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Abstract: Riostegotherium yanei from the Itaborai Basin, Brazil, is the oldest known Xenarthra. This
paper aims to describe the internal morphology of the osteoderms of Riostegotherium yanei from the
perspective of histology and micro-CT approaches, expanding the available data on cingulate osteoderm
microstructure. Seven osteoderms of R. yanei were used for the internal microstructure description and eight
of Dasypus novemcinctus for comparison. The osteoderms of Riostegotherium yanei lacks the diploé-like
structure typical of glyptodonts but has a three-layered structure composed of two layers of non-Haversian
compact bone enclosing a central layer of primary and secondary osteons. This internal organization is
distinct from other Astegotheriini of comparable age, but similar to Dasypus. The 3D reconstruction of
Riostegotherium yanei revealed two patterns of internal organization. Pattern 1 of movable osteoderm is
composed of large remodeled areas at the base and a more compact bone at the tongue; in Pattern 2 (both
movable and buckler), the internal cavities are much smaller, more numerous, and more interconnected to
each other. In one buckler osteoderm, the cavities are organized somewhat radially with a compact central
region (Pattern 1). Pattern 1 of both movable and buckler osteoderms resemble that of Dasypus.
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INTRODUCTION

Armadillos comprise a restricted group of 21 extant
species of xenarthrans (Wetzel 1985a, Wetzel
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1985b, Vizcaino 1995) distributed exclusively
throughout the Neotropical region, except for
Dasypus novemcinctus (Linnaeus, 1758) that
dispersed to North America (Aguiar and Fonseca
2008, Woodburne 2010). Within Xenarthra,
armadillos and its relatives (pampatheres and
glyptodonts) compose a monophyletic group
called Cingulata (Engelmann 1985, Gaudin and
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Wible 2006, Gibb et al. 2015, McDonald 2018),
which possess osteoderms (also known as scutes
or ossicles). Osteoderms are dermal ossification
within the integument, overlaid by epidermal
cornified scales, forming a complex exoskeleton,
and are a remarkable feature that occurs in no other
mammals. These ossifications are found, as well, in
Mylodontidae, an extinct family of ground sloths,
making some authors believe that the presence of
osteoderms is an ancestral feature of Xenarthra
(Engelmann 1985, Rose and Emry 1993, Hill
2006). Different from mylodontids, where joint
surfaces or sutures are absent, the osteoderms of
cingulates are closely articulated with one another,
covering the head dorsally, the trunk dorsally
and laterally, and encasing the tail. Additionally,
osteoderms may be scattered within the integument
of the rostrum, ventral surface of the trunk, and
on the limbs (Krmpotic et al. 2009). Concordantly,
isolated osteoderms are the most frequent elements
in the fossil record of Cingulata, being found in
almost every South American mammal fauna
known since Itaboraian age (Carlini et al. 2009).
Riostegotherium yanei Oliveira and Bergqvist,
1998 is the oldest Xenarthra yet discovered and
is known only by isolated osteoderms. It was
recovered from the Itaborai Basin, of Paleocene/
Eocene age. Its presence in the basin suggests that
Xenarthra differentiated somewhere in the South
American continent (Pascual and Ortiz-Jaureguizar
2007). This view, based on fossil records, received
support from recent molecular studies, which
estimated the divergence time of Xenarthra by the
Cretaceous-Paleogene boundary (Meredith et al.
2011, Delsuc et al. 2012, Gibb et al. 2015).
Studies about xenarthran osteoderm
microstructure and its applications have
increased in recent years, mainly in phylogenetic
relationships and reconstruction of soft tissues in
fossil osteoderms (e.g. Hill 2006, Wolf 2007, Wolf
et al. 2012, Chavez-Aponte et al. 2008, Krmpotic
et al. 2009, 2015, Ciancio et al. 2017). For about

An Acad Bras Cienc (2019) 91(Suppl. 2)

OSTEODERM MICROSTRUCTURE OF Riostegotherium yanei

10 years, all data came from histological thin
sections, but the last two publications employed
also, for the first time, x-ray microtomography and
3D reconstructions of the internal microstructure.

The main purpose of this study is to provide
a detailed description of the microstructure of
movableandbucklerosteoderms of Riostegotherium
yanei from the perspective of histology and micro-
CT approaches, expanding the available data on
cingulate osteoderm microstructure. Considering
that the species represents the oldest Xenarthra
known so far, its morphology may be a proxy of
the ancestral condition of the clade.

PREVIOUS STUDIES OF ITABORAI XENARTHRANS

Paula-Couto (1949) was the first to mention of
the presence of xenarthrans in the Itaborai Basin.
However, the specimens (two osteoderms) were
only studied about thirty years later by Scillato-
Yané (1976), who assigned this material to
Prostegotherium aff. P. astrifer, an early Eocene
(Casamayoran SALMA) cingulate from Argentina.
Based on new isolated osteoderms, Oliveira and
Bergqvist (1998) concluded that the specimens
from Itaborai were distinct from P. astrifer
Ameghino, 1902, as well as from any Paleogene
Patagonian cingulate and coined the new taxon
Riostegotherium yanei. More recently, Bergqvist et
al. (2004) redescribed these osteoderms, providing
a revised diagnosis for the species. They also
described a couple of postcranial bones, including
two humeri of distinct size and morphology,
corroborating the presence of at least two cingulate
species in the Itaborai Basin, as previously
suggested by Cifelli (1983); however, the larger
astragalus and humerus are more dasypodoid-like
than the others. The osteoderms recovered in the
basin vary little with a similar external morphology.
The differences among them are subtle and can be
regarded as individual variation and/or position
in the carapace. Therefore, they were all assigned
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to Riostegotherium yanei (Bergqvist and Oliveira
1998, Bergqvist et al. 2004). The postcranial bones,
however, could only be assigned to the tribe.

GEOLOGY AND AGE OF THE ITABORAI BASIN

The fissure-fill deposits cut the freshwater
travertine that fills the Itaborai Basin, in the state
of Rio de Janeiro, southeastern Brazil (22°50°20”’S,
42°52°30”W). This small basin has a rhomboedric
shape with the largest axis NE-SW (1,400 m long),
the smaller axis NW-SE direction (500 m long),
and a maximum depth of about 125 m, which was
observed near the Sdo José Fault at its southern
limit. The Itaborai Basin is now part of the Natural
Park of Sdo José de Itaborai and the depression left
with the limestone extraction is now flooded.

Oliveira (1956) called the Itaborai Formation
the package of limestone layers which fill up the
Itaborai Basin. However, such lithostratigraphic
name, with few exceptions, was not used by the
following authors, who preferred to call the deposit
just the Itaborai Basin.

Since Marshall (1985), the Itaborai Basin has
been referred to the Itaboraian SALMA (58.3-
57 Ma, Bond et al. 1995). Recent analyses of
Paleogene mammalian assemblages and mammal-
bearing deposits in Argentina, together with new
radioisotopic dating (Gelfo et al. 2009, Woodburne
et al. 2014), suggested that the Itaboraian SALMA
in Argentina is somewhat younger than previously
believed, probably ranging from 53—50 Ma (early
Eocene). Study in progress by the senior author
challenges this latter interpretation, suggesting that
at least part of the fissures was formed and filled
during the late Paleocene.

MATERIALS AND METHODS

Seven osteoderms of Riostegotheirum yanei (LMH
05 [movable], LMH 06 [movable], UFRJ-DG
317M [movable], MCT 3932-M [buckler], MCN-
PV 1775 [buckler], MCN-PV 1777 [movable],
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and MCN-PV 1779 [movable]) were used for
microstructure description. Paula-Couto (1949)
mentioned the recovery of cingulate osteoderms
from the fissure discovered and worked in 1948 (all
specimens collected in this fissure were deposited
at Museu Nacional [MN] fossil collection, in
Rio de Janeiro, Brazil). However, no cingulate is
registered in this collection. The specimens studied
belong to Museu de Ciéncias da Terra (MCT) fossil
mammal collection, Universidade Federal do Rio
de Janeiro — Departamento de Geologia (UFRJ-DG)
fossil mammal collection, both in Rio de Janeiro,
and Museu de Ciéncias Naturais of Fundacao
Zoobotanica, paleovertebrate collection (MCN-
PV), in Porto Alegre, Brazil. No information about
the provenance of the specimens in the Itaborai
basin is available.

Due to the paucity of the R. yanei specimens
in the Itaborai basin, only two uncatalogued
osteoderms from movable bands were available
for histological section. They received provisional
laboratory numbers LMH 05 and LMH 06. Seven
thin sections (three of LMH 05 and four of LMH
06) were prepared and the remaining embedded
material and slices are housed at Laboratério de
Macrofosseis of Universidade Federal do Rio de
Janeiro (UFRJ). The slices described and/or cited
here are deposited at the Fossil Mammal Collection
of Departamento de Geologia at UFRJ, under the
numbers UFRJ-DG 1049M, 1050M, 1051M,
(specimen LMH 05, slices a, b, and c, respectively)
and UFRJ-DG 1052M, 1053M (specimen LMH
06, slices a and b, respectively).

LMH 05 and LMH 06, as well as the
osteoderms UFRJ-DG 317M (movable), MCT
3932-M (buckler), MCN-PV 1775 (buckler), MCN-
PV 1777 (movable), and MCN-PV 1779 (movable)
were CT scanned. LMH 05 was scanned after being
sectioned (the two remaining lateral parts of it).

For comparison with R. yanei, eight isolated
osteoderms of the extant nine-banded armadillo
Dasypus novemcinctus, donated to Laboratorio
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de Macrofésseis — LMH 83.1 (buckler), LMH
83.2 (movable), LMH 98.1 (buckler), LMH
98.2 (movable), LMH 98.3 (movable), LMH
98.4 (buckler), LMH 98.5 (buckler), LMH 98.6
(movable) were also scanned.

HISTOLOGY

The osteoderms LMH 05 and LMH 06 were
sectioned along their longest axes after being
embedded in epoxy resin. LMH 06 was also
transversely sectioned. The specimen LMH 05 was
cut with a Linear Precision Saw Buehler Isomet
4000 and LMH 06 with a Precision Thin Section
Cutting and Grinding Metkon Geoform. The slices
of both specimens were later polished in an Arotec
polisher with 54 p and 18 p polishing diamond
discs, and then affixed on a frosted glass slide.
The sections were thinned to 30 um initially, with
the diamond grinding wheel from Geoform, then
polished with 18 p diamond disc and finished with
silicon carbide 2500.

All slices were observed and digitally
photographed under both plane and cross-polarized
light, with and without a compensator, using a Carl
Zeiss Imager.A2m petrographic microscope, under
the magnifications of 1.25x%, 2.5x, 5%, 10%, and 20x.

The terminology employed for osteoderm
description followed Wolf et al. (2012).

X-RAY MICROTOMOGRAPHY (MICRO-CT)

Micro-CT physical principle is based on the
attenuation of X-rays when they interact with the
object. The intensity of the photons crossing the
object depends on the number of atoms by volume
unit (density). Essentially, the quality of a micro-
CT image depends on spatial resolution, contrast,
and signal ratio noise. One of the most important
parameters in micro-CT is the scanning pixel size,
which is linked to spatial resolution of the system
(Stock 2008, Oliveira et al. 2011).
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Micro-CT images of the above-mentioned
specimens were obtained in a high-energy
microtomography system — Skyscan/Bruker, model
1173, with an interslice distance between 6 and 7
pum and resolution about 15 um (for details and
other parameters see Supplementary Material -
Table SI). Samples were placed in a polystyrene
support. An aluminum filter (0.10 mm thick) was
used to reduce the contribution of low energy
photons (beam hardening effect). A flat panel
detector (2240 x 2240) registered the cone X-ray
beam transmission. The projection images were
taken over 360° at each step of 0.5° rotation. To
optimize the process of acquisition, parameters
were chosen according to the sample size and goal
of the analysis.

The micro-CT images and reconstruction were
performed with an appropriate algorithm based on
filtered back-projection (Feldkamp et al. 1984).
The images were reconstructed using the NRecon®
software, version 1.6.9.4, to create cross-sectional
slices of the specimens. The reconstruction
parameters of each specimen are provided in the
supplementary material.

To observe the internal microstructure and 3D
volumetric reconstruction of the osteoderms, we
used three different software: CT vox® (version
2.5.0), Dataviewer® (version 1.4.4), and Avizo®
Fire (version 7). The key information provided by
the micro-CT analyses is essentially related to the
size, distribution, and orientation of the internal
cavities (pilosal, glandular, adiposal, neurovascular,
and Havers and Volkmann channels), as well as
secondary remodeling areas of the osteoderm
(Cooper et al. 2003, Krmpotic et al. 2015). The
cavities were gray scale filtering and rendered after
segmentation of the osteoderms by density, with
CTAn. More information and data regarding the 3D

analysis are provided in the supplementary material.
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BONE ARCHITECTURE MEASUREMENTS

A micro-CT is well-suited to measure cortical
porosity (Cooper et al. 2003, but see Cooper
et al. 2007 for the impact of voxel size in this
type of analysis). To estimate and compare the
volume of open spaces (internal cavities) inside
the osteoderms, we employed several parameters
proposed by Borah et al. (2001) to measure
different aspects of the architecture of trabecular
bone. These parameters were applied to evaluate
the cortical porosity in the current study using the
general approach employed by Cooper et al. (2003).

The following parameters were selected as the
most informative to analyze and compare the canal
network of the specimens: BS/BV = solid surface to
volume ratio measured in 3D within the VOI (mm®/
mm’) —surface to volume ratio, or “specific surface”,
is a useful basic parameter for characterizing the
thickness and complexity of structures, and was
employed to estimate the amount of “solid” bone
on the surface and within the osteoderm; BV = total
volume of binarized objects within the VOI (mm’);
Ca.ConnD = connectivity density — the number of
canal intersection per unit volume; Ca.V = canal
volume within the VOI (mm*); Ca.V/TV = cortical
porosity (%) — the relative volume of porous canal;
DA = degree of anisotropy — measure of preference
in orientation; TV = tissue volume of the VOI. The
volume of interest (VOI — mm’) of the 3D images
was either the total volume of the osteoderm or
volume of 500 slices. This VOI, comprising a
smaller, but equal number of slices, to compare
the porosity of a specific area of the base, where
porosity is most distinct between specimens. The
number of slices was defined based on the size of the
preserved portion of the base in the smaller specimen
(UFRJ-DG 317M). The 500 slices were selected to
encompass an area of the base with the major density
of cavities. The region of interest (ROI) comprised
a rectangular area of 1.12 mm’*(2.8 mm x 0.4 mm),
corresponding to a VOI of 3.63 mm’in 500 slices, in
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each osteoderm. In the case of buckler osteoderms,
the VOI was selected at the anterior third. These
parameters were calculated using CT Analyzer
1.16.4.1 software (SkyScan Bruker).

REPOSITORIES AND INSTITUTIONAL
ABBREVIATIONS

DG-URFJ, Department of Geology of Universidade
Federal do Rio de Janeiro (UFRJ), Rio de Janeiro,
Brazil; LMH, lab number of histological collection
of Laboratorio de Macrofosseis/UFRJ; MCN-
PV, Museu de Ciéncias Naturais, Vertebrate
Paleontology Collection, Porto Alegre, Rio Grande
do Sul; MCT-M, Museu de Ciéncias da Terra, Rio
de Janeiro, Fossil Mammal Collection.

SYSTEMATIC PALEONTOLOGY

XENARTHRA Cope, 1889

CINGULATA Illiger, 1811

DASYPODIDAE Gray, 1821
ASTEGOTHERIINI Vizcaino, 1994
Riostegotherium Oliveira and Bergqvist, 1998

Included species: Riostegotherium yanei Oliveira
and Bergqvist, 1998
Figure 1

HOLOTYPE

MCN-PV 1774, buckler osteoderm, from the
Itaborai Formation, Itaborai, Rio de Janeiro, Brazil
(Oliveira and Bergqvist 1998).

TYPE LOCALITY, UNIT, AND AGE

Itaborai Basin, Itaborai, Rio de Janeiro, Brazil,
Itaborai Formation; early Eocene, respectively.

DIAGNOSIS

Differs from all known Paleogene astegotheriines
in having more than 10 pits in the groove around
the main figure on buckler osteoderms (25 pits on
the holotype, MCN-PV 1774; and 16 pits on MCN-
PV 1775) (from Bergqvist et al. 2004).
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Figure 1 - Movable (a-k) and buckler (I-q)
osteoderms of Riostegotherium yanei, a) LMH
05 and b) UFRJ-DG 317M in external view; c-e,
LMH 06; f-g, MCN-PV 1777; i-k, MCN-PV 1779;
I-n, MCT 3932-M; 0-q, MCN-PV 1775. Scale bar
=5mm.c,f, 1,1, o in external view; d, g, j, m, p in
internal view; e, h, k, n, q in lateral view. Anterior
to the top, dorsal to the left. Black arrows indicate
foramina of the deep surface.
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DESCRIPTION

All osteoderms from movable bands of R. yanei
studied here have a rectangular outline, but
LMH 06 and MCN-PV 1779 (Figure lc-e, i-k)
are proportionally larger and thicker than the
others. Except for LMH 06, the superficial and
deep surfaces are smooth and the edges of the
osteoderms are rounded, suggesting a longer
exposure to abrasion than in the former specimen.
None of them are complete; all specimens lack part
of the anterior articular surface (= base or anterior
non-exposed portion). In MCN-PV 1777, the base
is transversely larger than the tongue (= posterior
or exposed portion).

The superficial surface of the osteoderms
from movable bands is ornamented with small pits
scattered all over it, but more abundant over the main
figure. It has a moderately developed central keel,
which is surrounded anterior and laterally by eight
to eleven deep circular depressions (external surface
foramina of the glandular cavities, sensu Ciancio
et al. 2017), giving a U-shaped outline to the main
figure. Different publications have called these deep
circular depressions as hair foramina, neurovascular
foramina, or simply foramina. A histological section
of the extant D. novemcinctus (the closest extant
relative of Riostegotherium yanei, according to
Ciancio et al. 2017) revealed that the cavity beneath
each of these deep and large circular depressions at
the external surface also contains a complete hair
follicle, radically smaller than its external aperture
and embedded entirely within the osteoderm (Hill
2006, Krmpotic et al. 2012). Holmes and Simpson
(1931) stated that in all pilose armadillos, hair
grows from oblique pits in the hinder margin of the
osteoderm, through areas of soft skin in between
each one. With exception of LMH 06, that may have
had only one piliferous foramina at the posterior
border, R. yanei may have had a smooth carapace,
devoid of external thick hair.
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The deep surface is smoothly convex
longitudinally and transversely concave at the
transition from base to tongue. Its roughness is due
to the presence of various small perforations and
short meandering sulci. The lateral borders (sutural
surfaces) are thicker (mainly in LMH 06 and MCN-
PV 1779) at the transition from base to tongue,
and very rough, suggesting a firm suture between
osteoderms from movable bands (Figure 1).

The buckler osteoderms (MCN-PV 1775, MCT
3932-M) are almost complete and have a pentagonal
outline, with a straight anterior border (although
partially broken in MCT 3932-M; Figure 11-n). As
in osteoderms from movable bands, the superficial
surface is coarse, covered by small pits, and at
least twelve external surface apertures of glandular
cavities around the main figure with more near the
anterior and lateral borders. The central keel is faintly
developed. No peripheral figures are observed. The
buckler osteoderms are thicker than the movable
ones and all articulating surfaces are rough.

RESULTS

The internal microstructure of the osteoderms, the
main goal of this paper, is presented from the point
of view of two distinct perspectives: histological

Tongue

OSTEODERM MICROSTRUCTURE OF Riostegotherium yanei

thin sections and 3D reconstructions of micro-CT
acquisitions.

INTERNAL MICROSTRUCTURE: HISTOLOGY

All five longitudinal sections of osteoderms
from movable bands of Riostegotherium yanei
do not present the diploé-like structure typical of
glyptodonts, as defined by Wolf (2007). Although a
three-layered structure is observed, like in Dasypus
(Hill 2006, Wolf 2007) and Chaetophractus
Fitzinger, 1871 (Krmpotic et al. 2009), the core
of the osteoderm is not composed of primary or
secondary cancellous bone. The two layers of non-
Haversian compact bone enclose a central layer of
primary and secondary osteons and concentric bony
laminae around large cavities (Figure 2), which in
recent species host red and yellow marrow, adipose
tissue, hair follicles, and apocrine glands (Hill
2006, Krmpotic et al. 2009). No distinct boundaries
exist between the superficial and the central layer,
as the transition is gradual, but the transition is
more abrupt between the core and deep cortex.
The thickness of the superficial and deep
cortices is variable along the longer axis of the
osteoderm. At the tongue, the deep cortex can
be slightly or almost two times thicker than the

Base

Figure 2 - Longitudinal section of osteoderms from movable bands of Riostegotherium yanei,
a) UFRJ-DG 1051M; b) UFRJ-DG 1053M (horizontally inverted). Scale bar = 1 mm. Anterior

to the right. Polarized light.
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superficial cortex (in slices closer to the sagittal
plane). At the base, both superficial and deep layers
of compact bone are thinner due to the enlargement
of the central region. Underneath the external
depression at the transition from base to tongue,
the deep cortex is thicker than the superficial layer.

The superficial cortex is formed of lamellar
bone. It contains mineralized fiber bundles that
run predominately parallel to the long axis of the
osteoderm. The fibers are thin and long in LMH 06
but thicker in LMH 05; they are regularly arranged,

OSTEODERM MICROSTRUCTURE OF Riostegotherium yanei

slightly undulating, and run parallel to the osteoderm
surface. Several anteroposteriorly elongated, almost
evenly spaced, and aligned osteocyte lacunae are
arranged in layers parallel to the superficial surface
(Figure 3a). Close to the steep edge at the posterior
margin of the base, the surface-parallel collagen
fibers of the superficial cortex of the base cross
the radially oriented bundles, forming an almost
orthogonal pattern of fibers (Figure 3b).

At the posterior edge of the osteoderm, the
sections of both LMH 05 and 06 present crossed

Figure 3 - Histological details of the osteoderms of Riostegotherium yanei, a) aligned
osteocyte lacunae at the superficial cortex (UFRJ-DG 1050M); b) the almost orthogonal
pattern of collagen fiber bundles at the posterior part of the superficial cortex of the
base (UFRJ-DG 1052M); ¢) layers of different directions near the posterior edge of
the tongue give the false impression that the fibers are curved (UFRJ-DG 1053M); d)
the thick fibers of the deep cortex are crossed by few fiber bundles oriented anterior
and superficially (UFRJ-DG 1053M); e) detail of the irregular meshwork pattern of
the deep layer, at the middle region of the osteoderm with polarized light; and f) A
compensator (UFRJ-DG 1052M and UFRJ-DG 1050M, respectively). Scale bar =
200 pm in (a), 1 mm in (¢) and 0.5 mm in (d).

An Acad Bras Cienc (2019) 91(Suppl. 2)
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layers of collagen fibers of distinct directions (see
Currey 2006). This different fiber direction of
each layer gives the impression that the superficial
bundles bend to be continuous with the fibers of the
deep region (Figure 3c).

The collagen fibers of the deep cortex are
thicker and less organized than in the superficial
cortex. At the base, the fiber bundles are longer and
run parallel or slightly oblique to the deep surface,
crossed by several oblique fiber bundles at angles
of at least 45° (Figure 3b, d). These strengthening
adaptations are also observed in Dasypus
novemcinctus, representing a reinforcement for
providing additional stability in the movable bands,
an especially flexible carapace part (Wolf 2007).
Towards the middle third of the osteoderm, the
bundles grade to a non-preferential fiber orientation,
with short and thick fibers extending irregularly in
multiple directions, forming an irregular meshwork.
In the posterior third, the fibers are thinner (like the
superficial ones), shorter and run mostly oblique
to the deep surface, some anteriorly directed and
some (the deepest) posteriorly (Figure 3e, f).

A few shorter and dense bundles, oriented
anterior and superficially, cross in oblique direction
the parallel bundles of the posterior portion of the
tongue (Figure 3c¢).

Both deep and superficial cortices are poorly
vascularized, especially the specimen LMH 05.
Few primary osteons and vascular channels (but
no secondary osteons) are present in the superficial
cortex, and they are mostly located at the middle
portion of the tongue (Figure 4). They are
somewhat more frequent in all slices of LMH 06.
Most primary osteons are rounded and only a few
are elongated.

Vascularization is even more rare within the
deep cortex in R. yanei. Just one rounded primary
osteon is observed in one slice of the specimen LMH
05, near the central region of the tongue (Figures
3a, 5a); a couple vascular canals are present at the
tip of the tongue in LMH 06.

An Acad Bras Cienc (2019) 91(Suppl. 2)
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The core of both osteoderms is remodeled
by numerous secondary osteons, oriented
perpendicular to the plane of the section, and few
large (larger in LMH 06) resorption areas (some
of them surrounded by concentric bone lamellae)
at both base and tongue (Figures 3, 5). Secondary
osteons are concentrated at the contact between base
and tongue and in some extension of the tongue. The
size of the Haversian canals is variable, but several
are moderate to large. According to Pfeiffer et al.
(2006), large Haversian canals and high variability
in their size may indicate a metabolically active
cortical bone at the time of death. The secondary
osteons form a network and between them lay
interstitial lamellae remaining from resorptions of
older secondary osteons.

No growth marks were observed in both
specimens in longitudinal or transverse sections,
with optic microscopic, but thick and rather loose
bundles of Sharpey fibers, crossing each other
at various acute angles, were seen in transversal
sections (Figure. 4).

INTERNAL MICROSTRUCTURE: MICRO-CT

The main advantage of studying osteoderms under
micro-CT, besides the possibility of viewing the
whole three-dimensional (3D) architecture, is the
observation of distribution, shape, size, and position
of the cavities, as well as their interconnectivity,
density, and anisotropy.

According to Cooper et al. (2003), Krmpotic
et al. (2015), and Ciancio et al. (2017), the internal
cavities within the osteoderms comprise: Havers
and Volkmann channels (canal network — not
observed by Ciancio et al. [2017]) due to the low
resolution during image acquisition; bone marrow
cavities with no external connection, filled with
yellow and red bone marrows; piliferous follicle
cavities opening at the external surface (saccular
or spherical glandular cavities sensu Ciancio et al.
[2017]) and channels for hypodermis ingression
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Figure 4 - Details of the vascularization of Riostegotherium yanei: a) the central portion of the specimen LMH 05 showing the
sole primary osteon of the deep cortex (vertical arrow) and one of the secondary osteons of the core at the mid region of the tongue
(horizontal arrow) (UFRJ-DG 1051M); b) and ¢) the secondary osteons and resorption areas of the core of the specimen LMH 06
at the tongue (UFRJ-DG 1050M and UFRIJ-DG 1049M respectively); d) transversal section of the posterolateral portion of the
specimen LMH 05 (UFRJ-DG 1051M) showing Sharpey fibers at the osteoderm margin. Scale bar = 50 um.

from the internal surface. Ciancio et al. (2017)
also recognized the presence of marginal piliferous
follicle cavities in all analyzed species, but they
seem not to be present in the scanned osteoderms
of Riostegotherium yanei, except for a possible one
in LMH 06.

The combining micro-CT analysis and
histological sections, to study the internal anatomy
of buckler osteoderms of the extant armadillos
Chaetophractus villosus (Desmarest, 1804) and
Dasypus hybridus (Desmarest, 1804) (Krmpotic et
al. 2015, Ciancio et al. 2017), provide the data for
the association proposed here between the internal
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cavities and some of the aforementioned internal
structures. However, Hill (2006) argued that
osteoderms of modern armadillos are physically
associated with a variety of soft tissues, and in some
cases, two or more different tissue types may cause
similar osteological features. Thus, soft-tissue
inferences for fossil osteoderms can be equivocal.
Two different patterns of distribution and cavity
sizes were revealed in reconstructed osteoderms
from movable bands (Figure 5). In Pattern 1, the
cavities are much larger and more concentrated at
the base, while in Pattern 2 the cavities are smaller
and dispersed throughout the osteoderm. The video
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Figure 5 - Three-dimensional reconstruction of the porosity and internal view of osteoderms
of Riosthegotherium yanei, showing the differences between Pattern 1 (a-d, g-t) and Pattern
2 (e-p, u-x). a) UFRJ-DG 317M, exhibiting large and irregular cavities anteriorly; b) LMH
06; ¢) MCN-PV 1777; d) MCN-PV 1779; e) MCT 3932M; f) MCN-PV 1775. Scale bar
= 1 mm. a-p, osteoderms from movable bands; q-x, buckler osteoderms. a, e, i, m, q, u,
3D reconstruction; b, f, j, n, r, v, dorsoventral view, anterior to the top; ¢, g, k, 0, s, w,
longitudinal view, anterior to the right; d, h, 1, p, t, x, transversal view, dorsal to the top.
White thin arrows indicate possible Havers and Volkmann channels. White thick arrows
indicate the glandular cavity internal to piliferous foramina. Yellow thick arrows indicate
hypoderm ingression. Colored lines are software axes exported with the images. Three-
dimensional reconstructions were made with CTVox and slices with Dataviewer.
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of each osteoderm (see supplementary material,
videos 1-8) provides a definite difference between
both patterns.

Pattern 1 is only observed in the specimen
UFRIJ-DG 317M (Figure 5a-c), in which the base
is composed of large, irregular shaped cavities
(porous medullary cavities sensu Hill 2006,
bone marrow cavities sensu Ciancio et al. 2017),
anastomosed, and extended over the entire area
of the base. The cavities are larger transversally
than dorsoventrally, and slightly displaced to the
superficial surface of the osteoderm. In the extant
Dasypus, these cavities are filled with both yellow
and red marrow (Hill 2006), or yellow marrow
only, since seasonal variation can suppress the
development of red marrow (Krmpotic et al. 2015).

The frequency, size, and concentration of
the cavities change dramatically posterior to the
contact between base and tongue. At the tongue,
the osteoderm is formed largely by compact bone,
crossed by small and thin elongated “tubules”
with multiple directions, although most have an
anteroposterior orientation, and several are directed
to the lateral margins.

Comparing to the data obtained in the
histological sections, some of these tubules may
correspond to Havers and Volkmann channels,
others to smaller resorption areas, and some to
neurovascular channels that are connected to the
orifices at the external and internal surfaces of the
osteoderm. The tubules decrease in thickness and
frequency towards the posterior margin, where
they are sparser and more isolated.

The glandular cavity internally to the large
piliferous foramina of the superficial surface
(external surface foramina sensu Ciancio et al.
2017) extend internally up to the mid region of the
osteoderm (Figure Sw, x), except the most posterior
foramen, which almost reaches the internal surface.
Most are conical but with a blunt end, while others
are cylindrical. The micro-CT resolution is not
adequate to assert that the piliferous foramina are
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associated with hair follicles and/or glands, but
in extant Dasypus surface piliferous follicles are
always associated with sweat glands (Hill 2006,
Krmpotic et al. 2015).

Riostegotherium yanei presents several small
foramina at the deep surface, in contrast to Dasypus
hybridus that bears a unique but large neurovascular
ingression from the hypodermis (Krmpotic et al.
2015). The canals of R. yanei are much thinner
than in the extant species; most anterior ones are
interconnected with each other and with one of
the external piliferous foramina; some reach the
cavities of the central region and others seem only
to penetrate, for some extent, the osteoderm (Figure
Sm-p, u-w; but better observed in the videos of the
specimens provided as supplementary material).

The second organization of the cavities
(Pattern 2) is observed in the remaining scanned
osteoderms from movable bands (Figure Se-p). As
in UFRJ-DG 317M, the base is filled with cavities,
but unlike this specimen, the cavities are much
smaller, more numerous, and more interconnected
to each other by a tangling net of thin tubules. In
LMH 06 (Figure Se-h), they are more displaced
posteriorly, leaving an area of compact bone along
the anterior border, but in MCN-PV 1777 (Figure
5i-1) and 1779 (Figure Sm-p), the small cavities fill
the base completely.

At the tongue, the cavities have about the
same volume as those at the base and are more
concentrated in the central region of the osteoderm,
underneath the central keel in LMH 06 (Figure Se-
h), although less in MCN-PV 1777 (Figure 5i-1).
In MCN-PV 1779 (Figure 5m-p), they are equally
distributed at the anterior half of the tongue, while
compact bone prevails at the posterior half. In LMH
06, the cavities almost disappear beside the central
keel near the distal border. Following Ciancio et al.
(2017), these cavities are regarded as small bone
marrow cavities.

The cavities are closer to the superficial
surface at the anterior half of the tongue, as already
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observed in the histological thin section (Figure
1b). Unlikely UFRJ-DG 317M, no preferential
direction of the cavities is present. The cavity
underneath the piliferous external foramina is
similar to UFRJ-DG 317M.

Both lateral borders are much deeper and
rugose than in UFRJ-DG 317M (Figure 1), and
bear a larger number of small foramina, whose
canals extend internally, transversely to the main
axis of the osteoderm.

Several small and some larger perforations
for hypoderm ingression, mainly at the tongue,
are present at the deep surface of LMH 06. The
high density of cavities hampers tracking the path
followed by the canals, except for the one near the
anterior border, which extends almost to the contact
of base and tongue and is probably connected to
one of the external piliferous foramina.

The internal morphology of the two buckler
osteoderms that were micro-CT scanned is quite
distinct. The internal cavities (glandular and bone
marrow cavities sensu Ciancio et al. 2017) of MCT
3932M (Figure 5g-t) are slender, resembling the
pattern observed in UFRJ-DG 317M (Figure Sa-d).
They are organized somewhat radially, leaving the
central region of the osteoderm almost devoid of
cavities and formed largely by compact bone. Due to
the reduced number of cavities, MCT 3932M is the
sole osteoderm in which the connection of several
hypoderm ingressions with the internal cavities is
visible (Figure 5g-t). The condition observed in
MCN-PV 1775 (Figure 5u-x) matches the second
pattern, in which a larger number of small and
interconnected cavities fill the whole osteoderm. A
much less distinct radial organization of the cavities
seems to be present, but unlike MCT 3932M, the
central region of the osteoderm is filled with cavities.

QUANTITATIVE 3D ANALY SIS OF THE CANAL
NETWORK

As in long bone cortex, the osteoderms of fossil
and extant Dasypodidae is perforated by an
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interconnected network of canals and cavities
that facilitate the distribution of neurovascular
and glandular structures throughout the cortical
bone. Some of the parameters proposed to assess
the canal network are employed here (Table I) to
evaluate and quantify the differences in the two
patterns observed among the analyzed osteoderms
of Riostegotherium yanei. Although the data
provided is not statistically significant due to
the low number of variables and specimens, it
represents an approach to investigate and compare
the internal pattern of cavities among the oldest
cingulate and its close living relatives.

The parameters of osteoderms from movable
bands have no correlation between size (volume)
and porosity. For instance, the total volume of
MCN-PV 1777 is about one third of the volume
of MCN-PV 1779, but it is almost two times more
porous (Ca.V/TV) than MCN-PV 1777.

The percentage of porosity (Ca.V/TV) in the
four movable specimens scanned for R. yanei
have similar values. However, when the size of
the specimens (TV) is considered, MCN-PV 1779
becomes the densest specimen, as it has less cavities
than the other three specimens, whereas MCN-PV
1777 is the most porous. Although the cavities of
MCN-PV 1779 are most scattered in the anterior
two thirds of the osteoderm (Figure 5m-p), they are
smaller than in LMH 06 (Figure 5e-h), the second
largest specimen and proportionally the most
porous. The relative high porosity of the osteoderm
UFRJ-DG 317M is due to the very large glandular
cavities at the base, as most of the tongue of the
specimen is denser (Figure 5a-d). This condition
is clearly noted when the porosity is analyzed in
a selected region of the base (VOI (Ca.V/TV)), in
which UFRJ-DG 317M becomes up to 25% more
porous than the second most porous osteoderm
(LMH 06).

As already observed in the 3D reconstructions
of buckler osteoderms (Figure 5g-x), MCN-PV
1775 is noticeably more porous than MCT 3932M,
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TABLE I
Parameters for quantitative assessment of cortical canal network of Riostegotherium yanei and Dasypus novemcinctus.
Specimens LMH 98.1, 98.4 and 98.5 belong to a subfossil specimen of D. novemcinctus from Gruta do Urso, Tocantins state,
Brazil. B = buckler; BS/BV = solid surface to volume ratio measured in 3D within the VOI; BV = total volume of binarized
objects within the VOI; Ca.ConnD = connectivity density; Ca.V/TV = canal volume to tissue volume ratio (porosity); DA =
degree of anisotropy; M = movable; VOI = volume of interest (500 slices or 3.63 mm®); TV = Tissue volume.

SAMPLE TAXON (r:n\;) Cag/’o/)T v E::?)] DA (fni;;gg“:g) Vg{,;%;))v /
UFRJ'(DI\E 31TM R yanei 617 5.62 53.6 0.8 622 35.57
LMH 06 (M) R. yanei 116 7.25 43.6 0.37 841 27.16
MCN-PV 1777 (M) R. yanei 57.1 8.28 58.2 0.30 986 22.1
MCN-PV 1779 (M) R. yanei 157 4.25 78.5 0.37 849 15.5
MCT 3932M (B) R. yanei 138 2.37 823 0,33 679 7.55
MCN-PV 1775 (B) R. yanei 143 8.22 66.8 0.32 809 16.11
LMH 83.2 (M) D. novemcinctus 112 4.54 46.9 0.51 379 15.22
LMH 83.5 (M) D. novemcinctus 208.09 25.53 16,05 0.59 736 63.5
LMH 83.6 (M) D. novemcinctus 49.98 4.89 98.2 0.59 736 10.52
LMH 83.1 (B) D. novemcinctus 81.8 4.52 62.2 0.39 560 24.4
LMH 83.7 (B) D. novemcinctus 68.18 5.5 66.9 0.60 591 8.27
LMH 98.1 (B) D. novemcinctus 63.11 438 173,43 0.49 2579 7.18
LMH 98.4 (B) D. novemcinctus 63.71 2.73 105,75 0.45 797 11.29
LMH 98.5 (B) D. novemcinctus 51.4 5.75 81,53 0.36 818 15.18

especially when considering that both have almost
the same tissue volume. The difference, although
still noteworthy, decreases when only the VOI is
considered.

In previous analyses (Odgaard 1997, Borah
et al. 2001, Cooper et al. 2003), the degree of
anisotropy (DA) was employed to measure the
preferred orientation of the interconnections of
the trabeculae or the porous canals. In these cases,
branches transversely oriented to a predominantly
longitudinally oriented network, acted to decrease
the degree of anisotropy (Cooper et al. 2003).
Comparison of the images of reconstructed porosity
of each R. yanei specimen with their anisotropy
values indicates that the most isotropic specimens
are those in which the porosity is more equally
spread all over the osteoderms. The specimens
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that alternate areas of intense porosity with denser
areas, like UFRJ-DG 317M, are more anisotropic.
As expected, the connectivity density (Ca.
ConnD ) of UFRJ-DG 317M is also lower than other
osteoderms from movable bands, as the cavities are
larger and less abundant. The lower value of MCT
3932M may be related with the smaller number of

cavities and consequent interconnections.
DISCUSSION

Although only isolated osteoderms of the carapace
of Riostegotherium yanei have been found so far
(Scillato-Yané 1976, Oliveira and Bergqvist 1998,
Bergqvist et al. 2004), it is reasonable to believe
that, as in other early cingulates, the bucklers were
built of loosely joined elements and separated by
an unknown number of movable bands, possibly
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more numerous than in extant cingulates (as seen in
Stegotherium Ameghino, 1887, from the Miocene
of Argentina; Scott 1903). The large proportion
of osteoderms from movable bands recovered
for R. yanei (73%) agrees with this assumption.
Osteoderms like MCN-PV 1777 (Figure 1) suggest
a smooth transition between buckler and movable
osteoderms, as is observed in Stegotherium tauberi
Gonzalez and Scillato-Yané 2008. Additionally,
the paucity of osteoderms recovered at the Itaborai
basin argues for a carapace composed of fewer
osteoderms than in later cingulates (Cifelli 1983,
Bergqvist et al. 2004), although the scarcity
of individuals in the original community and
taphonomic bias cannot be discarded.

Wolf (2007) considered cingulate osteoderms
as highly derived with respect to the small, compact,
and isolated ossicles found in mylodontid sloths;
however, the recent work of McDonald (2018)
proposed that sloths and cingulates developed
osteoderms independently. Several morphological
and histological traits characterize the Neogene
lineages, including the generally diploé-like
structure, also present in the osteoderms of other
vertebrates (e.g. Scheyer and Sander 2004).

Although R. yanei evidences the presence
of osteoderms in the oldest known Xenarthra
(Scillato-Yané 1976, Oliveira and Bergqvist 1998,
Bergqvist et al. 2004), it is still unclear whether
osteoderms were present in the common ancestor
of Xenarthra and have been lost in Vermilingua
and sloths (Wolf 2007), or if they were acquired
independently in Cingulata and Pilosa as proposed
by McDonald (2018).

The typical diploé-like structure of derived
cingulates (Wolf 2007) is not obviously observed
in the osteoderms of R. yanei because, as stated by
Ciancio et al. (2017), the osteoderm of primitive
Dasypodidae are mainly composed of compact
bone. However, a three-layered structure with a
central region, composed of secondarily remodeled
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osteons and areas of resorptions, is present in this
oldest form.

Riostegotherium yanei is inferred to be the
most basal Dasypodinae (Ciancio et al. 2017),
belonging to a lineage (Astegotheriini) that diverged
early within this group (which also includes the
extant Dasypus). The external morphology of
its osteoderms resembles both the primitive
Stegosimpsonia Vizcaino, 1994 and the derived
Dasypus. However, in the internal morphology,
although bearing some differences, R. yanei is
closer to Dasypus than to other astegotheriines
due to the presence of an intermediate layer full
of cavities and to the absence saccular glandular
cavities beneath external surface foramina.

The comparison of histological thin
sections of osteoderms from movable bands of
Riostegotherium yanei, Dasypus novemcinctus, and
Dasypus bellus Simpson, 1929 (from Hill 2006,
Wolf 2012, Krmpotic et al. 2015) suggests that
the base of R. yanei is more compact than in both
Dasypus species, but when the channel network is
three-dimensionally quantified (Table 1), this is not
always true for the Dasypus specimens analyzed
here. Atthe tongue, the cavities are largerin R. yanei,
although fewer in number. Another distinction
from Dasypus is noted in the central layer, where
an area with numerous secondary osteons, as well
as cavities, is present at the anterior third of the
tongue in R. yanei (Figure 2). According to Wolf
(2007) and Wolf et al. (2012), D. novencimctus and
D. bellus are mainly formed by primary osteons
and only few, if any, are secondarily remodeled.

The orientation of the fiber bundles at deep and
superficial layers of R. yanei is also distinct from
both Dasypus species previously studied (Hill 2006,
Wolf et al. 2012). In R. yanei, the fibers are parallel
to each other at the external cortex but unordered at
the internal cortex, while the opposite happens in
Dasypus novencinctus (but not in Dasypus bellus;
Hill 2006, Wolf et al. 2012).
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Ciancio et al. (2017) did not provide any
detailed histological description of the Argentinian
Astegotheriini but only pictures of three different
sections, which reveal a whole compact osteoderm,
with no remodeling bone at the central region. The
development of the central layer is distinct in the
two buckler osteoderms of R. yanei (Figure 5),
but it is definitely present in both. Moreover, the
cavities internal to the piliferous external aperture
of the Argentine Astegotheriini are much larger,
deeper, and saccular.

Considering the previously mentioned affinity
between Dasypodinae and R. yanei, several
isolated osteoderms of Dasypus novemcinctus were
scanned and reconstructed (see supplementary
material videos 7, 8). As already observed in
histological sections (Hill 2006), the entire base
of D. novemcinctus bears large cavities filled with
bone marrow (Figure 6). The same pattern of
large glandular cavities at the base was observed
in histological sections of Dasypus hybridus
(Krmpotic et al. 2015), but unfortunately, no
previous author presented a 3D reconstruction of
osteoderms from movable bands of this species
(Krmpotic et al. 2015, Ciancio et al. 2017). The
3D reconstruction of D. novemcinctus confirmed
the more compact condition of the osteoderm at the
tongue (also noticed from histological sections). No
bone marrow cavities seem to be present, but the
saccular cavities underneath the external surface
foramina for piliferous follicles are interconnected
with each other by a longitudinal thick and central
channel, with thin (in longer osteoderms) or thick
(in shorter osteoderms) bifurcations. The marginal
piliferous follicle cavities (two to four within the
species observed) become larger at its middle
portion and taper anteriorly, where they connect
with the large canal cited above.

The buckler osteoderms of D. novemcinctus
display a radial orientation of the cavities (also
present in Dasypus hybridus; Krmpotic et al.
2015). The glandular cavities beneath the external
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surface foramina are interconnected to each other
and with the marginal piliferous cavities by thick
canals forming a circular outline, (Figure 6), linked
to a unique neurovascular ingression from the
hypodermis (Hill 2006, Krmpotic et al. 2015).

As previously mentioned, two distinct patterns
of internal porosity are present within the Itaborai
specimens studied here. The movable osteoderm
UFRJ-DG 317M (Pattern 1) resembles Dasypus
(Figure 6) with the presence of large cavities at
the base. The thin and branched channels observed
in both taxa (but not by Krmpotic et al. 2015 and
Ciancio et al. 2017) were associated here with
Havers and Volkmann channels (following Stout
et al. 1999). The haversian system is the major
microstructural feature of compact bone in most
mammals and other vertebrates, and the death of
the animals leaves these cavities unfilled. Particelli
et al. (2011) analyzed several cortices of human
femora and tibiae and concluded that comparative
results between micro-CT analysis and histological
sections showed no significant differences in cortical
porosity, Haversian canal diameter, and Haversian
canal separation. Those thin and branched cavities
are only observed in more compact areas of the
osteoderms of R. yanei and D. novemcinctus,
because the glandular and bone marrow cavities
obliterate them where they are extensive.

Different from Dasypus, both patterns
of movable and buckler osteoderms of
Riostegotherium bear multiple small foramina
at the internal surface (Figure 5) and not a large
foramen for hypoderm ingression.

Concerning buckler osteoderms, the specimen
MCT 3932M (Pattern 1) resembles Dasypus in
the presence of an incipient radial orientation of
the canal network, although the cavities below the
external aperture are not linked by a channel.

The 3D reconstruction of a buckler osteoderm
of Dasypus hibridus provided by Krmpotic et al.
(2015) and Ciancio et al. (2017) is distinct from
all buckler osteoderms of Dasypus novencinctus
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Figure 6 - Three-dimensional reconstruction of Dasypus
novemcinctus osteoderms; a) LMH 83.2 (movable, anterior to
the top); b) LMH 83.1 (buckler). Scale bar = 1 mm.

analyzed here, as none present such big yellow
(or red) bone marrow cavities. This difference,
however, must be taken with caution as the 3D
resolution of the specimens studied here is about
six times higher than in their publication. A
higher resolution provides more detailed internal
structure, the porous space became more complex,
while in lower resolution, the small bone structures
are obliterated and clustered together.

Pattern 2 of both movable and buckler
osteoderm is distinct from both Dasypus species
and even more distinct from all astegotheriins. The
quantity, size, and distribution of the cavities (bone
marrow cavities sensu Ciancio et al. 2017) resemble
that of Meteutatus lagenaformis Ameghino, 1897,
but this similarity can be an artefact of the different
resolution of each acquisition.

Owen (1842, 1861) noticed the absence of
medullary cavity in the humerus, femur, and tibia
of Glossotherium Owen, 1839 and Megatherium
Cuvier, 1796, as well as in extant sloths. Extant
armadillos also lack medullary canal, and Weiss
and Wislocki (1956) suggested that hematopoietic
activity of armadillos occurs inside the large cavities
of the cranial portion (base) of the osteoderms from
movable bands. Krmpotic et al. (2015) also found
blood cell-producing tissue (red bone marrow)
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in osteoderms of the cephalic shield and pelvic
buckler of Chaetophractus villosus and Zaedyus
pichiy (Desmarest, 1804), respectively. Bergqvist et
al. (2004) assigned some of the isolated long bones
(humeri and ulnae) recovered in the Itaborai Basin
to Xenarthra. None of them exhibit a medullary
canal, suggesting that the oldest known cingulate
probably already had hematopoietic activity in the
carapace. However, in the second pattern of cavity
shape and distribution described above, the cavities
are of equal size and are disperse along the entire
osteoderm. We suggest that some of these (not only
the ones present in the base) were responsible for
the hematopoiesis in Riostegotherium yanei.

In addition to the osteoderms of R. yanei
showing two patterns of internal cavities
distribution, as mentioned before, two isolated
humeri and astragali with different morphology and
size were associated to the Itaboraian cingulates
by Cifelli (1983) and Bergqvist et al. (2004). The
radial organization of the cavities, in the buckler
osteoderm MCT 3932M, the intense porosity at
the base, and the denser condition at the tongue,
in the specimen UFRJ-DG 317M, are features also
present in Dasypus (Figures 5, 6; Ciancio et al.
2017). The morphology of the larger humerus and
astragalus are closer to Dasypodidae species than
the smaller ones. Although only few osteoderms
of R. yanei have been recovered and the variation
of the internal morphology within the carapace is
unknown, we cannot rule out the possibility that the
postcranial bones with Dasypodidae morphology
(Bergqvist et al. 2004), and the osteoderms MCT
3932M and UFRJ-DG 317M belong to the same
species, whereas the remaining osteoderms,
together with the smaller astragalus and humerus,
belong to another species.

CONCLUSIONS

The osteoderms of the oldest Xenarthra
Riostegotherium yanei lacks the diploé-like

€20181290 1721



LILIAN P. BERGQVIST et al.

structure typical of glyptodonts but present a
three-layered structure composed of two layers of
non-Haversian compact bone enclosing a central
layer of primary and secondary osteons. This
internal organization is entirely distinct from other
Astegotheriini of comparable age, who present a
fully compact osteoderm, but is similar to the extant
Dasypus. Although a larger number of specimens
are needed for a more sustained conclusion, we
suggest that R. yanei is closer to the lineage leading
to Dasypus than to Astegotheriini.

The 3D reconstructions of the osteoderms
recovered from the Itaborai basin reveal the
presence of two patterns of internal organization of
the cavities among them, though externally they all
bear the same morphology. Pattern 1 of movable
osteoderm (UFRJ-DG 317M) is composed of large
remodeled areas at the base and a more compact
bone at the tongue, while in Pattern 2 (remaining
specimens) the cavities are much smaller, more
numerous and more interconnected to each other
by a tangling net of thin tubules. This pattern is also
observed in one buckler osteoderm, but in the other
buckler osteoderm (MCT 3932M), the cavities are
organized somewhat radially, leaving the central
region of the osteoderm almost devoid of cavities
and formed largely by compact bone (Pattern 1).
A radial organization of the internal cavities is the
pattern of Dasypus novencinctus and D. hybridus.
The closer resemblance of Pattern 1 with Dasypus
can be tentatively used to associate UFRJ-DG 317M
and MCT 3932M to the dasypodoid postcranium
recovered from the Itaborai basin, even if the
variability of the internal structure of osteoderms
of an individual is unknown.

The
microtomography for studying cingulate

combining of histology and

osteoderms offers both details and spatial
distribution of the internal structure; however, the
resolution of acquisition may restrict the structures
observed. For observation of smaller structures like
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Havers and Volkman channels, a resolution of 15
um or less is suggested.
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SUPPLEMENTARY MATERIAL

Table SI - Acquisition parameters.
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Video 1 - Video of a movable osteoderm of Riostegotherium
yanei (UFRJ-DG 317M) showing internal structure by
changing channel opacity. Made with CTVox over CT scan
images.

Video 2 - Video of a movable osteoderm of Riostegotherium
yanei (LMH 06) showing internal structure by changing
channel opacity. Made with CTVox over CT scan images.

Video 3 - Video of a movable osteoderm of Riostegotherium
yanei (MCN-PV 1779) showing internal structure by changing
channel opacity. Made with CTVox over CT scan images.

Video 4 - Video of a movable osteoderm of Riostegotherium
yanei (MCN-PV 1777) showing internal structure by changing
channel opacity. Made with CTVox over CT scan images.

Video 5 - Video of a buckler osteoderm of Riostegotherium
yanei (MCN-PV 1775) showing internal structure by changing
channel opacity. Made with CTVox over CT scan images.

Video 6 - Video of a buckler osteoderm of Riostegotherium
yanei (MCT 3932M) showing internal structure by changing
channel opacity. Made with CTVox over CT scan images.

Video 7 - Video of a movable osteoderm of Dasypus
novemcinctus (LMH 83.2) showing internal structure by
changing channel opacity. Made with CTVox over CT scan
images.

Video 8 - Video of a buckler osteoderm of Dasypus
novemcinctus (LMH 83.1) showing internal structure by
changing channel opacity. Made with CTVox over CT scan
images.
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