed at the Colecci�on Nacional de Paleovertebrados from
the Museo Argentino de Ciencias Naturales Bernardino Rivada-
via of Argentina.

The terminology used in this study for describing the various
types of osseous tissues refers to Francillon-Vieillot et al.
(1990). Regarding the relative locations of specific structures
within the osteoderm, we use the term “external” to refer the
portion of the osteoderm oriented toward the body surface and
“basal” for the portion that is oriented toward the interior of
the organism (Scheyer and Sander, 2004). These terms are syn-
onyms of “distal/proximal” (Main et al., 2005), “superficial/deep”
(Hill, 2006, 2010). Also, we use the term “marginal” cortex to
refer the lateral and medial regions of the osteoderms.

RESULTS
Doswelliidae

Archeopelta arborensis. The sample consists
of two incomplete osteoderms for which the posi-
tion along the axial column is undetermined. The
best preserved osteoderm is thick and roughly
quadrangular in external view. The external sur-
face is partially eroded; however, ornamentation is
observable. As previously described by Desojo
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et al. (2011), the external ornamentation of the
osteoderm consists of rounded and deep pits of dif-
ferent sizes. The basal surface texture is smooth.
The element bears an unornamented anterior lam-
ina for an overlapping articulation with the pre-
ceding osteoderm. The osteoderm exhibits some
degree of flexion in anterior view, with the medial
and lateral portions of the osteoderm enclosing an
angle of 145�.

The osteoderm is a rather compact structure
with a trilaminar organization, in which two dis-
tinct cortices (external and basal) can be differen-
tiated from an internal core (Fig. 2A). Although
the external cortex is partially altered (probably
due to the acidic preparation of the material, Des-
ojo et al., 2011), details of its microstructure can
be discerned in some regions. The external cortex
exhibits a distinct pattern of valleys (concave sur-
face in section) and ridges (convex surface in

section) that reflects the pattern of pits at the
external surface of the osteoderm. In some areas,
the valleys reach the innermost portion of the
osteoderm, almost contacting the basal cortex. The
external cortex consists mostly of lamellar and
woven-fibered bone tissue (but parallel-fibered
bone is also locally present). The lamellar tissue is
organized in parallel bone lamellae from different
cycles of erosion and deposition which are inter-
rupted by resorption lines (Fig. 2B–E). The lamel-
lar matrix is avascular and its bone cell lacunae
are mainly elongated in shape. The woven-fibered
bone possesses abundant and densely grouped
bone cell lacunae and is vascularized by simple
canals. The extinction pattern of woven-fibered
matrix is not entirely monorefringent and diminu-
tive patches of interwoven fiber bundles can be
observed under high magnifications in several
areas (Fig. 2F–H).

TABLE 1. Archosauriformes osteoderms sectioned in the present study

Taxon Collection number Locality Horizon and age Position

Pseudochampsa ischigualastensis PVSJ 567 Cancha de Bochas, San
Juan Province, Argentine.

Ischigualasto Formation
(late Carnian-earliest

Norian)

Presacral?

Chanaresuchus bonapartei PVL 6244 Cha~nares Formation, La
Rioja, Argentina.

Cha~nares Formation
(Ladinian-Carnian)

Dorsal

Tarjadia ruthae PULR 063 Agua Escondida, La Rioja
Province, Argentina.

Cha~nares Formation
(Ladinian-Carnian)

Presacral

Acheopelta arborensis CPEZ 239a Sanga da �Arvore (Baum
Sanga), Xiniqu�a region,
S~ao Pedro do Sul, Rio
Grande do Sul State,

Brazil.

Santa Maria 1 Sequence
(late Ladinian–early

Carnian)

Dorsal

Fig. 1. Sampled osteoderms. A,B: Acheopelta arborensis CPEZ 239a. C: Tarjadia ruthae PULR
063. D,E: Pseudochampsa ischigualastensis PVSJ 567. F: Chanaresuchus bonapartei PVL 6244.
Except C. bonapartei, all elements are in external view with the anterior margin oriented toward
the upper portion of the figure. C. bonapartei in lateral view.
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Fig. 2. Archeopelta arborensis CPEZ 239a osteoderm histology. A: Complete transversal section of the osteoderm. The inset boxes
indicate the position of the detailed pictures in Figures 2 and 3. B: External cortex composed of lamellar and woven-fibered bone. C:
Close-up of the same specimen (box inset in B). D: Detail of the external cortex. Note resorption and redeposition of cortical bone tis-
sue. E: Enlarged view of the same specimen (box inset in D). The bone tissue formed at the deep region of the pit is formed entirely
by lamellar bone tissue. F: General view of a ridge in the external cortex. G,H: Enlarged view of the same specimen (box inset in F).
Note the patchy birefringence of the woven-fibered bone and the presence of few simple vascular spaces. A and E: Normal light, B–
D,F,G: cross-polarized light with lambda compensator, H: cross-polarized light. Abbreviations: cb: cancellous bone; bc: basal cortex;
ec: external cortex; lb: lamellar bone; rc: resorption cavity; rl: resorption line; svs: simple vascular space; wfb: woven-fibered bone.



The external cortex grades into a well differenti-
ated internal core. The internal core has cancel-
lous bone with short thick trabeculae and small
intertrabecular spaces only at the innermost por-
tions of the osteoderm (Fig. 3A). The other por-
tions of the internal core exhibit a more compact
aspect. Intertrabecular spaces are commonly
coated by endosteally deposited secondary bone
tissue, which is clearly delimited by cementing
lines (Fig. 3B). The inner portion of the bony tra-
beculae and the compact bone tissue of the inner
core are composed of primary tissue, which con-
sists of woven-fibered bone and coarse parallel-
fibered bone. Bone cell lacunae are abundant and
they exhibits irregular shapes. The core of the
osteoderm is more vascularized than the basal and
external cortices and contains several primary
osteons, erosion cavities and some secondary
osteons. Vascular orientation is variable, although
longitudinal canals predominate.

In the basal cortex, parallel-fibered bone tissue
constitutes the matrix and the bone cell lacunae
are elongated in shape. The pattern of birefrin-
gence of the parallel-fibered boned is obscured in

some areas by the abundant Sharpey’s fibers. The
basal cortex is poorly vascularized in comparison
with the internal core. Vascularization consists of
simple vascular canals and primary osteons. Vas-
cular spaces are arranged in different orientations
and they commonly anastomose. In some areas,
several primary vascular spaces open up to the
basal surface, penetrating the cortex at acute
angles (20–35�).

Growth marks in the form of lines of arrested
growth (LAGs) are well developed mostly in the
basal cortex (Fig. 3B). A maximum of 11 of them
can be discerned in the smaller fragment sec-
tioned. Sharpey’s fibers, that is, mineralized
ingrowing fibrillary processes from adjacent soft
tissues (Francillon-Vieillot et al., 1990), are pres-
ent in both external and internal cortices. In the
unremodeled portions of the external cortex, fine
Sharpey’s fibers penetrate the compacta at an
approximately right angle to the surface. These
extrinsic fibers are regularly but not densely
arranged and they only can be observed under
cross-polarized light. Sharpey’s fibers are quite
abundant at the basal cortex (Fig. 3C). At the

Fig. 3. Archeopelta arborensis CPEZ 239a osteoderm histology. A: Cancellous bone of the internal core. The bony trabeculae are
composed of secondary lamellar bone tissue and remains of woven-fibered bone. B: Growth marks (arrowheads) in the basal cortex.
C: Growth marks (arrowheads) and Sharpey’s fibers in the basal cortex. D: Detail of the basal cortex in the middle region. Note the
variable orientation of the Sharpey’s fiber bundles. A,B,D: Normal light, C: cross-polarized light with lambda compensator. Abbrevia-
tions: its: intertrabecular space; lb: lamellar bone; pfb: parallel-fibered bone; Shf: Sharpey’s fibers; wfb: woven-fibered bone.
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lateral and marginal portions, they are organized
as long bundles and penetrate the cortex at acute
angles (14� or less). When these fibers approxi-
mate to the osteoderm midline (near the curvature
point), they become more perpendicularly oriented.
This variation in the orientation of the Sharpey’s
fibers results in a radial pattern of these fibers in
the basal cortex. Near the osteoderm midline (the
“transition” zone), the Sharpey’s fibers are organ-
ized as short bundles arranged in different orien-
tations (Fig. 3D). Sharpey’s fibers also occur in the
internal core, particularly at the medial portion of
the osteoderm. In this region they are present as
thin and long fibrous strands in the bone tissue.
These extrinsic fibers are arranged perpendicu-
larly to the sagittal plane axis of the element.

Tarjadia ruthae. Although fragmentary, the
sampled osteoderm is well preserved. The osteo-
derm is a thick element with identifiable external
and basal surfaces. The external face is strongly
ornamented by deep pits. The pits at the periphery
of the osteoderm are often more elongate and open
to the side. The basal surface is smooth and has a
large nutrient foramen. The osteoderm preserves
portions of two borders, but is not possible to iden-
tify if they correspond to the anterior, posterior,
medial or lateral edges. One of these borders pos-
sesses a rather acute margin. The other preserved
border displays an irregular texture and possibly
represents a sutural surface.

The osteoderm exhibits a diploe structure with a
central cancellous core bordered by two compact
cortices (Fig. 4A). The external cortex is thicker
than the basal one, occupying almost 1/2 of the
complete osteoderm thickness. As described for
Archeopelta, the external cortex shows an external
ornamentation of ridges and valleys in various
stages of remodeling. Lines of resorption mark
separate areas of bone deposition, which consist
locally of parallel-fibered or woven-fibered bone
tissue (Fig. 4B–D). In some areas, the parallel-
fibered bone grades into a more ordered lamellar
matrix. Whereas bone cell lacunae display an elon-
gated shape in the lamellar matrix, they possess
more plump and rounded shapes in the parallel-
fibered and woven-fibered tissue. Branching canal-
iculi are well preserved mostly in the parallel-
fibered bone. The particular preservation of the
sample allows a three dimensional view of the vas-
cular lattice in the compact bone. Vascular spaces
consist of thin (the internal diameter never sur-
passes 0.035 mm), branching canals scattered
throughout the cortex. Although scarce in number,
they are developed in the whole compacta and
they are more abundant in the woven-fibered bone
than in the parallel-fibered and lamellar matrices.
Vascular spaces are commonly simple and they are
mostly oriented toward the external surface. An
unusual (pathological?) structure of secondary ori-
gin is developed in the external cortex. This struc-

ture consists of a cavity filled with few bony
trabeculae and it is enclosed by a distinct cement-
ing line (Fig. 4E,F). The trabeculae are composed
of woven-fibered and lamellar bone.

The inner core consists of heavily remodeled
bone with numerous, irregularly shaped resorption
cavities and intervening trabeculae (Fig. 5A).
Some primary bone persists between the cavities,
but much of the structure has been reconstituted
as concentric bony lamellae that line the cavities.
The lamellar bone tissue that surrounds the inter-
trabecular spaces exhibits a distinct pattern of
alternated extinction under cross-polarized light.
Interstitial primary bone consists of parallel-
fibered and woven-fibered bone (Fig. 5B–D). Bone
cell lacunae are more abundant and more densely
arranged than in the external cortex.

The basal cortex is composed of parallel-fibered
bone tissue, which exhibits a uniform pattern of
extinction under cross-polarized light. The bone
cell lacunae are small and they display round or
slightly elongated shapes. Vascularization mainly
consists of small, simple vascular canals similar to
those developed in the external cortex. These vas-
cular spaces are more abundant at the inner por-
tion of the basal cortex and they are mostly
longitudinally and radially organized. Few resorp-
tion cavities and secondary osteons are also visible
in the basal cortex. Growth marks are best pre-
served at the basal cortex. At least 20 LAGs were
counted in this portion of the osteoderm.

Sharpey’s fibers are developed in the osteoderm,
although their density and arrangement is vari-
able (Fig. 5E–H). The external cortex exhibits
abundant fine Sharpey’s fibers, which are mostly
embedded in the parallel-fibered matrix. They are
projected perpendicularly to the external surface.
At the cortical portion of the osteoderm that corre-
sponds with the suture region, Sharpey’s fibers
are abundant and they are oriented perpendicu-
larly to the osteoderm margin (Fig. 5E). These
extrinsic fibers are coarse and densely packed and
as such this organization resembles the Sharpey’s
fiber bone described for Dasypus novemcinctus
(Vickaryous and Hall, 2006). Such arrangement is
possibly related to a sutural attachment with the
adjacent osteoderm. Sharpey’s fibers located at the
basal cortex are long and they are organized in a
radiating pattern (from the midline to the lateral
margins), similar to those described for Archeo-
pelta. Contrary to those observed in other portions
of the osteoderm (e.g., external cortex), the Shar-
pey’s fibers embedded in the basal cortex are
arranged in long coarse bundles (Fig. 5H).

Proterochampsia
Pseudochampsa ischigualastensis. The sec-

tioned osteoderms are small bones, with lengths of
around 10 mm. The osteoderms are longer than
high, and waisted at midlength in external view
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(Fig. 1D,E). Both anterior and posterior edges
exhibit excavated margins. Trotteyn et al., (2012)
described a deep longitudinal sulcus in the exter-
nal face of the osteoderm. However, based on his-
tology and compared with the articulated
osteoderms of C. bonapartei, we interpret that
such a sulcus is actually located at the basal face
of the element.

The osteoderm is kidney-shaped in transverse
section, with a flat, slightly concave external
surface and a strongly concave basal surface, the
latter of which result from the development of a
longitudinal sulcus in this face (Fig. 6A,B). The
osteoderm possesses a compact internal structure.
Surprisingly, the whole element is completely
avascular. The primary bone consists entirely of

Fig. 4. Tarjadia ruthae PULR 063 osteoderm histology. A: General view of the osteoderm in cross section. The inset boxes indicate
the position of the detailed pictures in Figures 4 and 5. B: External cortex composed of parallel-fibered and woven-fibered bone. C:
Close-up of the same specimen (box inset in B). Note the variation in the woven-fibered and parallel-fibered tissues with regard to
the bone cell lacunae shape, orientation and density. D: General view of a ridge in the external cortex. E,F: Abnormal resorption cav-
ity in the external cortex partially filled with bony trabeculae. A, C, E: Normal light, B, D, F: cross-polarized light with lambda com-
pensator. Abbreviations: cb: cancellous bone; bc: basal cortex; ec: external cortex; pfb: parallel-fibered bone; lb: lamellar bone; rl:
resorption line; svs: simple vascular space; wfb: woven-fibered bone.
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Fig. 5. Tarjadia ruthae PULR 063 osteoderm histology. A,B: Cancellous bone of the internal core. The bony trabeculae are com-
posed of secondary lamellar bone tissue and remains of woven and parallel-fibered bone. C,D: Close-up of the woven-fibered bone in
the inner core of the osteoderm (box inset in B). Note the general monorefringence of the matrix and the abundance bone cell lacu-
nae. E: Detailed view of dense packed Sharpey’s fibers oriented toward the marginal surface of the osteoderm. F: Basal cortex com-
posed of parallel-fibered bone. Sharpey’s fibers are arranged forming acute angles with the basal surface. G: General view of the
basal cortex. The Sharpey’s fibers in this area are oriented almost perpendicularly to the basal surface. H: bundles of Sharpey’s fibers
in the basal cortex. A and H: Cross-polarized light with lambda compensator; B,C,E,G: normal light. D, F: cross-polarized light.
Abbreviations: its: intertrabecular space; pfb: parallel-fibered bone; rl: resorption line; Shf: Sharpey’s fibers; wfb: woven-fibered bone.



Fig. 6. Pseudochampsa ischigualastensis PVSJ 567 osteoderm histology. A,B: General view of the osteoderm in cross section. The
inset boxes in A indicate the position of the detailed pictures in the figure. C: Close-up of the cortical bone. Note the organized
arrangement and the elongated shape of the bone cell lacunae. D: Detail of the inner core showing several concentric growth marks.
E: Growth marks (arrowheads) in the basal cortex. F,G: Abundant Sharpey’s fibers in the marginal region of the cortex. H: Sharpey’s
fibers in the mid area of the external cortex. A,C–E,G,H: Normal light; B: cross-polarized light with lambda compensator; F: cross-
polarized light. Abbreviations: Shf: Sharpey’s fibers.
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parallel-fibered bone tissue (Fig. 6B,C). The intrin-
sic fibers of the matrix are concentrically arranged
to the inner core of the element. Bone cell lacunae
are elongated and they do not present filamentous
canaliculi. The organization of the bone cell lacu-
nae network mirrors the extracellular matrix ori-
entation in bone (Fig. 6C). There is no evidence of
secondary remodeling. Otherwise, there are no
particular histological differences that allow differ-
entiation between the external, basal and internal
regions of the osteoderm.

Cyclic growth marks (LAGs) are clearly
observed in the osteoderm (Fig. 6D,E). Given that
there is not secondary remodeling, each LAG can
be traced around the whole osteoderm. A total of
20 LAGs can be observed. The LAGs are arranged
concentrically to the inner core and they encircle
areas that resemble to the osteoderm shape,
including the deep basal sulcus. The inner LAG
encircles a small area of 0.39 3 0.05 mm of
diameter.

Abundant Sharpey’s fibers are present in the
osteoderm. These extrinsic fibers are long and
they extend from the inner core region toward the
latero-basal surface (Fig. 6F,G). In the inner
region of the osteoderm, Sharpey’s fibers are
arranged forming angles that ranging from 84 to
53 degrees to the sagittal plane. At the level of
approximately the 11th LAG, the Sharpey’s fibers
are more basally oriented, forming angles that
vary between 66� and 25�. Few fine and short
Sharpey’s fibers are also developed in the mid por-
tion of the external cortex. They are oriented per-
pendicularly to the outer surface (Fig. 6H).

Chanaresuchus bonapartei. Osteoderms of
C. bonapartei are small elements (their lengths are
less than 10 mm) of rather globose shape (Fig. 1F).
These elements are narrow along the anterior edge
and wider toward the posterior edge. The anterior
end of each osteoderm underlies the posterior edge
of the one anterior to it. Contrary to those of P.
ischigualastensis, the osteoderms of C. bonapartei
are taller than wide. The basal surface possesses a
prominent groove, in which the neural spine con-
tacts the osteoderm. No particular ornamentation
was observed in the sampled osteoderms.

The studied osteoderms are composed of com-
pact bone tissue (Fig. 7A,B). No cancellous bone or
extensive secondary remodeling was encountered
in these elements. The compact bone is however
highly vascularized with radial and circumferen-
tial vascular spaces, which anastomose and lend
the tissue a plexiform organization (Fig. 7C–F).
Radially oriented canals predominate over the cir-
cumferential ones. Several vascular spaces are
opened to the surface. Vascular canals are mostly
organized as simple vascular spaces. Few second-
ary osteons and resorption spaces are developed in
the inner core (Fig. 8A–D). Some large resorption

cavities are radially arranged and they are par-
tially lined by lamellar bone tissue.

The compact bone is composed of zones of
woven-fibered bone and annuli of parallel-fibered
bone tissue (Fig. 7C–E). Bone cell lacunae of irreg-
ular shape are abundant in the woven-fibered
matrix and randomly distributed. Conversely, the
cell lacunae in the parallel-fibered matrix are less
dense, possess elongated shapes and they are ori-
ented parallel to one other (Fig. 7F). Branching
canaliculi are often observed in the bone cell lacu-
nae. At least eight growth marks (LAGs and
annuli) can be observed in the osteoderm. The
LAGs are more closely spaced in the basal cortex.
The innermost LAG cannot be entirely traced
because of the presence of secondary osteons and
resorption cavities in the inner core.

Sharpey’s fibers are abundant and they are most
conspicuous at the basal cortex, where they are
observed in two main regions. The first corresponds
to the latero-basal region, in which Sharpey’s fibers
are densely arranged forming angles that range from
44� to 80� with the sagittal plane. The second one is
the basal cortex in the mid region of the osteoderm.
Here, the extrinsic fibers are fine and they insert
perpendicularly to the osteoderm surface.

DISCUSSION
Microanatomical and Histological
Characterization of Nonarchosaurian
Archosauriforms Osteoderms

Correlating with their differences in size and
shape, the osteoderms of doswelliids and protero-
champsids examined here reveal distinctive micro-
structural variations. The osteoderms of
Archeopelta and Tarjadia are relatively compact
structures, in which the inner core possesses short
and thick trabeculae and small intertrabecular
spaces. The bone tissues in these osteoderms are
distributed in three distinct regions: a thick exter-
nal cortex of lamellar, parallel-fibered and woven-
fibered bone with distinct reversal lines; an inter-
nal core of parallel-fibered and woven-fibered
bone; and a basal cortex of parallel-fibered bone.
These microstructural features are mostly similar
with those described for Jaxtasuchus (Scheyer
et al., 2014) and suggest a common histological
pattern in doswelliid osteoderms.

Conversely, the osteoderms of proterochampsids
Chanaresuchus bonapartei and Pseudochampsa
ischigualastensis exhibit important histological dif-
ferences and preclude establishing a common
microstructural pattern in proterochampsids.
Whereas, the osteoderms of P. ischigualastensis
are avascular structures composed entirely of
parallel-fibered bone, the osteoderm of C. bonapar-
tei are highly vascularized and they are composed
of zones of woven-fibered bone and annuli of
parallel-fibered bone. The only histological
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features shared between P. ischigualastensis and
C. bonapartei osteoderms are the absence of a tri-
laminar organization of the element and the
absence of trabecular bone in the inner core.

Our data indicate that, while the osteoderm
microstructure of doswelliids appears to be con-
servative, there is an important variation within
proterochampsids (at least within Chanaresuchus

Fig. 7. Chanaresuchus bonapartei PVL 6244 osteoderm histology. A,B: General view of the osteoderm in cross section. The inset
boxes in A indicate the position of the detailed pictures in Figures 7 and 8. C,D: Detailed view of the external cortical bone tissue
showing alternating zones and annuli (arrowheads). Note the high birefringence of the annuli and the isotropic nature of the zones
of woven-fibered bone under cross-polarized light (D). E: Highly vascularized external cortex. Several vascular spaces are opened to
the outer surface. F: Close-up of the external cortex (box inset in B) showing abundant Sharpey’s fibers. A,C,E,F: Normal light; B:
cross-polarized light with lambda compensator; D: cross-polarized light. Abbreviations: pfb: parallel-fibered bone; rvs: radial vascular
space; Shf: Sharpey’s fibers; wfb: woven-fibered bone.
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and Pseudochampsa). The reported variation in
Chanaresuchus and Pseudochampsa could be
related to several, nonmutually exclusive causes
(e.g., osteoderm size and shape, osteoderm func-
tion, gender, biomechanics, and environment).

Avascular Bone Tissue in P. ischigualastensis

The total absence of vascular spaces in the
osteoderms of P. ischigualastensis is a rather
unexpected finding. Although avascular osteo-
derms have been reported in other tetrapods (Zyl-
berberg and Castanet, 1985; Levrat-Calviac and
Zylberberg, 1986; Bauer and Russell, 1989; Erick-
son et al., 2003; Vickaryous and Sire, 2009), they
have so far never been described in Archosauri-
formes. Although vascular spaces are commonly
absent in diminutive osteoderms (e.g., the Gila
monster Heloderma horridum, Vickaryous and
Sire, 2009), such feature cannot explain the pat-
tern described for P. ischigualastensis. In this
sense, similar sized osteoderms of other taxa (e.g.,
C. bonapartei and the ankylosaurid dinosaur

Antarctopelta oliveroi) possess well developed vas-
cular spaces (Ricqlès et al., 2001). Although the
avascular pattern in P. ischigualastensis osteo-
derms is perhaps related to a very low rate of
bone deposition in the element, other possible
(e.g., functional) causes cannot be ruled out.

Whereas, the small size of the P. ischigualasten-
sis osteoderms cannot explain the cause for the
absence of vascular spaces, it actually can explain
why such pattern can be maintained. The short
distance from the osteoderm surface to the osseous
cell lacunae (even those located at the innermost
region) could be enough for the metabolic mainte-
nance of these cells through branching canaliculi.
Given that bone cells (e.g., osteocytes) may have a
half-life of decades if the particular bone they
reside in has a slow turnover rate (Nijweide et al.,
2002), even the early deposited osseous cells could
survive through the time using solely canalicular
nutrition. Nevertheless, we would like to note
again that no branching canaliculi could be recog-
nized in P. ischigualastensis osteoderms (although
this can be a preservation artifact).

Fig. 8. Chanaresuchus bonapartei PVL 6244 osteoderm histology. A,B: Inner core of the element composed of lamellar and woven-
fibered tissue. C,D: Close up of the inner core (box inset in A). Note the strong variation in the woven-fibered and lamellar tissues
with regard to shape, orientation and density of the bone cell lacunae and also regarding the optical tissue properties. A,C: Normal
light; B: cross-polarized light with lambda compensator; D: cross-polarized light. Abbreviations: lb: lamellar bone; rc: resorption cav-
ity; rl: resorption line; wfb: woven-fibered bone.
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External Ornamentation in Doswelliidae

The external surface of the osteoderm in tetra-
pods is commonly ornamented by ridges, tubercles,
and/or pits. This superficial ornamentation in
osteoderms can develop by two different mecha-
nisms. First, local resorption and partial redeposi-
tion of the cortical bone has been reported in
sculptured dermal skull bones and osteoderms
from several archosaurian taxa (Buffr�enil, 1982;
Hua and Buffr�enil, 1996; Scheyer and Sander,
2004; Cerda and Desojo, 2011; Scheyer et al.,
2014). The second mechanism, proposed for osteo-
derms and dermal bones of basal tetrapods (Witz-
mann and Soler-Gij�on, 2008; Witzmann, 2009),
involves preferential deposition of the bony areas
that correspond with ridges or tubercles, without
resorptive processes.

In doswelliids, the external surface shows a pat-
tern of rounded and irregular pits. The external
cortex exhibits lamellar, parallel-fibered and
woven-fibered bone tissue delimited by resorption
lines, indicating erosion and successive deposition
of bone. Hence, the osteoderm ornamentation
appears to be mainly maintained by a process of
resorption and redeposition of the external cortex.
Given that lamellar, parallel-fibered and woven-
fibered matrices are deposited at different rates
(Chinsamy-Turan, 2005), the local variations
between these types of matrices are interpreted as
changes in the rate of bone deposition in the exter-
nal cortex. The areas composed of woven-fibered
bone are formed faster than those formed by
lamellar bone tissue. Summarizing, the current
evidence indicates that, during the osteoderm
development, the ornamentation pattern is main-
tained by both osteoclastic and osteoblastic activ-
ity, which produce preferential bone resorption
and deposition, respectively, and allows the
“migration” of particular structures (e.g., pits)
without further modification of the whole original
pattern.

This pattern of development of bone ornamenta-
tion proposed here for doswelliids was first recog-
nized by Buffr�enil (1982) for dermal skull bones
and osteoderms of several crocodilian taxa, includ-
ing: Crocodylus niloticus; Crocodylus moreletii;
Crocodylus siamensis; Crocodylus affinis, and Dip-
locynodon sp. However, based on the absence of
multinucleated osteoclasts along the superficial
surfaces of the ornamented bones of Alligator mis-
sissippiensis, Vickaryous and Hall (2008) argued
that ornamentation in crocodylians develops as a
result of localized concentrations of bone deposited
by osteoblasts. This claim was followed by Burns
et al. (2013), who considered that the pitted sculp-
turing in Alligator mississippiensis and Caiman
crocodilus is the result of localized bone deposi-
tion, and not the action of osteoclastic resorption
(they nevertheless describe “scalloped resorption
lines, often associated with the cortex-core

interface” in both taxa). We consider that the pres-
ence of distinct resorption lines cutting abruptly
through several generations of newly deposited
bone in the external cortex indicates that resorp-
tive process actually occur in the ornamented
bones of several Archosauriformes, including dos-
welliids, several aetosaurs, and various crocody-
lian taxa. The absence of multinucleated
osteoclasts in the bones of A. mississippiensis
sampled by Vickaryous and Hall (2008) does not
refute the hypothesis of Buffr�enil (1982) for other
crocodilian taxa. Instead, such absence suggests
that variation might occur in the patterns of for-
mation and maintenance of ornamentation of
sculptured bones. Whereas in some taxa (e.g.,
Simosuchus clarki, Alligator mississippiensis) the
ornamentation is mainly the result of localized
bone deposition (Vickaryous and Hall, 2008; Klein
et al., 2009; Hill, 2010), in others (e.g., Crocodylus
niloticus, some aetosaurs) the ornamentation is
maintained by both resorption and new bone depo-
sition (Buffr�enil, 1982; Cerda and Desojo, 2011).
Moreover, the reported presence of resorption lines
in the external cortex of some osteoderms of Alli-
gator mississippiensis (Burns et al., 2013) suggest
that intraspecific or intraelemental variation can
also occur on this regard. The variation in the for-
mation and maintenance of the external ornamen-
tation of osteoderms and other bones among
different taxa appears to be more complex than
expected and it is possibly related to different,
nonmutually exclusive causes, including degree
and pattern of ornamentation, ontogenetic stage
and osteoderm location within the armor, among
others.

Osteoderm Formation

Different ossification mechanisms have been
proposed for the origin of osteoderms in extant
and fossil tetrapods. The most commonly invoked
mechanism is metaplastic ossification, a process in
which a pre-existing, fully developed tissue is
transformed into bone (Haines and Mohuiddin,
1968). Metaplastic development has been proposed
for osteoderm origin in temnospondyl amphibians
(Witzmann and Soler-Gij�on, 2008), extant anurans
(Ruibal and Shoemaker, 1984), extant squamates
(Zylberberg and Castanet, 1985; Levrat-Calviac
and Zylberberg, 1986), fossil and extant archo-
saurs (Reid, 1996; Scheyer and Sander, 2004;
Main et al., 2005; Vickaryous and Hall, 2008;
Cerda et al., in press), as well as osteoderms and
dermal bones of the turtle shell (Barrett et al.,
2002; Scheyer and S�anchez-Villagra, 2007; Scheyer
and Sander, 2007; Scheyer et al., 2007, 2008;
Sterli et al., 2013). In fossil groups, metaplastic
tissue has been identified in osteoderms by the
presence of interwoven bundles of mineralized col-
lagen fibers (structural fibers; Scheyer and Sander,
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2004, 2007; Main et al., 2005; Witzmann and
Soler-Gij�on, 2008; Cerda and Powell, 2010).
Another common possible mode of osteoderm for-
mation is intramembranous ossification, in which
the newly-formed osseous tissue displaces the pre-
formed soft-tissue structures instead of incorporat-
ing them. Based on the absence of mineralized
structural fibers, this kind of ossification has been
proposed for different extant but also extinct taxa,
including some basal tetrapods (Buchwitz et al.,
2012), pareiasaurs (Scheyer and Sander, 2009),
aetosaurs (Cerda and Desojo, 2011; Scheyer et al.,
2014), Revueltosaurus (the sister group of Aetosau-
ria, Scheyer et al., 2014) and in Jaxtasuchus
(Scheyer et al., 2014). A third mode of osteoderm
formation has been proposed by Scheyer (2007) for
placodonts and comprises a calcification process
derived from a fibro-cartilage precursor. Finally,
several authors have considered that the osteo-
derm formation could involve an interaction of dif-
ferent mechanisms (Reid, 1996; Vickaryous and
Hall, 2008; Buffr�enil et al., 2011; Scheyer and Des-
ojo, 2011; Cerda et al., 2013).

In proterochampsid osteoderms, the observed
histological features cannot be directly related
with a metaplastic ossification, given that interwo-
ven structural fiber bundles are absent in all
sampled osteoderms. Given that the osteoderms of
proterochampsids include primary bone tissue
(especially in P. ischigualastensis), a possible oblit-
eration of internal structural fiber bundles by sec-
ondary reconstruction can be ruled out. In the
same way, the primary bone tissue preserved at
the internal core of doswelliid osteoderms lacks
structural fiber bundles. Nevertheless, given that
some degree of osseous reconstruction is evident at
the internal core, resorption of early formed struc-
tural fibers is not impossible. The predominant
mode of osteoderm formation in proterochampsids
and doswelliids appears to be compatible with
intramembraneous ossification, although a clear
diagnosis of one mode or the other remains tenta-
tive in fossils, because of the lack of soft-tissue
preservation (Vickaryous and Sire, 2009).

Aspects of Osteoderm Development

The spatial distribution of the different bone tis-
sues in the osteoderms can be interpreted in terms
of the overall growth of the elements taking into
account the properties of each tissue (Buffr�enil et al.,
1986). In addition, the presence and distribution of
growth marks can also provide insights into osteo-
derm development. Regarding the typology of the
osseous tissue, there is a direct relationship between
the tissue structure of the primary bone and its rate
of deposition (the so-called “Amprino’s rule”; Ricqlès,
1980; Ricqlès et al., 1991). Amprino’s rule predicts
that the rate of osteogenesis is higher when the
degree of the fibrillar matrix spatial organization is

lower, and vice versa (Ricqlès et al., 1991). Presence
of lamellar or parallel-fibered bone with highly
organized fibrillar matrices and poor vascularization
indicate slower rates of osteogenesis. Conversely,
woven-fibered bone (fibro-lamellar if their vascular
canals are organized as primary osteons) with ran-
domly oriented fibrils and abundant vascular canals
is linked to higher rates of osteogenesis (de Ricqlès,
1980; de Ricqlès et al., 1991).

In doswelliid osteoderms, the presence of woven-
fibered bone tissue, together with increased vascu-
larization in the core region, is an indication of
higher deposition rates during earlier stages of
development. The presence of lamellar, parallel-
fibered and woven-fibered bone tissue in the exter-
nal cortex suggest variable rates of bone deposi-
tion, possibly related to the development and
maintenance of the external ornamentation (see
“External ornamentation in doswelliids”).

The microstructure of proterochampsid osteo-
derms indicates important differences with regard
to their development. In P. ischigualastensis osteo-
derms, the entire elements consist of avascular
parallel-fibered bone, which indicates slow deposi-
tion rates of formation, even in the early stages of
development. The interpretation that the formation
of the P. ischigualastensis osteoderms was actually
slow is in agreement with the number and distribu-
tion of LAGs in the element. The LAGs are numer-
ous (20) and there is no important variation in the
distances between these growth marks (wide-
spaced LAGs are expected at the inner core if the
deposition rate was faster in the early stages of the
osteoderm development). Conversely, the osteo-
derms of C. bonapartei are composed of zones of
well vascularized woven-fibered bone, which sug-
gests an overall rapid deposition rate. The presence
of annuli of parallel-fibered bone indicates that the
osteoderm (and possibly the whole individual) expe-
rienced periodic interruptions in its rapid growth.
The abundance of radial vascular spaces opened to
the osteoderm surface reveals that the osteoderm
was actively growing at the moment of the death of
the individual.

Skeletochronology

In osteoderms of extant reptiles, the growth
marks (annuli and/or LAGs) are correlated with
annual interruptions or phases of reduced bone
deposition during the overall growth of the indi-
vidual (Hutton, 1986; Tucker, 1997; Erickson and
Brochu, 1999; Erickson et al., 2003). This correlation
has been previously used for age estimation (mini-
mum or absolute) in fossil pseudosuchians (Erickson
and Brochu, 1999; Hill and Lucas, 2006; Parker
et al., 2008; Hill, 2010; Cerda and Desojo, 2011;
Scheyer and Desojo, 2011; Taborda et al., 2013).

Assuming that the preserved growth marks in
proterochampsid and doswelliid osteoderms were

398 I.A. CERDA ET AL.

Journal of Morphology



annually deposited, we infer ages of 11 for A.
arborensis CPEZ 239a, 20 to T. ruthae PULR 063,
8 to C. bonapartei PVL 6244 and 20 years to P.
ischigualastensis PVSJ 567. Given that the ages
obtained from growth mark counting could be
underestimated for different reasons, the ages
inferred here must be considered as minimum
ages. Resorption of growth marks deposited during
early ontogeny is possibly one of the main factors
for inaccuracy in age estimation (Hutton, 1986;
Tucker, 1997). Another possible source for age
underestimation is related to the plane in which
the osteoderms were sectioned. In this sense, if
the section plane does not include exactly the cen-
ter of ossification of the element (which is enclosed
by the first deposited growth mark), the number of
growth marks is always underestimated (Taborda
et al., 2013). Finally, given that we actually ignore
if the osteoderms in fossil taxa are formed during
the first year of life or later, it is not possible to
infer if the total count of growth marks equals
exactly to the age of the individual. For example,
extant crocodilians ossify their osteoderms almost
1 year after hatching (Chiappe et al., 1998; Vickar-
yous and Hall, 2008). The age deduced from the
growth mark counting in proterochampsids (espe-
cially in P. ischigualastensis) is probably not
affected by the two first listed factors, given that
the degree of secondary remodeling is low or
absent and the area enclosed by the first growth
mark is diminutive. For this reason, we consider
that the inferred relative ages of P. ischigualasten-
sis and C. bonapartei are very close to the absolute
age of the individuals. Comparing the maximum
age estimations among nonarchosaurian archo-
sauriforms and pseudosuchians, this parameter in
proterochampsids and doswelliids (20 years) is
similar to the maximum ages reported for aeto-
saurs (Taborda et al., 2013; Scheyer et al., 2014)
and poposaurs (Ricqlès et al., 2003), higher to
those reported for “rauisuchians” (Scheyer and
Desojo, 2011; Cerda et al., 2013) and phytosaurs
(Scheyer et al., 2014), and lower than those of
extant and fossil crocodylians (Hutton, 1986;
Erickson and Brochu, 1999). Our data reveal that
the lifespan of doswelliids and proterochampsids
surpasses two decades in at least some taxa.

Lifestyle Inferences

Several studies have demonstrated that some
modifications in the bone microanatomy in tetra-
pods are correlated with lifestyle (Ricqlès and
Buffr�enil, 2001; Houssaye, 2009). Such relation
between the bone microanatomy and the lifestyle
has been extensively studied in axial and appendic-
ular bones of several taxa of fossil and extant tetra-
pods (Ricqlès and Buffr�enil, 2001; Houssaye, 2009).
Apart from the axial and appendicular bones, some
studies have also applied this approach to osteo-

derm microanatomy of different tetrapod groups
(Hua and Buffr�enil, 1996; Scheyer, 2007; Scheyer
and Sander, 2009; Witzmann, 2009; Buchwitz
et al., 2012). In this sense, osteoderms of aquatic or
semiaquatic organism are commonly more dense
and massive (pachyostotic sensu lato, Houssaye,
2009) than those of the taxa strictly adapted to a
terrestrial habit (Hua and Buffr�enil, 1996; Scheyer,
2007; Scheyer and Sander, 2009; Witzmann, 2009;
Buchwitz et al., 2012). The increase of the skeletal
mass in pachyostotic (sensu lato) bones is usually
interpreted as an adaptation to reduce buoyancy
(Taylor, 2000). In aquatic or semiaquatic taxa, the
resulting increase in skeletal mass is considered to
play the functional role of ballast for buoyancy con-
trol and hydrostatic regulation of body trim (Ricqlès
and Buffr�enil, 2001; Houssaye, 2013).

Doswelliid osteoderms are thick and rather com-
pact structures, in which the inner core possesses
short and thick trabeculae and small intertrabecu-
lar spaces. The cortical thickness is also important
in these osteoderms, occupying 1/2 of the total
osteoderm thickness in Tarjadia. These microana-
tomical features correspond with a bone mass
increase pattern (sensu Houssaye, 2013) and agree
with an aquatic or semiaquatic lifestyle in doswel-
liids. The lifestyle inferred here from the osteoderm
microanatomy is in accordance with a previous
hypothesis based on morphological, sedimentary
and taphonomic evidence, which considered doswel-
liids as semiaquatic forms (Sues et al., 2013).

In the case of proterochampsids, the compact
nature of their osteoderms also fits with a bone
mass increase condition (sensu Houssaye, 2013)
and supports an aquatic or semiaquatic lifestyle
for this group. Such a lifestyle was actually previ-
ously suggested by other authors (see Trotteyn
et al., 2013 for review). However, given the dimin-
utive size and the low number of osteoderms in
each individual (just a single row of osteoderms
dorsal to the vertebral column), it appears to be
rather improbable that the variation in relative
osteoderm compactness actually modify signifi-
cantly the whole skeletal mass.

Comparison with Other Archosauriformes

Archosauriform osteoderm histology has been
studied extensively recently and an abundant
amount of comparative information is available
(Scheyer and Sander, 2004; Hill and Lucas, 2006;
Parker et al., 2008; Vickaryous and Hall, 2008;
Hill, 2010, Klein et al., 2009, Vickaryous and Sire,
2009; Cerda and Desojo, 2011; Scheyer and Desojo,
2011; Cerda et al., 2013; Filippi et al., 2013;
Scheyer et al., 2014). Previous studies on phyto-
saurs and pseudosuchians reveal that their gen-
eral osteoderm structure resembles more that of to
doswelliids than that of proterochampsids. In
these groups the osteoderms are formed by a
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trilaminar structure, which cannot be discerned in
proterochampsids. Similar to those reported in
doswelliid osteoderms, the basal cortices of phyto-
saur and pseudosuchian osteoderms are commonly
composed of parallel-fibered bone tissue. Con-
versely, important variation occurs in the internal
core and the external cortex. In osteoderms of phy-
tosaur and pseudosuchian archosauriforms the
internal cortex (when not remodelled) can be com-
posed of different types of primary bone, including
parallel-fibered, woven-fibered, fibro-lamellar bone
and, in some taxa, mineralized structural fiber
bundles (Scheyer and Sander, 2004; Hill and
Lucas, 2006; Vickaryous and Hall, 2008; Klein
et al., 2009; Vickaryous and Sire, 2009; Scheyer
and Desojo, 2011; Cerda et al., 2013; Scheyer
et al., 2014). As in Revueltosaurus, aetosaurs, and
several crocodylomorphs, the external cortex of
doswelliid osteoderms reveals a continuous process
of resorption and redeposition of the bone tissue,
which also includes differential bone deposition in
some particular sites. This observation contrasts
with that reported for “rauisuchians” and phyto-
saurs and is possibly related to the degree of orna-
mentation of the superficial surface.

The observed microstructural variation between
proterochampsids and the other nonavemetatarsa-
lian archosauriforms raises interesting questions
about the value of the histological structure of
osteoderms as a phylogenetically meaningful char-
acter. In this sense, the relative similarity of the
osteoderm microstructure between doswelliids and
pseudosuchians and phytosaurs support the phylo-
genetic hypothesis of Ezcurra et al. (2010) and
Desojo et al. (2011). In both studies, doswelliids
are more closely related to Archosauria than to
proterochampsids. Given the still limited informa-
tion related to osteoderm microstructure in basal
archosauriforms and closely related groups, the
inferences with regard to the state and distribu-
tion of histological characters (e.g., identification
of ancestral characters in Archosauriformes) and
their influence for phylogenetic studies must be
treated with prudence.
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