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Abstract Among extant mammals, the presence of
osteoderms is limited to armadillos (Xenarthra, Dasypo-
didae), being one of its distinctive features. The osteoderms
are articulated to form a carapace that covers their body
dorsally. In this paper we study the integumentary struc-
tures of the armadillos Chaetophractus vellerosus,
Chaetophractus villosus, Euphractus sexcinctus, and Zae-
dyus pichiy (Euphractinae), Dasypus hybridus, and Dasy-
pus novemcinctus (Dasypodinae) within a comparative
framework, aiming to identify patterns common to the
family and to the subfamilies Dasypodinae and
Euphractinae, as well as peculiarities of each species.
Differences between the two subfamilies were observed in
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the dorsal integument, related to the production of blood
cells and the mobility of the carapace. The Euphractinae
present more numerous and larger cavities filled with adi-
pose tissue in the osteoderms, as well as more marginal
follicles than the Dasypodinae. These provide thermal
insulation that could be related to their distribution in
cooler climates. The sebaceous glands associated with
surface follicles are also more developed in the
Euphractinae and could be related to preventing the des-
iccation of the cornified scales in arid climates.

Keywords Armadillo - Osteoderm - Cornified scales -
Histology - Dasypodinae - Euphractinae

Introduction

The presence of osteoderms is widely spread among cra-
niates (Sire et al. 2009; Vickaryous and Sire 2009), and it is
interpreted as a plesiomorphic character of tetrapods. These
structures show considerable lineage-specific variability in
shape, size, and composition of tissues (Vickaryous and
Sire 2009). Within extant amniotes, osteoderms are found
in many sauropsids (Moss 1969; Vickaryous and Sire
2009), whereas in mammals their presence is limited to the
armadillos (Xenarthra, Dasypodidae), representing one of
their key features. Nevertheless, when the xenarthran fossil
record is taken into account, osteoderms are not exclusive
to dasypodids; rather, they characterize the clade Cingulata
(which also includes glyptodonts and pampatheres) and
they are also present (although reduced to simple nodular
bones lacking sutures or figures) in some extinct Tardi-
grada (e.g., Mylodon, Glossotherium).

The osteoderms of Dasypodidae articulate with each
other to form a dorsal protective carapace. This covering is
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divided into a cephalic shield (which covers the dorsum of
the head), a dorsal shield (covering the trunk), and a caudal
sheath (enclosing the tail), except in Cabassous, which
lacks the latter (Wetzel et al. 2007). The dorsal shield is
subdivided into a scapular buckler, a region of movable
bands, and a pelvic buckler (e.g., Scillato-Yané 1982;
Krmpotic et al. 2009; Ciancio et al. 2013) (Fig. 1). In
addition to this dorsal covering, osteoderms may also be
scattered within the integument of the rostrum, the ventral
part of the trunk, and the dorsum of the limbs, although not
forming continuous shields in those areas.

Osteoderms are externally covered by epidermal corni-
fied scales, and their relation is variable, in particular the
degree to which the scales and underlying osteoderms
overlap or are coincident (Ciancio and Carlini 2008; Car-
lini et al. 2009). The cornified scales show pyknotic nuclei
and are always linked to an underlying parakeratotic epi-
dermis (Krmpotic et al. 2014). The follicles of the scarce
dorsal hairs lie within the osteoderm and emerge from
foramina (external surface foramina and piliferous foram-
ina), either piercing the cornified scales through small
perforations or passing through the interstices between
them (Scillato-Yané 1982; Krmpotic et al. 2009).

Complex glandular structures associated with hair fol-
licles, cornified scales, and osteoderms coexist within the
integument of armadillos. Histologically, these osteoderms
contain compact bone tissue with primary and secondary
osteons (Vickaryous and Hall 2006); concentric osseous
lamellae surround large cavities that enclose mainly adi-
pose tissue (yellow bone marrow), hair follicles, sweat
glands, and sebaceous glands (Fernandez 1931; Hill 2006;
Krmpotic et al. 2009). Elements of red bone marrow have
also been identified within those cavities (Weiss and
Wislocki 1956; Hill 2006; Krmpotic et al. 2009). Although
the pattern described is common to the osteoderms of
Dasypodidae, noticeable differences in the histological
conformation of the dorsal integument have been found
between Dasypus sp. (Dasypodinae) and Chaetophractus
villosus (Euphractinae) (Ciancio et al. 2007; Krmpotic
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Fig. 1 Caparace. Line drawing of an adult of Dasypus novemcinctus
showing the different portions of the carapace
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et al. 2009). Wolf et al. (2012) pointed out differences in
the osteoderm structure between both subfamilies, but they
only analyzed dry osteoderms, and did not provide detailed
descriptions of histological sections.

Recently, Krmpotic et al. (2012) described the integu-
ment and postcranial skeleton of Dasypus hybridus and
Chaetopractus vellerosus neonates. At this stage, the
integumentary structures and postcranial skeleton differ in
their timing of developmental maturity, which might be
linked to different life-history strategies.

In this work, we describe the histology of the integu-
ment of six species from the two most diverse groups of
extant Dasypodidae (Euphractinae and Dasypodinae) in a
comparative context. Both groups possess different geo-
graphic distribution: the Dasypodinae are related to moist
tropical and subtropical environments, whereas the distri-
bution of Euphractinae extends to colder and drier tem-
perate zones (Fig. 2).

The aim of this paper is to provide new comparative
data on the conformation of integumentary structures (e.g.,
epidermis, dermis, osteoderms, red and yellow bone mar-
row, glandular and nervous tissues) in six species of
Dasypodidae and to identify patterns that are common to
the family and to each subfamily, as well as distinctive
features of each species. In addition, and following the
results of Krmpotic et al. (2012), we analyze integumentary
changes in relation to homologous structures of neonates.

Moreover, until now the internal anatomy of osteoderms
was addressed only through histological studies, which
limit the description to the dimension of the cutting plane.
In this paper the histological interpretations were rein-
forced with a full three-dimensional reconstruction of
osteoderms based on micro-CT scanning. Finally, we
assess the value of these integumentary features as phylo-
genetic characters and their potential as ecomorphological
indicators.

Materials and methods

Integumentary samples for light microscopy analyses were
taken from adults of the following Dasypodidae specimens:
Chaetophractus vellerosus AAC 208, Chaetophractus vil-
losus AAC 210, Euphractus sexcinctus AAC 212, and
Zaedyus pichiy AAC 209 (Euphractinae), Dasypus hybri-
dus AAC 205, and Dasypus novemcinctus AAC 213
(Dasypodinae). Euphractus and Dasypus
novemcinctus were found killed on the road. The remaining
specimens were obtained from farmers who hunt these
species in their fields because they are considered harmful
to agricultural practices, and kept for us to study (farmers
record the capture and death dates). Samples were fixed in
5 % formaldehyde and preserved in 70 % ethanol. Small

sexcinctus



Zoomorphology (2015) 134:601-616

603

Fig. 2 Maps of South America ]

showing the current distribution &/f \%\/
of the species of Dasypodidae LS
mentioned in the text.

a Distribution map of the
Dasypodinae species.

b Distribution map of the
Euphractinae species. The maps
are based on Wetzel (1985) and
Aguiar and Fonseca (2008). The
arrow indicates that the current
distribution of D. novemcinctus
includes Central and North
America
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portions (25-30 mm?) of the cephalic shield and different
regions of medial zone of the dorsal carapace (scapular and
pelvic buckler and movable bands) were taken from each
specimen (three samples per zone). The specimens are
housed in the Division of Vertebrate Paleontology at the
Museo de La Plata. A 10 % formic acid solution was used
to decalcify ossifications. Subsequently, the tissues were
dehydrated using progressive concentrations of ethanol,
from 70 to 100 %, and embedded in paraffin. More than
100 serial histological 5-um-thick sections were made per
region of each specimen, parallel to the sagittal plane of the
osteoderm. Serial sectioning allows a more reliable inter-
pretation of the integumentary structures. Sections were
stained using hematoxylin and eosin (H&E staining),
Masson Trichrome, PAS and orcein techniques. All the
histological techniques were realized following the proto-
cols described in Bancroft and Stevens (1990).

The 3D reconstructions were performed using Nrecon
software v. 1.6.9.8. The digital radiographic images were
acquired on a SkyScan 1173 micro-CT with a interslice
distance of 40 pm.

AAC, Coleccion de la Division de Paleontologia Ver-
tebrados del Museo de La Plata, La Plata, Argentina.

Terminology

Some terms concerning the osteoderms and associated
integumentary structures are adopted in this paper follow-
ing Krmpotic et al. (2009, 2012). They are described below
and depicted in Fig. 3.

Marginal piliferous follicles (mf): large follicles present
along the margins of osteoderms.

Surface piliferous follicles (sf): small follicles related to
the external surface foramina of osteoderms.

External surface foramina (esf): foramina located on the
external surface, connected to glandular cavities and
through which sf emerge.

Piliferous foramina (pf): foramina present on the mar-
gins of the osteoderm through which mf emerge.

Two portions are recognized in the osteoderms of the
movable bands (or movable osteoderms): a cranial (or not
exposed) portion, which is overlapped by the caudal por-
tion of an osteoderm located anteriorly, and a caudal (or
exposed) portion, which overlaps the cranial portion of an
osteoderm located posteriorly (Fig. 3). The differentiated
portion located between the cranial and caudal portions of
the osteoderm is termed transverse depression (Krmpotic
et al. 2009) or transition zone (Ciancio et al. 2013).

Results

General patterns for the dorsal integument
of Dasypodidae

The dorsal integument of Dasypodidae exhibits thick
cornified scales that cover the whole external surface of the
buckler osteoderms, as well as the caudal portion of the
movable osteoderms (Fig. 4a, b). In H&E-stained sections,
the cornified scales show an intense ocher-yellowish color,
with pyknotic nuclei (Fig. 4c—i). The epidermis underneath
the cornified scales lacks a stratum granulosum and is
composed only by a stratum basale and one or two layers of
stratum spinosum (Fig. 4d—i). A thin layer of dermis formed
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Fig. 3 External morphology of osteoderms. Buckler and movable
osteoderms of the dorsal shield of dasypodids. a Osteoderms of
Dasypus hybridus (Dasypodinae). b Osteoderms of Chaetophractus
villosus (Euphractinae). The osteoderms are showed in external and

by loose connective tissue is observed between the basal
lamina of the epidermis and the osteoderm (Fig. 4d-i). The
osteoderms occupy almost the entire thickness of the der-
mis, with either hypodermis or muscular tissue (panniculus
carnosus) as the underlying tissue, depending on the species
and on the region of the carapace (Fig. 5a-i).
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internal side views. esf external surface foramina, hi neurovascular
ingressions of hypodermis, pf piliferous follicle foramina. Scale bar
5 mm

The buckler osteoderms of adult specimens show an
external layer of non-Haversian compact bone (consisting
of bone tissue without cavities and with no concentric
lamellae forming Haversian systems, see Fig. 6a, b), a
middle layer with primary and secondary osteons (Figs. 6a,
¢, 7a—d), with concentric lamellae encircling large cavities,
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Fig. 4 Cornified scales of the dorsal integument of Dasypodidae.
a On the left, buckler osteoderm of Chaetophractus villosus with
cornified scales removed; on the right osteoderm covered by cornified
scales. b Lateral view of osteoderm with overlying cornified scales.
¢ Osteoderm and cornified scale of C. villosus, H&E stain. d—

and an internal layer of non-Haversian compact bone
(Fig. 6a—d). The latter is composed of collagen bundles
that run parallel to the surface, with aligned osteocytes
among them, and intersecting each other in various direc-
tions (Fig. 6d). The cavities of the middle layer enclose
adipose tissue (yellow bone marrow) and sweat glands; the
latter are generally associated with sebaceous glands of
variable development and, in most species, with surface
piliferous follicles of hairs that emerge through the external
surface foramina (Fig. 6a). In cavities occupied by both
glandular types, each gland has its own duct, but they
emerge externally through a single canal (Fig. 6a). In the
posterior portion of the osteoderm, the marginal follicles
are observed in their respective cavities; these follicles may
be associated with sweat and sebaceous glands, or only to
sebaceous glands, and are always surrounded by loose
connective tissue (Fig. 6a). Laterally, Sharpey fiber bone
connects the osteoderms to each other; they represent the

i)

i
el B

:
il
i Epidermis and cornified scales, H&E stain. d Zaedyus pichiy. e C.
villosus. £ Chaetophractus vellerosus. g Euphractus sexcinctus.

h Dasypus hybridus. i Dasypus novemcintus. cs cornified scales, de
dermis, ep epidermis. White arrows point pyknotic nuclei

direct insertion of soft connective tissue into bone (see Hill
2006 and references therein; Fig. 6a).

The exposed portion of the movable osteoderms shows
the same features as described for the buckler osteoderms.
Nevertheless, in the cranial (not exposed) portion, the
middle layer occupies almost the entire thickness of the
osteoderm, whereas the external and the internal layers are
extremely thin and formed by non-Haversian bone tissue
(Fig. 8a, b). In the middle layer, concentric lamellae sur-
round large cavities filled with yellow or red bone marrow
(Fig. 8a, b).

Additionally, dermal ingressions of varied complexity
pass through the osteoderm from the underlying dermis to
the basal lamina of the epidermis; neurovascular bundles
from the hypodermis vary in number and complexity
among the species under study (Fig. 5e, i). Nerves are also
observed underneath the osteoderms, within the hypoder-
mis (Fig. 51).

@ Springer
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Fig. 5 Hypodermis and panniculus carnosus. a—¢ Buckler osteoderm
and hypodermis of Chaetophractus villosus. a PAS stain. b Orcein
stain. ¢ H&E stain. d Osteoderm and panniculus carnosus of
Chaetophractus vellerosus, H&E stain. e Buckler osteoderm of
Zaedyus pichiy showing neurovascular ingression. f-i Dasypus
hybridus. f Buckler osteoderm and hypodermis, H&E stain. g—

@ Springer
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h Movable ostoderm and panniculus carnosus. g Trichromic stain,
staining striated muscle fibers in red and collagen fibers in green.
h H&E stain. i Movable osteoderm and hypodermis with nerves,
which run transversely, deep to adjacent osteoderm, H&E stain. hi
neurovascular ingressions of hypodermis, mfb muscle fibers, n nerves,
sfb Sharpey fiber bone



Zoomorphology (2015) 134:601-616

607

Fig. 6 Buckler osteoderm of Zaedyus pichiy, H&E stain. a General
view. b External layer with non-Haversian compact bone. ¢ Middle
layer with secondary osteons. d Internal layer with non-Haversian
compact bone. gc gland cavity, cb collagen bundles, mf marginal

General patterns for Euphractinae and species-
specific peculiarities

The osteoderms of Euphractinae are connected to each
other by a fibrous joint (syndesmosis), with Sharpey fiber
bone and bone indentations (Fig. 9a).

The middle layer of the osteoderm is always well
developed and encloses large sebaceous and sweat glands
that share the same bone cavity; these glands are generally
associated with a surface piliferous follicle (Figs. 6a, 10a—
f). In C. villosus, a single surface piliferous follicle asso-
ciated with those glands was observed in one buckler
osteoderm, whereas glands and follicles were not associ-
ated with the remaining buckler osteoderms. Large cavities
occupied mainly by sweat glands are present in the
cephalic shield osteoderms of C. villosus, whereas the
sebaceous glands are poorly developed (Fig. 10e). Blood
cell-producing tissue (red bone marrow) was not observed
in any portion of the dorsal shield, not even in the large
cavities of the cranial (not exposed) portion of the movable
osteoderms (Fig. 8b). Nevertheless, red bone marrow was
found in the osteoderms of the cephalic shield of C. vil-
losus and in few cavities of pelvic buckler osteoderms of Z.
pichiy (Fig. 11c, d). The Euphractinae possess large

piliferous follicle, sf surface piliferous follicles, so secondary osteon,
syj syndesmosis joint between two osteoderms, ybm yellow bone
marrow. White arrows point osteocytes

cavities for marginal piliferous follicles that also contain
great amounts of loose connective tissue (Figs. 6a, 12a, d).
Those follicles are associated with poorly developed
sebaceous glands (Fig. 12e, f). In C. villosus and C.
vellerosus, in large areas the glandular cavities and pilif-
erous follicle cavities are continuous with the underlying
hypodermis and not separated from the latter by bone tissue
(Fig. 12b).

A peculiarity within the movable osteoderms of C.
vellerosus was an area where the bone tissue was inter-
rupted and the space was occupied by fibrous tissue with
Sharpey fiber bone (Fig. 5d). This arrangement inside the
osteoderm resembles a fibrous joint and is located between
the anterior-most part of the cranial portion and the rest of
this portion (Fig. 5d).

The three-dimensional reconstructions of buckler
osteoderms of C. villosus allow to correctly interpreting the
morphology of distinct cavities inside the osteoderm, as
well as the relationships among them. The glands associ-
ated with surface piliferous follicles are well developed and
have a rounded morphology, very different from the large
tubular cavities of the marginal piliferous follicles. Glan-
dular cavities are connected with neurovascular ingressions
from the hypodermis, and only the most caudal glandular
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Fig. 7 Osteons. a Primary osteon of Chaetophractus villosus, H&E
stain. b Secondary osteon of Chaetophractus vellerosus, H&E stain.
¢ Osteoclasts into the secondary osteon of Zaedyus pichiy, H&E stain.

cavities are communicated with the cavities of the marginal
piliferous follicle. Likewise, the great development of
cavities occupied with yellow bone marrow is noteworthy
(Fig. 13a).

General patterns for Dasypodinae and
species-specific peculiarities

In contrast to the condition found in the Euphractinae, the
fibrous joints between the osteoderms of Dasypodinae
correspond to a typical syndesmosis, with very small bone
projections (only at the most surface contacts) and Sharpey
fiber bone (Fig. 9b).

The glandular cavities always bear well-developed
sweat glands, whereas the sebaceous glands may be either
absent or poorly developed, and limited to the dorsal por-
tion of the cavity; surface piliferous follicles are always
associated with sweat glands (Fig. 10g, i). Red bone mar-
row was observed in the movable osteoderms of D.
hybridus, both in the cavities of the cranial portion and in
those of the exposed portion, as well as in some cavities of
the buckler osteoderms (Figs. 8a, 11g, k). On the other
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d Osteoclasts into the secondary osteon of C. vellerosus, H&E stain.
oc osteoclasts, po primary osteon, so secondary osteon

hand, only yellow bone marrow was identified in the
osteoderms of D. novemcinctus, while red bone marrow
was absent (Fig. 11j, 1). Yellow bone marrow cavities were
also identified in buckler osteoderms (Fig. 11h, i). The
movable osteoderms of D. hybridus presented discontinu-
ities that may be considered as additional internal joints
formed exclusively by Sharpey fiber bone, one at the
anterior-most part of the cranial portion and the other
between that portion and the caudal one (Fig. 8a). The
marginal follicles were always associated with sweat
glands (Fig. 12g, 1).

The three-dimensional reconstructions of buckler
osteoderms of D. hybridus showed that the cavities asso-
ciated with surface and marginal piliferous follicles are
interconnected with each other, have a similar morphology,
and also are connected with a unique neurovascular
ingression from the hypodermis. The marginal piliferous
follicles are larger than the surface piliferous follicles. Both
chambers show a lesser development than their counter-
parts in the Euphractinae. The cavities occupied by yellow
bone marrow (or red bone marrow) are also less developed
than in the Euphractinae (Fig. 13b).
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Fig. 8 Movable osteoderms. a Two overlapped osteoderms of piliferous follicle, mfb muscle fibers, rbm red bone marrow, sf
movable bands of Dasypus hybridus, H&E stain. b Two overlapped surface piliferous follicles, sfb Sharpey fiber bone, ybm yellow bone
osteoderms of movable bands of Chaetophractus vellerosus, H&E marrow

stain. hi neurovascular ingressions of hypodermis, mf marginal

Fig. 9 Connections between adjacent osteoderms. a Chaetophractus villosus, a, b histological details, H&E stain, ¢ 3D reconstructions and
microtomography. b Dasypus hybridus, d 3D reconstructions and microtomography; f~g histological details, H&E stain. sfb Sharpey fiber bone

@ Springer
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Fig. 10 Glandular cavities and surface piliferous follicle. a Sweat
and sebaceous glands of Zaedyus pichiy, H&E stain. b Surface
piliferous follicles with sebaceous gland of Z. pichiy, H&E stain.
¢ Sebaceous and sweat glands associated with surface piliferous
follicles of Chaetophractus vellerosus, H&E stain. d Sweat and
sebaceous glands of Chaetophractus villosus, PAS stain. e Sweat and
sebaceous glands of C. villosus cephalic osteoderm, H&E stain.

Discussion

The cornified scales in the studied Dasypodidae present
pyknotic nuclei, typical of a parakeratotic cornification; the
epidermis underlying these scales is extremely thin and
lacks a stratum granulosum. In a previous paper (Krmpotic
et al. 2014) the absence of a stratum granulosum under the
cornified scales was described for adult specimens of D.
hybridus, D. novemcinctus, E. sexcinctus, C. villosus, and

@ Springer

f Sebaceous gland of Euphractus sexcinctus, H&E stain. g Sweat
gland of Dasypus novemcinctus, H&E stain. h Sweat glands
associated with surface piliferous follicles of Dasypus hybridus,
H&E stain. i Surface piliferous follicles with sebaceous gland of D.
hybridus, H&E stain. sbg sebaceous gland, sf surface piliferous
follicle, swg sweat gland

C. vellerosus. In this work we observed the same in Z.
pichiy, leading to the assumption that it represents a
characteristic of Dasypodidae, in opposition to the sug-
gestions of Fernandez (1931) and Spearman (1966). The
latter author considered (erroneously, as demonstrated by
Krmpotic et al. 2014) that the cornified scales of Dasypo-
didae develop without the loss of a stratum granulosum,
and this peculiarity was assumed to be a primitive character
of the family. However, in neonates (which have not
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Fig. 11 Red and yellow bone marrow. a Chaetophractus vellerosus,
H&E stain. b Euphractus sexcinctus, H&E stain. ¢ Chaetophractus
villosus, H&E stain. d Zaedyus pichiy, H&E stain. e C. villosus, H&E
stain. f Z. pichiy, H&E stain. g-i Dasypus hybridus, H&E stain.

developed cornified scales yet) of C. villosus, C. vellerosus,
and D. hybridus, a conspicuous stratum granulosum is
observed (Krmpotic et al. 2012, 2014). The lack of a
stratum granulosum in the integumentary regions with
cornified scales seems to be a common feature among
mammals, as it is also observed in body areas covered with
scales in other mammalian groups (e.g., in the tail of Mus
musculus, Spearman and Hardy 1977; Alibardi 2004).

In the portions of the carapace formed by buckler
osteoderms, an extremely thin layer of superficial dermis is
always present underneath the epidermis. In neonates, as
well as in late fetuses, of Dasypodinae (Vickaryous and
Hall 2006; Krmpotic et al. 2012), the dermis is already

Jj Dasypus novemcinctus, H&E stain. k D. hybridus, H&E stain. 1 D.
novemcinctus, H&E stain. a artery, at adipose tissue, gc gland cavity,
n nerves, rbm red bone marrow, v vein, ybm yellow bone marrow

differentiated into two strata (superficial and deep),
whereas in neonates of Euphractinae those strata are not yet
differentiated. In fetuses and neonates of Dasypodinae, the
osteoderms begin to form inside the superficial dermis
(Vickaryous and Hall 2006; Krmpotic et al. 2012). In the
adults, when the osteoderms are completely developed,
both strata are incorporated into the osteoderm.

The histological structure of osteoderms of Euphractinae
and Dasypodinae is similar. However, the type of articu-
lation between them is different in each subfamily: syn-
desmoses with bone indentations in Euphractinae and
syndesmoses with very small bone projections (only on the
most superficial and deepest contacts) in Dasypodinae. In
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Fig. 12 Marginal piliferous follicles. a Chaetophractus vellerosus,
H&E stain. b Chaetophractus villosus, H&E stain. ¢, d Euphractus
sexcinctus, H&E stain. e Zaedyus pichiy, H&E stain. £ C. villosus,

addition, the putative additional joints inside osteoderms
seem to be restricted to some species (observed exclusively
in Chaetophractus vellerosus and Dasypus hybridus).

The histological similarities found in the osteoderms of
adults of the studied species do not reflect the differences
on their developmental timing. Dasypodinae neonates
show developing osteoderms (e.g., Dasypus hybridus;
Krmpotic et al. 2012), and in the case of Dasypus
novemcinctus, this is also observed in late fetuses
(Vickaryous and Hall 2006). On the other hand, developing
osteoderms are not visible in the neonates of Euphractinae
(Fernandez 1931; Krmpotic et al. 2012).

Previous authors describe the presence of red bone
marrow in the cranial portion of movable osteoderms of D.
novemcinctus (Weiss and Wislocki 1956; Hill 2006), a
report that we could not verify despite the numerous sec-
tions analyzed. Nevertheless, in D. hybridus red bone
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H&E stain. g-h Dasypus hybridus, H&E stain. i Dasypus novem-
cinctus, H&E stain. mf marginal piliferous follicle, sbg sebaceous
gland, swg sweat gland

marrow is observed in the cavities of both portions of the
movable osteoderms and in some cavities of the buckler
osteoderms. Weiss and Wislocki (1956) suggested that
hematopoietic activity occurs inside the large cavities of the
cranial portion of the movable osteoderms and considered
that this activity has seasonal variations, becoming active in
the spring and summer. According to the information
available in the collection catalogue, the specimen of the D.
hybridus analyzed in this work was collected during the
spring, whereas the specimen of D. novemcinctus was col-
lected during the fall. Thus, the absence of red bone marrow
in the latter could be related to this seasonal variation, and
the difference in the relative production of blood cells in D.
hybridus could represent interspecific variations. On the
other hand, in Euphractinae this tissue was observed only in
the osteoderms of the cephalic shield of C. villosus, as well
as in osteoderms of the pelvic buckler of Z. pichiy collected
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Fig. 13 3D reconstructions of buckler osteoderms. External contour
of the osteoderms in blue. a Chaetophractus villosus. Top oblique
views. Middle external side views. Bottom internal side views.
b Dasypus hybridus. Top oblique views. Middle external side views.
Bottom internal side views. esf external surface foramina, gc

during the spring. Red bone marrow was not identified in
the specimens of C. vellerosus, even though they were
collected during the spring (the collection date of E. sex-
cinctus was not available).

Some features possibly linked to environmental factors
are also observed in early stages. Osteoderm development
in the neonates of Dasypodinae starts earlier than in
Euphractinae (Krmpotic et al. 2012). Conversely, the pil-
iferous follicles and glands are relatively more developed
in the Euphractinae at birth, a fact that is probably related
to the environmental conditions where these taxa occur
(Krmpotic et al. 2012).

The sebaceous glands in the large cavities of the buckler
osteoderms and the caudal portion of the movable osteo-
derms are more developed in Euphractinae than in

glandular cavity, mfc marginal piliferous follicle cavity, pf piliferous
follicle foramina, hi hypodermis ingression, hic hypodermis ingres-
sion cavity, rbmc red bone marrow cavity, ybmc yellow bone marrow
cavity

Dasypodinae. In the former, these glands occupy approxi-
mately half of a cavity, whereas in Dasypodinae they are
much smaller and formed by two lobes restricted to the
narrow portion of each cavity that is continuous with the
duct that opens onto the external surface foramina. In all
the specimens under study, both glandular types (sebaceous
and sweat glands) are associated with surface piliferous
follicles of hairs that emerge through an external surface
foramen. Chaetophractus villosus is the only species in
which adults lack surface piliferous follicles, although
Fernandez (1931) suggested their presence in embryos and
fetuses. The glands associated with those surface follicles
are much more developed in neonates of Euphractinae than
in those of Dasypodinae (Krmpotic et al. 2012), while the
latter present a greater development of other integumentary
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structures (e.g., dermis, osteoderms). Finally, the marginal
follicles of the Euphractinae were always associated with
sebaceous glands only. In the Dasypodinae these follicles
were generally associated with sweat glands only.

Biogeographic distribution and morphological
distinctiveness

The geographic distribution of armadillos is closely related
to the climatic—environmental conditions of the different
regions, and this is shown in the differential distribution of
the more diverse clades of extant Dasypodidae (Dasypod-
inae and Euphractinae).

The first group of armadillos (Dasypodinae), which
represent the most basal cingulates, have always been
related to warm and humid climates. It includes the Aste-
gotheriini, the oldest xenarthrans known. The earliest
records of this group (in the early Eocene) were in low
latitudes in South America (Itaborai, Brazil); however,
their largest well-known diversity was retrieved in the high
latitudes of Patagonia, Argentina (middle—late Eocene). In
that moment, the early Eocene Climatic Optimum (EECO)
produced a temperature and humidity much higher than
today (Carlini et al. 2010).

Toward the Eocene—Oligocene transition (EOT), the
Astegotheriini Vizcaino (1994) diversity decreased, coin-
ciding with the overall decline in marine temperatures,
which strongly affected the peninsular continental areas
such as southern South America. During this time lapse,
but conversely, the Euphractinae appear and reach a
remarkable diversity, and since the EOT they are estab-
lished as the most varied group of armadillos in high lati-
tudes (Carlini et al. 2009, 2010). Finally, since the EOT the
Dasypodinae Astegotheriini have not been recorded in
southern South America, except for a single species during
the late Oligocene warming. However, they are found in
low latitudes until the middle—late Miocene (Colombia and
Ecuador) and coexisted with the first Dasypodinae Dasy-
podini (Carlini et al. 1997, 2014).

At present, some species mentioned in this work show a
more northern distribution than others, having its southern
limit in the center-north of Argentina (e.g., Dasypus
novemcinctus, D. hybridus, Euphractus sexcinctus,
Chaetophractus vellerosus), while other species (e.g.,
Zaedyus pichyi and Chaetophractus villosus) show a dis-
tribution from the center-north of Argentina to the austral
continental limit.

According to McNab (1980), the areas of distribution of
Dasypodidae would be closely related to the limitations
established by their low body temperatures, low basal rates
of metabolism, high minimal thermal conductance, and
body size.
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Among the Dasypodinae Dasypodini, D. novemcinctus
ranges from the south of the USA to northern Argentina,
approximately between the Ilatitudes 40°N and 35°S
(Wetzel 1985). Apparently, the distribution of the species
is limited by the daily minimal temperature and the dura-
tion of the cold period, as well as by the amount of pre-
cipitation (given that it is not recorded in areas with less
than 380 mm annual precipitation), and more than 24 frost
days (McNab 1980; Taulman and Robbins 1996). In turn,
Dasypus hybridus is distributed in the south of Paraguay
and Brazil, all Uruguay, and eastern Argentina, up to 40°S
approximately, occupying mostly open grasslands with
moist soils and high terrain (Abba et al. 2011 and refer-
ences therein). The Euphractinae Euphractini reach higher
latitudes (up to 58°S), and dryer environmental conditions
do not seem to be a restriction for its areal distribution.
Euphractus sexcinctus apparently prefers semi-arid envi-
ronments (Schaller 1983). Chaetophractus vellerosus is
distributed in southeast Bolivia, northwest Paraguay, and
central Argentina, occupying arid regions with loose and
sandy soil, and semiarid conditions (Cabrera 1957; Carlini
and Vizcaino 1987; Greegor 1985; Wetzel 1985; Soibelzon
et al. 2006; Abba et al. 2007; Abba and Cassini 2010).
Zaedyus pichiy and C. villosus are the species with the
southernmost distributions. Zaedyus pichiy reach the south
of Santa Cruz, Argentina, and have several adaptations to
cold and dry habitats (Wetzel et al. 1985; Eisenberg and
Redford 1992; McNab 1980; Superina and Abba 2014).
Chaetophractus villosus is the extant euphractine with the
widest distribution, ranging from the north and central
portions of Argentina up to Tierra del Fuego Island, where
they were recently introduced (Poljak et al. 2007).

In a general context, Dasypodinae are limited to humid
tropical and subtropical zones, whereas the Euphractinae
reach higher austral latitudes and xeric conditions (Wetzel
et al. 2007; Aguiar and Fonseca 2008).

Our present work shows that the distinctive structural
and morphological patterns of the osteoderms that com-
pose the carapace in these two large groups (Dasypodinae
and Euphractinae) have a remarkable taxonomic correla-
tion, which can be related to the distribution of the
species.

Therefore, the Dasypodinae mostly have a poor hair
development (except for Cryptophractus pilosus, a species
located in very high areas in the Peruvian Andes, see
Castro et al. 2015), while Euphractinae have a greater hair
development and large deposits of adipose tissue, which
could provide a greater thermal insulation and reduction in
the thermal conductance. In turn, the greater glandular
development in Euphractinae could be associated with
more arid and harsher environments with drier and sandier
soils, which would involve a greater necessity of sub-
stances to maintain the ectodermic structures moist.
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Conclusions

To sum up, although the general conformation of osteo-
derms is similar in all the species analyzed, remarkable
differences exist between both subfamilies:

1. The greater mobility of the carapace of Dasypodinae is
related to the syndesmoses between osteoderms, which
present minute bone projections (only on the most
superficial), and also probably to the accessory
“joints” inside each movable osteoderm (e.g., Dasypus
hybridus). On the other hand, the carapace of
Euphractinae is more rigid, with syndesmotic joints
between osteoderms that have bone indentations along
the entire thickness of the contact zone; although in C.
vellerosus there is an accessory “joint” inside the
osteoderm, it is restricted to its anterior-most portion.

2. The Euphractinae present more numerous and larger
cavities filled with adipose tissue (yellow bone mar-
row) in the middle portion of the osteoderms, as well
as more marginal follicles than the Dasypodinae.

3. Glandular cavities occupied by the surface follicles are
more developed in Euphractinae. The sebaceous
glands associated with surface follicles of hairs that
emerge on the external surface are much more
developed in the Euphractinae. Although these hairs
are not always present in postnatal stages, the large
sebaceous glands, which discharge on the surface,
remain conspicuous.

4. The cavities occupied by marginal follicles of
Euphractinae are more developed and have a tubular
morphology. The marginal follicles in Dasypodinae
are generally associated with sweat glands (and
occasionally with sebaceous glands), whereas in
Euphractinae they are associated only with sebaceous
glands.

5. The production of blood cells inside the dorsal
carapace is higher in Dasypodinae and could have
seasonal variations (as well as specific variations).

6. The greater development of sebaceous glands in
Euphractinae than in Dasypodinae could be related to
preventing desiccation of the cornified scales in
extremely arid climates. The greater number of
marginal piliferous follicles and of large cavities filled
with adipose tissue in the Euphractinae could also be
related to the colder climates of areas that they may
inhabit, as they provide thermal insulation.
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