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Abstract
Xenarthra is unique in having striking features in the axial skeleton, usually very different from the rest of the eutherian clades.
Some of these features are widely spread among the members of the group (e.g., the presence of xenarthrales in most cingulates
and all pilosans, and the synsacrum with sacroischial union to the pelvis in almost all xenarthrans) and others are restricted to
some taxa (e.g., deviated number of cervical vertebrae in Bradypus and Choloepus). In this study, we aim to explore the great
diversity of vertebral elements composing the xenarthran synsacrum within a phylogenetic framework. Vertebral counts of the
adult synsacrum was obtained from almost all extant genera, with the exception of Calyptophractus, and several fossils. The
modal number of vertebrae from the adult synsacrum was mapped onto a composite phylogeny of Xenarthra. The ancestral
number of synsacrals for Xenarthra was recovered as ambiguous, although one of the optimizations recorded a number of six
synsacrals, probably three iliac and three post-iliac vertebrae. The clade Cingulata is characterized by a high number of vertebrae
forming the synsacrum (eight synsacrals), which is fused to the ischium through the tip of the transverse processes of the most
posterior vertebrae. In pilosans, the ancestral number of synsacral vertebrae seems to be lower, probably formed by five or six
vertebrae, and the union with the ischium is achieved through the base of the transverse processes of the most posterior vertebrae.
Two exceptions stand out, one involving the extant suspensory sloths and Megalocnus, and the other involving a family of
ground sloths, the Mylodontidae. A probable relationship of the synsacral number in the different taxa to the lifestyles is
discussed.

Keywords Cingulata . Pilosa . Axial skeleton . Synsacrum .Morphology . Evolution

Introduction

The contact between the pelvic girdle and the axial skeleton
through the sacral region is a feature that characterizes most
Tetrapoda. In early stem tetrapods (e.g., Acanthostega,

Ichthyostega), the sacral region (or sacrum) only included
sacral vertebrae, which are those vertebrae that are in contact
with the iliac bones (Coates 1996; Ahlberg et al. 2005; Carroll
et al. 2005). Furthermore, sacral vertebrae are often defined by
this relationship. For example, Burke et al. (1995) called sa-
cral vertebrae those united to the ilium by transverse process-
es. In extant birds and some mammals (Owen 1866; Baumel
and Witmer 1993; Rose and Emry 1993), the sacral region
becomes more complex and with its complexity the definition
of sacral region and sacral vertebrae drift apart, because the
sacral region not only includes sacral vertebrae but also a
variable number of presacral and postsacral elements. When
presacral and/or postsacral vertebrae are fused to the sacrals
the resultant structure is called synsacrum (McDonald 2003).

Nevertheless, when considering the literature in this regard,
both concepts, sacral vertebrae and sacral region, seem to be
synonymized, leading to multiple criteria to define the sacral
region. For example, Flower (1885) called sacral vertebrae
those between the lumbar and caudal region that are anky-
losed together in the adult state to form a single bone
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(independently whether they are in contact with the iliac
bones). Another variation proposed by Flower (1885) is based
on a developmental criterion; in the human sacrum the most
anterior sacrals, which would be true sacrals according to
Flower, show ossification centers between the vertebrae and
the ilium while the most posterior would be pseudo-sacral
vertebrae incorporated from the caudal region. Goodrich
(1958: 45) distinguished lumbar and sacral vertebrae as fol-
lows: BThe pelvic girdle becomes attached to the sacral verte-
brae by means of stout, short, sacral ribs. In Mammalia […] a
few of the trunk vertebrae in front of the sacral may lose their
ribs more or less completely and are then distinguished as
lumbar from the more anterior thoracic vertebrae.^ More re-
cently, Williams (2011) proposed another definition: sacral
vertebrae are those that form sacral foramina; vertebrae that
partially fused to the sacrum at the body, zygapophyses, or
transverse processes, or articulate with the ilium but do not
form sacral foramina, are considered lumbar vertebrae.

In extant mammals the number of vertebral elements
forming the sacral region, here called synsacrals, were report-
ed ranging from one (e.g., Didelphis virginianus) to 18 (some
chiropterans) (Lessertisseur and Saban 1967; Rose and Emry
1993; Narita and Kuratani 2005), but the most common ver-
tebral numbers for this region seem to be two to four.

The eutherian clade Xenarthra shows a striking number of
traits in the axial skeleton, e.g., the presence of accessory artic-
ulations on the last thoracic and all lumbar vertebrae, deviation
in some genera of the conservative number of seven cervical
vertebrae in mammals, and highly variable thoracolumbar ver-
tebral number, the last two characters being shared with
Afrotheria (Asher et al. 2009). In addition, all members of the
clade show a synsacrum, formed by the fusion of the sacrals
and a non-defined number of postsacral vertebrae (also called
pseudosacrals). Sometimes presacral vertebrae fuse anteriorly
(Flower 1885; Rose and Emry 1993). The synsacrum comes
into contact with the ischium and forms a novel sacroischial
fenestra (Fig. 1). The silky anteater Cyclopes didactylus is the
only exception, although this is commonly considered a de-
rived condition (Rose and Emry 1993).

The number and identification of the synsacral elements
within the different clades of Xenarthra have been reported
through several papers and primarily in a descriptive fashion.
The great diversity of vertebral elements composing the
xenarthran synsacrum has never been studied within a phyloge-
netic framework, something that we aim to explore in this work.

Material and Methods

Institutions

Referred material in this work was obtained from the following
institutions: MCN - Museu de Ciências Naturais, Fundaçao

Zoobotânica, Porto Alegre, Brazil; MLP, AAC - División
Paleontología de Vertebrados, Museo de La Plata, La Plata,
Argentina; MNHN - Muséum national d’Histoire naturelle,
Paris, France; NMB - Naturhistorisches Museum Basel, Basel,
Switzerland; UFSC - Universidade Federal de Santa Catarina,
Florianópolis, Brazil; USNM - National Museum of Natural
History, Smithsonian Institution, Washington, D.C., USA.

Specimens

Vertebral counts of the adult synsacrum were obtained from
197 dry skeletons of almost all extant xenarthran genera, with
the exception of Calyptophractus. Among cingulates
(Table 1), we examined armadillos of Euphractinae
(Chaetophractus vellerosus, C. villosus, Euphractus
sexcinctus, Zaedyus pichiy, Chlamyphorus truncatus),
Dasypodinae (Dasypus hybridus and D. novemcinctus), and
Tolypeutinae (Tolypeutes matacus, Cabassous chacoensis, C.
unicinctus, C. centralis, and Priodontes maximus) (Wilson
and Reeder 2005). Within Pilosa (Table 2), the anteaters
Myrmecophaga tridactyla, Tamandua tetradactyla, and
Cyclopes didactylus, and the arboreal sloths Choloepus
hoffmanni, C. didactylus, Bradypus variegatus, and B.
tridactylus were examined. A few extinct taxa were also ex-
amined (Les todon t r igon idens , Sce l ido ther ium
leptocephalum, and Glossotherium robustum). In addition,
complementary data were obtained from the literature, which
included most fossil taxa considered in this study (Tables 1
and 2). Glyptodonts were not included in this study because of
complete lack of fossil evidence of the region of interest in
basal taxa and highly fused axial skeletons in more derived
taxa. The basal pre-Miocene glyptatelines are known only
from osteoderms (McKenna et al. 2006; Zurita et al. 2016),
and more derived Miocene Propalaeohoplophorinae already
show the characters of the rest of the Glyptodontidae, with
rigid dorsal carapaces over an almost entirely fused vertebral
column that forms bony tubes (e.g., great extension of fused
vertebrae involving almost all the vertebra except the caudals
and some of the neck) (Ameghino 1920).

The identification criterion of vertebral elements within the
synsacrum was based on the number of sacral foramina and/or
the presence of the sutures between consecutive vertebrae, as
shown in Fig. 1. Incomplete sacral foramina from the first and
last vertebrae were considered as one complete foramen.
Within the synsacrum, we called iliac vertebrae those vertebrae
that come into contact with the iliac bones. Those vertebrae
anterior to the iliac vertebrae are called pre-iliac vertebrae,
and those posterior to the iliac vertebrae are post-iliac vertebrae.

Character Mapping

The modal number of vertebral elements from the adult
synsacrum was mapped onto a composite phylogeny of
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Xenarthra obtained from recent publications (Gaudin
2004; Billet et al. 2011; Delsuc et al. 2016) by using the
Parsimony Criterion for Ancestral State Reconstruction
from MacClade 4 (Maddison and Maddison 2005).
Intraspecific variation of synsacral vertebral number ex-
ists in most taxa analyzed. To circumvent this problem,
the modal number of vertebrae was used as a convenient
way of recording the most common pattern (Pilbeam
2004). In addition, the character mapping was optimized

using ACCTRAN and DELTRAN in order to establish a
range in ancestral states were the most parsimonious re-
constructions were equivocal.

As only one specimen ofCabassous centralis and one ofC.
chacoensis were examined, we used the single number of
synsacral vertebrae as the modal number. When considering
some fossil xenarthrans, the number of synsacrals was report-
ed on the basis of single specimen descriptions, so that number
was considered as the modal number for the taxon.

Fig. 1 Synsacrum skeleton in
Dasypodinae and Euphractinae,
dorsal view. a Dasypus hybridus
(MLP-1.I.03.70); b
Chaetophractus vellerosus
(AAC-69). Abbreviations: il,
ilium; is, ischium; S, synsacral
vertebrae

Table 1 List of cingulates included in this study and number of synsacrals

Taxa N Source Mode Range (n)

Cingulata

Dasypodidae

Euphractinae

Chaetophractus vellerosus 13 Present study 8 7 (1) - 8 (12)

Chaetophractus villosus 28 Present study 8 7 (1) - 8 (26) - 9 (1)

Euphractus sexcinctus 10 Present study 8 7 (1) - 8 (8) - 9 (1)

Zaedyus pichiy 10 Present study 8 7 (1) - 8 (8) - 9 (1)

Chlamyphorus truncatus 5 Present study 8 –

Dasypodinae

†Stegotherium tesselatum 1 Scott 1903–1905 9

Dasypus hybridus 10 Present study 8 7 (1) - 8 (9)

Dasypus novemcinctus 27 Present study 9 8 (4) - 9 (23)

Tolypeutinae

Cabassous unicinctus 3 Present study 9 –

Cabassous centralis 1 Present study 9 –

Cabassous chacoensis 1 Present study 9 –

Priodontes maximus 4 Present study 12 12 (3) - 13 (1)

Tolypeutes matacus 4 Present study 12 –

References: †, fossil taxa. N, number of specimens studied; n, number of specimens showing the number of synsacrals in the range of synsacral numbers
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The topology of Cingulata follows Billet et al. (2011) and
Delsuc et al. (2016), whereDasypus and Stegotherium are in a
clade (Dasypodidae) basal to the rest of the cingulates. The
rest of the armadillos are in the recently recognized clade
Chlamyphoridae (Delsuc et al. 2016). The Euphractinae
Chaetophractus, Euphractus, and Zaedyus are separated from
Chlamyphorus plus Tolypeutinae (Priodontes, Cabassous,
and Toypeutes). Within Euphractinae, the phylogenetic rela-
tionships of Zaedyus pichiy, Chaetophractus villosus, C.
vellerosus, and Euphractus sexcinctus follow Delsuc et al.
(2016), where Chaetophractus vellerosus is more closely re-
lated to Z. pichiy than toChaetophractus villosus. The studied

Pilosa are arranged according to the phylogenetic scheme pro-
posed by Gaudin (2004) and Amson et al. (2017). The most
basal dichotomy separates the anteaters Myrmecophaga,
Tamandua, and Cyclopes (Vermilingua) from the sloths
(Tardigrada). The genus Bradypus is the most basal within
Tardigrada, followed by a dichotomy separating the
Mylodontidae (Scelidotherium, Paramylodon, Lestodon, and
Glossotherium) from the clade Megatherioidea. The genus
Schismotherium is placed at the base of the Megatherioidea,
followed by a dichotomy. In one group the genera Hapalops
and Analcimorphus are in a pectinate position with respect to
the Megalonychidae (Megalonyx, Megalocnus, and

Table 2 List of pilosans included in this study and number of synsacrals

Taxa N Source Mode Range (n)

Pilosa

Vermilingua

Myrmecophagidae

Tamandua tetradactyla 22 Present study 5 5 (17) - 6 (5)

Myrmecophaga tridactyla 12 Present study 5 5 (9) - 6 (3)

Cyclopes didactylus 8 Present study 5 4 (2) - 6 (1)

Tardigrada

Bradypodidae

Bradypus variegatus 8 Present study 6 6 (5) - 7 (3)
Buchholtz and Steppien 2009

Bradypus tridactylus 9 Present study 6 –

Mylodontidae

†Lestodon trigonidens 1 Present study 8 –

†Glossotherium robustum 2 Present study – 8–11
Owen 1842

†Scelidotherium leptocephalum 1 Present study 7 –

†Paramylodon harlani 1 Stock 1925 9 –

Megatherioidea

†Schismotherium fractum 1 Scott 1903–1905 5 –

†Analcimorphus giganteus 1 Scott 1903–1905 5 –

†Hapalops longiceps 1 Scott 1903–1905 6 –

†Hapalops elongatus 1 Scott 1903–1905 5 –

†Hapalops rutimeyeri 1 Scott 1903–1905 5 –

Megalonychidae

†Megalonyx jeffersonii 1 McDonald 1977

†Megalocnus rodens 1 Matthew and Paula-Couto 1959 8 –

Choloepus hoffmanni 11 Present study 8 7 (4) - 8 (7)
Buchholtz and Steppien 2009

Choloepus didactylus 11 Present study 7 7 (7) - 8 (3) - 9 (1)

Megatheria

Nothrotheriidae

†Nothrotheriops shastense 1 Stock, 1925 5 –

Megatheriidae

†Thalassocnus litoralis 2 Amson et al. 2015 – 5–6

†Megatherium americanum 1 Stock 1925 5 –

References: †, fossil taxa. N, number of specimens studied; n, number of specimens showing the number of synsacrals in the range of synsacral numbers
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Choloepus). The other group (Megatheria) dichotomizes into
two clades, the Megatheriidae (Megatherium and
Thalassocnus), and the Notrotheriidae (Nothrotheriops). For
outgroup comparison we used the basal eutherian Eomaia
scansoria from the Early Cretaceous of China (Ji et al.
2002), and three extant Afrotheria, Orycteropus afer (Rose
and Emry 1993; Narita and Kuratani 2005), Chrysochloris
asiatica (Leche 1883), and Macroscelides proboscideus
(Leche 1883; Evans 1942). Most recent phylogenetic hypoth-
eses place Afrotheria or Xenarthra alternatively as the most
basal clade to the rest of Eutheria or both closely related into
the Atlantogenata clade (Kriegs et al. 2006; Murphy et al.
2007; Asher et al. 2009; O’Leary et al. 2013; Foley et al.
2016). Character states were equally weighted and considered
ordered.

An increased (or decreased) number of synsacrals
might be due to a higher (or lower) number of either iliac,
pre-iliac, or post-iliac vertebrae, or a combination of any
of those. To evaluate the changes in vertebral composition
of the synsacrum among different lineages, we also
mapped the modal number of iliac, pre-iliac, and post-
iliac vertebrae.

The datasets generated and/or analyzed during the current
study are available from the corresponding author on reason-
able request.

Results

Vertebral Formula of the Synsacrum

Extant Cingulata

In Dasypus hybridus (Dasypodinae, Dasypodidae) almost all
adult specimens show eight elements (90%) forming the
synsacrum (Fig. 1a), with the exception of one that showed
seven (10%). The first two are completely fused to the ilium
through their transverse processes; the third usually contacts
the ilium through the anterior margin of the transverse pro-
cesses. The rest are all post-iliac vertebrae arranged as follow:
two (one in some specimens) limit the dorsal border of the
sacroischial fenestra, and the consecutive three (or four) form
a bony synsacroischial union, through the tip of their trans-
verse processes. The synsacrum in D. novemcinctus was sim-
ilar to that of D. hybridus but with the addition of one post-
iliac vertebra, which contacts the ischial bones, nine
synsacrals in total (85% of the specimens with nine
synsacrals). Few specimens showed eight elements (15%) as
in D. hybridus (see Table 1 and Online supplement).

Adult Euphractinae (Chlamyphoridae) sampled here
(Chaetophractus villosus, C. vellerosus, Zaedyus pichiy, and
Euphractus sexcinctus) have a mode of eight vertebrae
forming the synsacrum, ranging from seven to nine

synsacrals, and low variability is observed (Table 1). The ar-
rangement of the synsacrals resembles that of D. hybridus,
with the first three synsacrals fused to the iliac bones, the next
two forming the dorsal border of the sacroischial fenestra, and
the last three fused to the ischial bones through the tip of their
transverse processes (Fig. 1b).

Among tolypeutines Tolypeutes, Cabassous, and
Priodontes, the number of elements forming the synsacrum
increases when compared to the rest of the Chlamyphoridae
(Fig. 2). We examined five specimens of Cabassous, three C.
unicinctus, one C. chacoensis, and one C. centralis, all with
nine synsacrals (Fig. 2a, Table 1). Both Tolypeutes and
Priodontes show more than nine vertebrae in the synsacrum.
The former with 12 elements, three in contact with the iliac
bones, and nine vertebrae posteriorly (Fig. 2b). The ischial
bones are in contact with the tip of the transverse processes
of the last five or six vertebrae.With respect to Priodontes, the
three regions considered here (iliac, pre-iliac, and post-iliac)
increased in number when compared to dasypodinae and
euphractinae armadillos. We analyzed four specimens, three
of which showed 12 synsacrals, and one 13 (with an extra pre-
iliac vertebra). The iliac region ranged from four to five ele-
ments; the post-iliac showed seven elements; and up to two
vertebrae were incorporated from the pre-iliac region (Online
supplement). It is noteworthy that this taxon is the only arma-
dillo with pre-iliac segments added to the synsacrum (Fig. 2c).

Fossil Cingulata

The synsacrum in Stegotherium is very much like that of D.
novemcinctus, being composed of nine vertebrae (Scott 1903–
1905). The first three are in contact with the ilium, while the
three most posterior are fused to the ischium.

Extant Pilosa

In Tamandua tetradactyla, a modal number of five elements
form the adult synsacrum, although a few specimens showed
six vertebrae (Table 2). The first two are completely fused to
the ilium, the third vertebra contacts the ilium through the tip
of the anterior margin of the transverse processes, and the two
most posterior contact the ischia through the base of the trans-
verse processes while its distal portion remains free (Fig. 3a).

The giant anteater Myrmecophaga tridactyla showed five
synsacrals (Fig. 3b) in most specimens, and three of twelve
specimens showed six. The structure is somewhat similar to
that of T. tetradactyla, although only the last vertebra fuses to
the ischium, and the transverse processes are poorly
developed.

The pygmy anteater Cyclopes didactylus lacks a
sacroischial union in the pelvis. The modal synsacral
number is five, ranging from four to six vertebrae.
Although the modal number for pre-iliac, iliac, and post-
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iliac are zero, three, and one, respectively, there is certain
variability. In the eight specimen analyzed, the pre-iliac
vertebrae ranged from zero to one, iliac from three to four,
and post-iliac from zero to two.

Among extant sloths, six synsacral vertebrae characterize
Bradypus tridactylus and B. variegatus, although three of
eight specimens of B. variegatus showed seven synsacrals.
When compared to vermilinguans, the increasing number of
synsacrals is due to the addition of iliac vertebrae (four or five
elements). Furthermore,Choloepus didactylus showed certain
variation with seven (seven of 11 specimens), eight, or nine
synsacrals, and the vertebral number in C. hoffmanni was
seven (four of 11 specimens) or eight (seven of 11 specimens)

(Table 2). In this species, four or five vertebrae are fused to the
ilium, and the rest are added posteriorly. Contrary to the
synsacrum of vermilinguans, the most posterior elements are
fused to the ischium through the tip of the transverse processes
in all extant sloths (Fig. 4).

Fossil Pilosa

Fossil Bground sloths^ show certain variability in the number
of synsacral vertebrae. Scott (1903-1905) proposed five to six
synsacrals for Hapalops (H. longiceps, H. elongatus, and H.
rutimeyeri), Analcimorphus giganteus, and Schismotherium
fractum. The first three vertebrae usually contact the ilium,

Fig. 2 Synsacrum in dorsal view of Tolypeutinae. aCabassous chacoensis (AAC-60); b Tolypeutes matacus (AAC-14); c Priodontes maximus (USNM-
299630), the box below in ventral view. Abbreviations: S, synsacral vertebrae

Fig. 3 Adult synsacrum in dorsal
view in anteaters (Vermilingua). a
Tamandua tetradactyla; b
Myrmecophaga tridactyla.
Abbreviations: S, synsacral
vertebrae; TP, transverse process
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and the last one or two are fused to the ischium. In the case
where six vertebrae are present (e.g., H. longiceps, the largest
species of the genus), the centrum of the last lumbar vertebra
is free and only the neural arch is fused to the synsacrum, the
next three are fused to the ilium, and the last two are fused to
the ischium (Table 2 and Online Supplement). The genera
Megatherium and Nothrotheriops, also present five synsacrals
(Table 2). In Glossotherium robustum (Fig. 5) 11 synsacrals
are reported in the synsacrum byOwen (1842), three vertebrae
fused to the iliac bones, caudally one vertebra forms the dorsal
border of the sacroischial fenestra, and three vertebrae are
fused to the ischial bones. Four vertebrae are fused cranial to
the iliac vertebrae. We also examined one specimen of G.
robustum from the Museo de La Plata collection that showed
a lesser number of synsacrals, three in contact with the ilium,
three post-iliac, and two pre-iliac (eight synsacrals). The spec-
imen of Lestodon trigonidens show eight synsacrals, five
fused to the iliac bones, two posterior in contact with the
ischial bones, and one anterior to the iliac vertebrae. The taxon

Scelidotherium leptocephalum has seven vertebrae in the
synsacrum, four fused to the ilium, two fused to the ischium,
and one in between forming the dorsal border of the
sacroischial fenestra. In addition to mylodontids, the taxon
Megalocnus rodens (Megalonychidae) has eight synsacrals,
five fused to the iliac bones, and three fused posteriorly
(Matthew and Paula-Couto 1959: plates 18 and 19). The last
two come into contact with the ischium through the tip of the
transverse processes. The number of synsacrals in the
megalonychid Megalonyx jeffersoni is lower than
Megalocnus rodens, at five synsacrals (three iliac and two
post-iliac vertebrae).

Character Mapping

In Fig. 6, the modal number of synsacral vertebrae mapped
onto the selected phylogenetic topology is shown. The ances-
tral number of synsacrals inferred for Xenarthra is ambiguous
(Fig. 6a), although an ancestral state of six synsacrals was

Fig. 4 Synsacrum in dorsal view
in extant sloths (Tardigrada). a
Choloepus didactylus (USNM-
548401); b Bradypus tridactylus
(USNM-256676). Abbreviations:
il, ilium; is, ischium; S, synsacral
vertebrae

Fig. 5 Synsacrum in dorsal view
in Glossotherium robustum.
Modified from Owen (1842).
References: red, pre-iliac
synsacrals; green, iliac synsacrals;
yellow, post-iliac synsacrals
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obtained with ACCTRAN at this node (Fig. 6b). The mapping
of the three regions separately (pre-iliac, iliac, and post-iliac)
reported no pre-iliac vertebrae (Fig. 7), and ambiguous for the
rest (ACCTRAN recovered three iliac vertebrae and three
post-iliac). For Cingulata we recovered an ancestral number
of eight vertebrae forming the synsacrum, three iliac and five
post-iliac. ACCTRAN and DELTRAN optimizations (Fig.
6b, c) at the Dasypodidae node reported alternatively eight

or nine synsacrals for the ancestor (three iliac and five or six
post-iliac vertebrae). Changes in size between Dasypus spe-
cies are somewhat coupled to changes in number, while most
D. novemcinctus specimens show nine vertebrae,D. hybridus,
a much smaller species, shows eight. The Chlamyphoridae
showed the plesiomorphic condition for Cingulata, with eight
synsacrals (three iliac and five post-iliac vertebrae). The phy-
logenetic scheme used here groups tolypeutines in a clade that

Fig. 6 Character mapping of the modal number of total synsacral
vertebrae in Xenarthra and selected outgroups. Character states were
equally weighted and considered ordered. a Most Parsimonious

Reconstruction (MPR); b ACCTRAN optimization; c DELTRAN opti-
mization. Color references indicate the number of synsacrals

Fig. 7 Character mapping (MPRs) of the modal number of pre-iliac a, iliac b, and post-iliac c synsacrals in Xenarthra and selected outgroups. Character
states were equally weighted and considered ordered. Color references indicate the number of synsacrals
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is probably characterized by further increase of the synsacral
vertebral number ranging from nine (according to DELTRAN
optimization) to 12 (according to ACCTRAN) synsacral
vertebrae.

The most parsimonious reconstruction of the ancestral
synsacral number in Pilosa is ambiguous. Nevertheless,
ACCTRAN optimization recovered a synsacral number of
six vertebrae. In contrast, the character mapping of each re-
gion separately recovered three iliac and two postiliac verte-
brae as the most parsimonious states in the ancestor (five in
total). This incongruence may indicate that the ancestral num-
ber could be five or six synsacrals in Pilosa. Within Pilosa the
sister group of sloths, the vermilinguans, showed five
synsacrals (three iliac and two post-iliac). The species of
Bradypus, the most basal Tardigrada, have six synsacrals,
which seems to be the plesiomorphic condition for Pilosa if
ACCTRAN optimization is considered (ambiguous in
DELTRAN optimization). The ancestral condition for
Megatherioidea is five synsacrals (three iliac and two post-
iliac vertebrae). Two increases in the number of synsacrals
are recorded in this clade: one within the genus Hapalops,
one of the three species included is characterized by six
synsacrals, H. longiceps, while the rest showed the
plesiomorphic condition (five synsacrals); the other within
the Megalonychidae, the clade Megalocnus + Choloepus
showed an ancestral number that ranges between seven (re-
covered by DELTRAN) and eight (recovered by ACCTRAN)
synsacrals. The members of the clade Mylodontidae show
further increase in synsacral number (seven in the ancestor),
and reach as much as 11 vertebrae as seen in G. robustum.

Discussion

There is clearly no unique arrangement of the synsacrum
among xenarthrans. The clade Cingulata is characterized by
a high number of elements forming the synsacrum (eight the
ancestral condition), which is fused to the ischium through the
tip of the transverse processes of the most posterior vertebrae.
These transverse processes originate from independent ossifi-
cation centers, similar to the condition observed in the follow-
ing caudals (Galliari and Carlini 2015). Synsacral number
ranges from seven to nine in all Dasypodinae and
Euphractinae, with eight the most common number. These
subfamilies group all generalized diggers of the clade and
Chlamyphorus (sometimes put in its own family), a special-
ized digger that spends most of its lifetime in self-made
tunnels.

On the other hand Tolypeutinae armadillos are character-
ized by a further increase in synsacrals. Here we recorded nine
synsacrals for Cabassous; however, Wetzel (1980) reported a
modal number of ten synsacrals, ranging from nine to 11. This
suggests that the data obtained from the five specimens

analyzed might underestimate the intra- and interspecific var-
iability and probably would not be representative of all species
of the genus. If Wetzel’s specimens are taken into account,
there is an important increase in number of synsacrals in this
genus when compared with dasypodines and euphractines,
similar to other tolypeutines. The present character mapping
cannot conclude if the high number of synsacrals in
Priodontes and Tolypeutes was acquired convergently or if it
is ancestral for the clade and a reduction in number occurred in
Cabassous. Nevertheless, the mapping of the regions of the
synsacrum shows that the synsacrum ofPriodontes is different
from that of Tolypeutes because in the former the number of
vertebrae increases in the three regions, while in the latter the
pre-iliac and iliac regions show the ancestral number and the
post-iliac region is much longer.

Cingulates cover a wide range of fossorial habits, from
the least fossorial Tolypeutes (Attias et al. 2016), to the ex-
tremely fossorial pichiciego Chlamyphorus and the naked-
tailed armadillo Cabassous (Nowak 1999; Vizcaíno et al.
1999; Vizcaíno and Milne 2002). The Euphractinae and
the Dasypodinae are considered intermediates in their fosso-
rial habits (Vizcaíno and Milne 2002). Armadillos are cate-
gorized as generalized scratch-diggers and show several
postcranial specializations such as usually long acromion
process of the shoulder girdle, large medial epicondyle of
the humerus, large and long olecranon process of the ulna,
tightly interlocking carpal bones, and robust claws, among
other features (Hildebrand 1985; Vizcaíno et al. 1999). The
large number of vertebrae forming the synsacrum has been
related to this behavior by several authors arguing that mam-
mals that dig with their forefeet usually brace with the hind
feet and the forces involved converge on the pelvic girdle
(Hildebrand 1985). The presence of the carapace in cingu-
lates is considered as another factor influencing the strength-
ening of the pelvic girdle (Lessertisseur and Saban 1967).
The genus Tolypeutes is considered as the least fossorial
armadillo and the very long synsacrum could probably be
also attributed to the bearing of a thick carapace.

In pilosans, although the ancestral number of synsacral
vertebrae is not clear from this study, it seems to be lower than
that observed in Cingulata, at least when considering the re-
sults from ACCTRAN optimizations. The synsacrum is prob-
ably formed by five or six vertebrae. The ancestral modal
number of five synsacrals characterizes the vermilinguans.
Nevertheless, the lowest limit in the range of variation for this
trait is recorded inCyclopes, whichwas the only species (of all
xenarthran analyzed) where some specimens showed four
synsacrals (Table 2). This condition (observed in few speci-
mens) could be linked to the detachment of the ischial bones
to the vertebral column, a condition similar to most mammals,
and a more relaxed constraint in the fusion of post-iliac verte-
brae. Fusion of post-iliac vertebrae always occur at least until
the level of the ischio-sacral fusion in all other xenarthrans.
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In Bradypus, the number of synsacral vertebrae increases
to six when compared to vermilinguans, and the most pos-
terior vertebrae fuse to the ischium through the tip of the
transverse processes as in cingulates. In the megalonychid
Choloepus (two-toed sloth), the condition is similar, but the
number of synsacrals is greater (seven to eight synsacrals),
with four or five iliac vertebrae, and three post-iliac. Both
Bradypus and Choloepus showed a synsacrum with an in-
creased number of iliac vertebrae, the former with four ver-
tebrae, and the latter with four or five. The expansion of the
iliac bones allows the addition of vertebrae into the sacral
region. A series of recent papers lead by John Nyakatura
focused on the analysis of kinematics on the quadrupedal
suspensory locomotion of extant sloths (Nyakatura 2010,
2012; Nyakatura and Fischer 2010a, b, 2011). Although
the studies were focused primarily on the pectoral girdle,
forelimbs, and thoraco-lumbar spine, some conclusions were
drawn for the pelvic girdle. According to Nyakatura (2010)
the quadrupedal suspensory locomotion leads to hip exten-
sion due to gravity. In this regard, Nyakatura (2010: 146)
stated: BThe extensor moment evident in the hip is thus
likely to be Bpermitted^ by the excentric work of the hip
flexor group (mainly M. iliacus, M. psoas major and M.
rectus femoris) to prevent an uncontrolled extension of the
hip due to gravity.^ Particularly the m. iliacus is a muscle
that inserts on the iliac fossa, and occupies most of the
internal surface of the iliac wing. An enlarged iliac bone
allows the expansion of the surface for muscular attachment
(e.g., m. iliacus). Although a longer iliac region of the
synsacrum is shared by both arboreal sloths, this character
is also present in the sister-taxon of Choloepus, the Antillean
terrestrial sloth Megalocnus. This suggests that the character
is not a convergence related to their suspensory habits but a
character that appeared earlier in the evolution of
megalonychids and probably became advantageous with
the acquisition of suspensory postures.

In mylodontids, unlike tree sloths, the long synsacrum is
achieved by the addition of vertebrae in all synsacral regions
(pre-iliac, iliac, and post-iliac), reaching as much as 11
synsacrals in G. robustum. Many researchers emphasized that
the limbs of mylodontids are well adapted for digging (Winge
1941; Aramayo 1988; Cuenca-Anaya 1995), not only to look
for food but also to dig their own burrows (Vizcaíno et al.
2001). Furthermore, Vizcaíno et al. (2001) analogized the bi-
pedal posture necessary to free the forelimbs to that adopted
by the giant armadillo Priodontes maximus, which walks es-
sentially on its hind limbs while maintaining the backbone
roughly parallel to the ground, the forelimb flexed, and the
hands, turned posteriorly, dragging along the ground
(Frechkop 1949). Among armadillos analyzed the giant arma-
dillo Priodontes maximus was the only one with increased
synsacrals in the three regions, reaching as much as 13
synsacrals in some specimens. Despite these similarities

between Priodontes and mylodontids, further studies should
focus on biomechanical aspects that help elucidate functional
significance of such a long synsacral region.

Conclusions

The number of synsacral vertebrae and the type of vertebrae
within the synsacrum of Xenarthra show phylogenetic signal,
and a limited range of character states characterizes several
clades. The armored clade of Xenarthra, the Cingulata, is char-
acterized by a long synsacrum (about eight synsacral verte-
brae) that extends mainly by means of the addition of post-
iliac vertebrae.Within this clade, a further increase occurred in
Tolypeutinae armadillos were Priodontes reaches 13
synsacrals. The variability in the synsacrum within pilosans
is probably a consequence of higher diversity in locomotor
habits. Within the clade there are terrestrial taxa with quadru-
pedal locomotion; some of these taxa were proposed as capa-
ble of bipedal posture (e.g., Paramylodon andMegatherium),
and others with some fossorial abilities (e.g., Glossotherium
and Scelidotherium). In addition, the clade includes semiarbo-
real taxa like the anteater Tamandua, and several fossil sloths
(Hapalops, Schismotherium, and Analcimorphus), fully arbo-
real (e.g., Cyclopes), fully arboreal and suspensory (e.g.,
Choloepus and Bradypus), and even with semi-aquatic and
underwater fossorial habits like the genus Thalassocnus
(White 1993; Muizon et al. 2004; McDonald 2007; Pujos et
al. 2012; Amson et al. 2015).

Acknowledgements We thank the curators and staff responsible for the
collections where specimens were consulted: I. Olivares and D. Verzi
(Sección Mastozoología, Museo de La Plata, La Plata, Argentina); M.
Reguero (Div, Paleontología de Vertebrados, Museo de La Plata, La
Plata, Argentina); D. Flores, and S. Lucero (Sección Mastozoología,
Museo de Ciencias Naturales Bernardino Rivadavia, Buenos Aires,
Argentina); Paulo Simões-Lopes (Universidade Federal de Santa
Catarina, Florianópolis, Santa Catarina, Brasil); Márcia Maria de Assis
Jardim (Museu de Ciências Naturais, Fundação Zoobotânica, Porto
Alegre, Rio Grande do Sul, Brasil); D. Lunde, N. Edmison, and M.
Ososky (United States National Museum of Natural History,
Smithsonian Institution, Washington, USA); E. Westwig (American
Museum of Natuarl History, New York, USA); C. Lefévre (Muséum
national d’Histoire naturelle, Collection d’Anatomie Comparée, Paris,
France); L. Costeur (Naturhistorisches Museum Basel, Basel,
Switzerland); M. Haffner (Zoologisches Museum der Universität
Zurich, Vertebrate Collection, Zurich, Switzerland). We also thank the
reviewer for comments that greatly improved this work. This project
was partially funded by UNLP N-724 (to AAC).

References

Ahlberg PE, Clack JA, Blom H (2005) The axial skeleton of the
Devonian tetrapod Ichthyostega. Nature 437:137–140

Ameghino F (1920) Ungulados, Aves y Desdentados. In: Torcelli AJ (ed)
Obras completas y correspondencia científica de Florentino

J Mammal Evol



Ameghino, Taller de Impresiones Oficiales, La Plata, Buenos Aires,
Argentina, Vol. XI, 917 pp

Amson E, Argot C, MacDonald HG, Muizon C de (2015) Osteology and
functional morphology of the axial postcranium of the marine sloth
Thalassocnus (Mammalia, Tardigrada) with paleobiological impli-
cations. J Mammal Evol 22(4):473–518

Amson E, Muizon C de, Gaudin TJ (2017) A reappraisal of the phylog-
eny of the Megatheria (Mammalia: Tardigrada), with an emphasis
on the relationships of the Thalassocninae, the marine sloths. Zool J
Linn Soc 179(1):217–236

Aramayo S (1988) Nuevos restos de Proscelidodon sp. (Edentata,
Mylodontidae) del yacimiento Monte Hermoso (Plioceno Inferior
a Medio) Provincia de Buenos Aires, Argentina. Estudio
morfológico funcional. Actas Seg J Geol Bonaerenses 2:99–107

Asher RJ, Bennett N, Lehmann T (2009) The new framework for under-
standing placental mammal evolution. BioEssays 31:853–864

Attias N,Miranda FR, Sena LMM, TomasWM,Mourão GM (2016) Yes,
they can! Three-banded armadillos Tolypeutes sp. (Cingulata:
Dasypodidae) dig their own burrows. Zoologia 33(4):e20160035

Baumel JJ, Witmer LM (1993) Osteologia. In: Baumel JJ, King AS,
Breazile JE, Evans HE, Vanden Brege JC (eds) Handbook of
Avian Anatomy: Nomina Anatomica Avium. Second Edition. The
Nuttall Ornithological Club, NO. 23, Cambridge, pp 45–132

Billet G, Hautier L, Muizon C de, Valentin X (2011) Oldest cingulate
skulls provide congruence between morphological and molecular
scenarios of armadillo evolution. Proc R Soc B 278: 2791–2797

Buchholtz EA, Stepien CC (2009) Anatomical transformation in mam-
mals: developmental origin of aberrant cervical anatomy in tree
sloths. Evol Dev 11(1):69–79.

Burke AC, Nelson CE, Morgan BA, Tabin C (1995) Hox genes and
the evolution of vertebrate axial morphology. Development
121:333–346

Carroll RL, Irwin J, Green DM (2005) Thermal physiology and the origin
of terrestriality in vertebrates. Zool J Linn Soc 143:345–358

Coates MI (1996) The Devonian tetrapod Acanthostega gunnari Jarvik:
postcranial anatomy, basal tetrapod relationships and patterns of
skeletal evolution. Trans R Soc Edinb Earth Sci 87:363–421

Cuenca-Anaya J (1995) El aparato locomotor de los escelidoterios
(Edentata, Mammalia) y su paleobiología. Colección BEstudis^ 6,
Adjuntament de Valencia, Valencia, España, 452 pp

Delsuc F, Gibb GC, Kuch M, Billet G, Hautier L, Southon J, Rouillard
JM, Fernicola JC, Vizcaíno SF, MacPhee RDE, Poinar HN (2016)
The phylogenetic affinities of the extinct glyptodonts. Curr Biol 26:
155–156

Evans FG (1942) The osteology and relationships of the elephant shrews
(Macroscelididae). Bull Am Mus Nat Hist 80:85–125

Flower WH (1885) An Introduction to the Osteology of the Mammalia.
Macmillan and Co., London, 383 pp

Foley NM, Springer MS, Teeling EC (2016) Mammalian madness: is the
mammal tree of life not yet resolved? Phil Trans R Soc Lond B 371:
20150140; doi: https://doi.org/10.1098/rstb.2015.0140

Frechkop S (1949) Explication biologique forunie par les tatous, d’un des
caracteres distinctifs des Xénarthres et d’un caractère adaptatif ana-
logue chez les Pangolins. Bull Inst Roy Sci Nat Belg 25(28):1–12

Galliari FC, Carlini AA (2015) Ontogenetic criteria to distinguish verte-
bral types on the debated xenarthran synsacrum. J Morphol 276:
494–502

Gaudin TJ (2004) Phylogenetic relationships among sloths (Mammalia,
Xenarthra, Tardigrada): the craniodental evidence. Zool J Linn Soc
140: 255–305

Goodrich ES (1958) Studies on the Structure and Development of
Vertebrates. Dover Publications, New York, 837 pp

HildebrandM (1985) Digging of quadrupeds. In: HildebrandM, Bramble
DM, Liem KF, Wake DB (eds) Functional Vertebrate Morphology.
The Belknap Press of Harvard University Press, Cambridge, pp 89–
109

Ji Q, Luo Z-X, Yuan C-X, Wible JR, Zhang J-P, Georgi JA (2002) The
earliest known eutherian mammal. Nature 416:816–822

Kriegs JO, Churakov G, Kiefmann M, Jordan U, Brosius J, Schmitz J
(2006) Retroposed elements as archives for the evolutionary history
of placental mammals. PLoS Biol 4(4):e91

Leche W (1883) Zur Anatomie der Beckenregion bei Insectivora, mit
Besonderer Berücksichtigung ihrer Morphologischen Beziehungen
zu Derjenigen Anderer Säugethiere. Kongl Svenska Vetenskaps–
Acad Handlingar 20(4):1–113

Lessertisseur J, Saban R (1967) Squelette Axial. In: Grassé PP (ed) Traité
de Zoologie, Anatomie, Systématique, Biologie: Mammifêres.
Téguments et squelettes. Tome XVI, Fas. 1. Masson & Co., Paris,
pp 584–876

Maddison DR, Maddison WP (2005) MacClade 4: Analysis of phyloge-
ny and character evolution. Version 4.08a. http://macclade.org

Matthew WD, Paula-Couto C de (1959) The Cuban edentates. Bull Am
Mus Nat Hist 117:1–56

McDonald HG (1977) Description of the osteology of the extinct
gravigrade edentate Megalonyx with observations on its ontogeny,
phylogeny and functional anatomy. Master Thesis, University of
Florida, 328 pp

McDonald HG (2003) Xenarthran skeletal anatomy: primitive or de-
rived? (Mammalia, Xenarthra). In: Fariña RA, Vizcaíno SF, Storch
G (eds) Morphological Studies in Fossil and Extant Xenarthra
(Mammalia). Senckenb Biol 83(1):5–17

McDonald HG (2007) Biomechanical inferences of locomotion in ground
sloths: integrating morphological and track data. In: Spencer GL,
Spielmann JA, Lockley MG (eds) Cenozoic Vertebrate Tracks and
Traces. Bull New Mexico Mus Nat Hist Sci 42: 201–208

McKenna MC, Wyss AR, Flynn JJ (2006) Paleogene pseudoglyptodont
xenarthrans from central Chile and Argentine Patagonia. Am Mus
Novitates 3536:1–18

Muizon C de, McDonald HG, Salas R, UrbinaM (2004) The evolution of
feeding adaptations of the aquatic sloth Thalassocnus. J Vertebr
Paleontol 24(2):398–410

Murphy WJ, Pringle TH, Crider TA, Springer MS, Miller W (2007)
Using genomic data to unravel the root of the placental mammal
phylogeny. Genome Res 17:1–9

Narita Y, Kuratani S (2005) Evolution of the vertebral formulae in mam-
mals: a perspective on developmental constraints. J Exp Zool B
(Mol Dev Evol) 304B: 91–106

Nowak RM (1999) Walker’s Mammals of the World, 6th ed. Johns
Hopkins University Press, Baltimore, 836 pp

Nyakatura JA (2010) On the functional morphology and locomotion of
the two-toed sloth (Choloepus didactylus, Xenarthra). PhD disserta-
tion, University of Jena, 246 pp

Nyakatura JA (2012) The convergent evolution of suspensory posture
and locomotion in tree sloths. J Mammal Evol 19(3):225–234

Nyakatura JA, FischerMS (2010a) Three-dimensional kinematic analysis
of the pectoral girdle during upside-down locomotion of two-toed
sloths (Choloepus didactylus, Linné 1758). Front Zool 7:21

Nyakatura JA, Fischer MS (2010b) Functional morphology and three-
dimensional kinematics of the thoraco-lumbar region of the spine
of the two-toed sloth. J Exp Biol 213:4278–4290

Nyakatura JA, Fischer MS (2011) Functional morphology of the muscu-
lar sling at the pectoral girdle in tree sloths: convergent morpholog-
ical solutions to new functional demands? J Anat 219:360–374

O’Leary MA, Bloch JI, Flyn JJ, Gaudin TJ, Giallombardo A, Giannini
NP, Goldberg SL, Kraatz BP, Luo Z, Meng J, Ni X, Novacek MJ,
Perini FA, Randall ZS, Rougier GW, Sargis EJ, Silcox MT,
Simmons NB, Spaulding M, Velazco PM, Weksler M, Wible JR,
Cirranello AL (2013) The placental mammal ancestor and the post-
K-Pg radiation of placentals. Science 339(6120):662–667

Owen R (1842) Description of the Skeleton of an Extinct Gigantic Sloth,
Mylodon robustus, Owen, with Observations on the Osteology,

J Mammal Evol

https://doi.org/10.1098/rstb.2015.0140
http://macclade.org


Natural Affinities, and Probable Habits of the Megatherioid
Quadrupeds in General. R. Taylor and J.E. Taylor, London, 176 pp

Owen R (1866) On the Anatomy of Vertebrates. Vol. II: Birds and
Mammals. Longmans, Green, and Co., London, 592 pp

Pilbeam D (2004) The anthropoid postcranial axial skeleton: comments
on development, variation, and evolution. J Exp Zool B (Mol Dev
Evol) 302B(3): 241–267

Pujos F, Gaudin TJ, De Iuliis G, Cartelle C (2012) Recent advances on
variability, morpho-functional adaptations, dental terminology, and
evolution of sloths. J Mammal Evol 19(3):159–169

Rose KD, Emry RJ (1993) Relationships of Xenarthra, Pholidota, and
fossil Bedentates^: the morphological evidence. In: Szalay FS,
Novacek MJ, McKenna MC (eds) Mammal Phylogeny:
Placentals. Springer-Verlag, New York, pp 81–102

Stock C (1925) Cenozoic gravigrade edentates of western North America.
Publ Carnegie Instit Wash 331:1–206

Scott WB (1903–1905) Part I: Edentata. Vol. V: Paleontology II.
Mammalia of the Santa Cruz beds. Reports of the Princeton
University Expeditions to Patagonia 5:1–364

Vizcaíno SF, Fariña RA, Mazzetta GV (1999) Ulnar dimensions and
fossoriality in armadillos. Acta Theriol 44:309–320

Vizcaíno SF, Milne N (2002) Structure and function in armadillo limbs
(Mammalia: Xenarthra: Dasypodidae). J Zool 257:117–127

Vizcaíno SF, Zárate M, BragoMS, Dondas A (2001) Pleistocene burrows
in the Mar del Plata area (Argentina) and their probable builders.
Acta Palaeontol Pol 46(2):289–301

Wetzel RM (1980) Revision of the naked-tailed armadillos, genus
CabassousMcMurtrie. Ann Carnegie Mus 49(1):323–357

Wilson DE, Reeder DA (2005) Mammal Species of the World: A
Taxonomic and Geographic Reference (3rd ed). Johns Hopkins
University Press, Baltimore, 2142 pp

White J (1993) Indicators of locomotor habits in xenarthrans: evidence
for locomotor heterogeneity among fossil sloths. J Vertebr Paleontol
13(2):230–242

Winge H (1941) Edentates (Edentata). In: Jensen S, Spärck R, Volsoe H
(eds) The Interrelationships of the Mammalia Genera. Reitzels
Forlag, Copenhagen, pp 319–341

Williams SA (2011) Evolution of the hominoid vertebral column. PhD
dissertation, University of Illinois, 330 pp

Zurita AE, Scillato-Yané GJ, Ciancio MR, Zamorano M, González-
Ruiz L (2016) Los Glyptodontidae (Mammalia, Xenarthra):
Historia biogeográfica y evolutiva de un grupo particular de
mamíferos acorazados. In: Agnolin FL, Lio GL, Brissón-Egli F,
Chimento NR, Novas FE (eds) Historia evolutiva y
paleobiogeográfica de los vertebrados de América del Sur. XXX
Jornadas Argentinas de Paleontología de Vertebrados,
Contribuciones del MACN, 6:249–262

J Mammal Evol


	Xenarthran Synsacrum Morphology and Evolution
	Abstract
	Introduction
	Material and Methods
	Institutions
	Specimens
	Character Mapping

	Results
	Vertebral Formula of the Synsacrum
	Extant Cingulata
	Fossil Cingulata
	Extant Pilosa
	Fossil Pilosa

	Character Mapping

	Discussion
	Conclusions
	References


