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Abstract

Glyptodonts were giant (some of them up to ~2400 kg), heavily armoured relatives of

living armadillos, which became extinct during the Late Pleistocene/early Holocene

alongside much of the South American megafauna. Although glyptodonts were an

important component of Cenozoic South American faunas, their early evolution and

phylogenetic affinities within the order Cingulata (armoured New World placental

mammals) remain controversial. In this study, we used hybridization enrichment and

high-throughput sequencing to obtain a partial mitochondrial genome from Doedicurus
sp., the largest (1.5 m tall, and 4 m long) and one of the last surviving glyptodonts.

Our molecular phylogenetic analyses revealed that glyptodonts fall within the diver-

sity of living armadillos. Reanalysis of morphological data using a molecular ‘back-

bone constraint’ revealed several morphological characters that supported a close

relationship between glyptodonts and the tiny extant fairy armadillos (Chlamyphori-

nae). This is surprising as these taxa are among the most derived cingulates: glypto-

donts were generally large-bodied and heavily armoured, while the fairy armadillos

are tiny (~9–17 cm) and adapted for burrowing. Calibration of our phylogeny with the

first appearance of glyptodonts in the Eocene resulted in a more precise timeline for

xenarthran evolution. The osteological novelties of glyptodonts and their specialization

for grazing appear to have evolved rapidly during the Late Eocene to Early Miocene,

coincident with global temperature decreases and a shift from wet closed forest

towards drier open woodland and grassland across much of South America. This envi-

ronmental change may have driven the evolution of glyptodonts, culminating in the

bizarre giant forms of the Pleistocene.
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Introduction

Glyptodonts were perhaps one of the most bizarre

mammal groups ever to have evolved, with short deep

skulls, fused vertebral columns, immobile carapaces

made from hundreds of tessellated bone scutes (osteo-

derms) and bony tails that—in many species—ended

with formidable clubs (Gillette & Ray 1981; Soibelzon

et al. 2006; Zurita et al. 2010). They were one of the most

abundant, diverse and conspicuous elements of the iso-

lated South American mammal fauna throughout much

of the late Cenozoic (Rose 2006; Soibelzon et al. 2006;

Zurita et al. 2009a,b, 2013). Glyptodonts were found in
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environments ranging from diverse forest types to cold-

open grasslands and while predominantly South

American, moved north into Central America and the

southern United States (from Arizona to Florida and

South Carolina) during the Great American Biotic Inter-

change (GABI; Cione et al. 2015) along with armadillos

and another close relative, the pampatheres (Pam-

patheriidae). The latter were intermediate in size (up to

200 kg) and carapace flexibility between armadillos and

glyptodonts (see G�ois et al. 2015) and appear to have

had a separate evolutionary history since at least the

Miocene (Gaudin & Croft 2015). Unlike the armadillos,

glyptodonts and pampatheres both became extinct at

the end of the Pleistocene-early Holocene along with a

large proportion of the world’s megafauna (Barnosky

et al. 2004; Prescott et al. 2012; Stegner & Holmes 2013;

Cione et al. 2015).

The name ‘glyptodont’ refers to their deeply carved

or grooved teeth. These teeth grew continuously

throughout an individual’s life and, along with their

peculiarly proportioned deep and massive jaws, suggest

that glyptodonts were grazers feeding exclusively on

fibrous plant matter (Farina & Vizca�ıno 2001; Vizca�ıno

et al. 2004). Each species had a rigid dorsal carapace

and disarticulated ventral armour made up of fused

osteoderms (up to 2.5 cm thick). They also had a cepha-

lic shield, essentially a massive cap that protected the

individual’s head (Zurita et al. 2010). The weight of this

armour was supported by a broad pectoral girdle,

short massive limbs, and fused vertebrae. The body

mass of some glyptodonts (up to ~2400 kg) was further

counterbalanced by long muscular tails ringed by yet

more osteoderms. In many species, these tails also

ended with a formidable club, which, based on the dis-

tribution of carapace thickness and impact marks, may

have been used in within-species competition, as well

as for defence (Alexander et al. 1999; Blanco et al. 2009).

It is well accepted that glyptodonts (Glyptodontidae

sensu McKenna & Bell 1997) are members of the mono-

phyletic group Xenarthra (e.g. Gillette & Ray 1981; Rose

2006), one of the three major placental mammal lin-

eages, which comprises the predominantly South Amer-

ican anteaters (Vermilingua), sloths (Folivora) and

armadillos (Cingulata). However, while glyptodonts

appear to be more closely related to armadillos than to

the clade comprising anteaters and sloths (Pilosa), their

precise phylogenetic affinities remain uncertain (Ferni-

cola 2008; Porpino et al. 2010; Zurita et al. 2013).

Armadillos are the only remaining extant members of

Cingulata and comprise approximately 20 species tradi-

tionally included in the family Dasypodidae (Nowack

1999; Gardner 2005). Recently, Gibb et al. (2015) divided

Dasypodidae into two families, Dasypodidae and

Chlamyphoridae, the former containing only a single

extant subfamily (Dasypodinae—long-nosed, nine- and

seven-banded armadillos) and the latter comprising

three subfamilies (Chlamyphorinae—fairy armadillos;

Euphractinae—hairy, dwarf and six-banded armadillos;

and Tolypeutinae—naked-tailed, giant and three-

banded armadillos). Past palaeontological studies have

suggested that glyptodonts (along with pampatheriids)

form a clade (Glyptodontoidea sensu McKenna & Bell

1997) that is reciprocally monophyletic with respect to

the extant armadillos (Patterson & Pascual 1968, 1972;

Engelmann 1985). However, more recent studies involv-

ing phylogenetic analyses of morphological characters

have tentatively suggested a close relationship between

glyptodonts and the armadillo subfamily Euphractinae

—the six-banded armadillo, dwarf and hairy armadillos

—to the exclusion of the remaining extant armadillos

(Gaudin & Wible 2006; Billet et al. 2011). The phyloge-

netic position of Glyptodontidae relative to extant

armadillos is important for calibrating the evolutionary

timescale of Cingulata, given the unequivocal, but

incomplete glyptodont remains known from the Late

Eocene (Simpson 1948). Such a record is necessary to

understand the morphological evolution of the evolu-

tionary adaptations in this unique group of mammals.

The relatively recent extinction of glyptodonts sug-

gests that it should be possible to isolate ancient DNA

(aDNA) from their subfossil remains, as has been possi-

ble for other South American megafauna (e.g. Hoss et al.

1996; Greenwood et al. 2001; Orlando et al. 2008, 2009;

Clack et al. 2012). Further, the recent advent of high-

throughput sequencing and hybridization enrichment

has dramatically improved our ability to retrieve aDNA

sequences from especially degraded specimens (e.g. Lla-

mas et al. 2014; Mitchell et al. 2014). However, no aDNA

has thus far been sequenced for any representative of

Glyptodontidae. To resolve the phylogenetic position of

glyptodonts, we analysed a carapace fragment (scute)

from Doedicurus sp., the largest known glyptodonts (at

around 1900–2400 kg, 1.5 m height and 4 m length)

from which we sequenced a partial mitochondrial gen-

ome (mitogenome). We analysed these new genetic data

in conjunction with a previously published data set of

xenarthran mitogenomes (Gibb et al. 2015) and a matrix

of 125 cranial morphological characters (Billet et al.

2011).

Methods

Sampling details

Specimens for aDNA analysis were obtained from

remains found during a paleontological rescue opera-

tion of a rich locality located along the Salado River,

Buenos Aires Province, Argentina (Scanferla et al. 2013).
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The fossil-bearing level consists of sandy-clayed sedi-

ments with abundant organic matter, gypsum and car-

bonate concretions that were deposited in a small pond

environment, partially filled by aeolian sediments. This

fossil-bearing level is attributable to the Luj�an Forma-

tion (Scanferla et al. 2013; Fucks et al. 2015). We recov-

ered carcasses and disarticulated skeletal remains

belonging to four extinct mammal species, including

several carapace fragments and long bones of Doedicu-

rus sp., along with plant macrofossils, herbivore dung,

freshwater molluscs and insects. The high collagen

yield of recovered bones (~20 wt%) suggested that spec-

imens from this site had not undergone significant dia-

genetic alteration. According to 14C dating of bone

collagen, this level can be approximately constrained to

between 13 500 and 12 000 14C years BP (Supporting

information), corresponding with the end of the Luja-

nian Age (Cione et al. 2015). We sampled one Doedicu-

rus sp. carapace fragment by drilling several holes into

it at low speed (~1000 rpm), which allowed several

small pieces of bone to be isolated (ACAD15262) and

subsequently transported to the Australian Centre for

Ancient DNA for further processing and analysis.

DNA extraction and sequencing

All aDNA extraction and library preparation steps were

performed in a purpose-built, physically isolated,

ancient DNA laboratory at the Australian Centre for

Ancient DNA, University of Adelaide. We reduced

potential surface contamination of the Doedicurus sp.

bone pieces by removing surfaces (~1 mm) using a DRE-

MEL tool, followed by UV irradiation for 15 min. The

bone was then powdered using a mikrodismembrator

(Sartorius), and 0.2 g was lysed by rotational incubation

at 37 °C overnight in 4 mL of 0.5 M EDTA pH 8.0, fol-

lowed by a further incubation at 55 °C for 2 h with the

addition of 60 lL of proteinase-K. The released DNA

was bounded, washed and eluted using a silica-based

method (Brotherton et al. 2013).

We also acquired liver samples of dwarf armadillo

and big hairy armadillo (Zaedyus pichiy and Chaetophrac-

tus villosus, respectively; La Pampa Province, Argentina,

September 2012), and skin and osteoderms from the

southern three-banded armadillo (Tolypeutes matacus;

Formosa Province, Argentina, December 2012), which

were collected as part of ongoing projects by the Agen-

cia Nacional de Promoci�on Cient�ıfica y Tecnol�ogica

(ANPCyT) and Consejo Nacional de Investigaciones

Cient�ıficas y T�ecnicas (CONICET) of Argentina. These

samples were imported into Australia under permit

number IP13011958, held by Dr Jeremy Austin at the

University of Adelaide. Extraction and library prepara-

tion for these modern specimens was performed in a

clean laboratory at the University of Adelaide. To

extract DNA from these specimens, we used a DNeasy

Blood & Tissue Kit (Qiagen) according to the manufac-

turer’s protocol and eluted in 200 lL of AE buffer. We

fragmented the extracted DNA to approximately 200 bp

using a Covaris Focused-ultrasonicator.

From our extracted DNA, we created Illumina

sequencing libraries with uniquely barcoded adapters,

which we then enriched for mammal mitochondrial

DNA using a commercially synthesized (MYcroarray,

MI, USA) set of biotinylated RNA probes (Supporting

information). The enriched libraries were diluted to

2 nM and run on an Illumina MiSeq using 2 9 150 bp

(paired-end) sequencing chemistry. We used a custom

pipeline to perform read demulitplexing, quality con-

trol, and adapter removal on the raw sequencing data,

and assembled mitogenomes for our target taxa by

mapping iteratively to previously published reference

sequences (Supporting information). We obtained a

final consensus sequence (GenBank Accession

KX098449) comprising 8788 bp, which spanned 52.3%

of the reference length at a read depth of two or more.

Phylogenetic analysis

We aligned our new sequences with previously pub-

lished xenarthran mitogenomes (Table S1, Supporting

information) using the MUSCLE algorithm as imple-

mented in GENEIOUS v8.1.6. We then used PARTITIONFINDER

v1.1.1 (Lanfear et al. 2012) to determine the optimal par-

titioning scheme and substitution models for down-

stream analysis (Supporting information).

Using RAXML v8.2.0 (Stamatakis 2014), we performed a

maximum-likelihood search for the best-scoring tree

from 1000 bootstrap replicates (-f a -m MULTIGAMMA

-# 1000) based on our partitioned data set.

Our partitioned MRBAYES v3.2.6 (Ronquist et al. 2012)

analysis employed four separate runs of four Markov

chains each (one cold and three incrementally heated)

using default priors. Each chain ran for 107 generations,

sampling every 1000. Convergence in topology was

assessed using the average standard deviation of clade

(split) frequencies (<0.02), while convergence in individ-

ual parameter values was assessed through broadly

overlapping distributions and effective sample sizes

>200 in TRACER v1.6 (http://tree.bio.ed.ac.uk/soft

ware/tracer/). Sampled trees were summarized as a

majority-rule consensus tree after discarding the first

10% of trees as burnin.

We also reanalysed a previously reported morpholog-

ical matrix Billet et al. (2011) using PAUP* (Swofford

2002) and performed a heuristic search involving 1000

random addition replicates followed by 200 bootstrap

replicates, with all morphological characters treated as
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unordered. We enforced a backbone constraint such

that the relationships among all extant taxa sampled

were consistent with our molecular results. Further, we

enforced the monophyly of a clade comprising glypto-

donts (represented by the Miocene Propalaehoplophorus),

Chlamyphorinae and Tolypeutinae (as in Fig. 1), but

allowed the relationships between these three lineages

to be determined by morphological signal, as the molec-

ular data were largely equivocal about this arrange-

ment. The position of fossil taxa included in Billet et al.

(2011)’s matrix (for which DNA data are unavailable)

remained unconstrained and was determined solely by

morphological signal. These fossil taxa include several

extinct ‘eutatine’ armadillos (Eutatus, Proeutatus and

Doellotatus), putative early euphractines (Proeuphractus,

Macroeuphractus and Paleuphractus) and tolypeutines

(Kuntinaru) and several other unusual ‘basal’ armadillos

(Peltephilus, Stegotherium, Prozaedyus), along with the

pampathere Vassalia.

Molecular dating

We used BEAST v1.8.2 (Drummond & Rambaut 2007) to

simultaneously infer the phylogeny and estimate the

timeline for xenarthran evolution. We implemented a

birth–death tree prior, a single lognormal relaxed clock

model (with a rate multiplier parameter for each data

partition), and constrained the age of three key nodes

in accordance with the fossil record. To aid in conver-

gence, we enforced the reciprocal monophyly of Cingu-

lata and Pilosa (anteaters and sloths, the out-group).

We calibrated the root of the tree (the divergence

between Cingulata and Pilosa) using a uniform distri-

bution with a hard minimum at 47.6 Ma and a hard

maximum at 83.5 Ma. This minimum bound is based

on the oldest known cingulate—Riostegotherium (Oli-

veira & Bergqvist 1998; Bergvist et al. 2004)—from the

Early Eocene of Brazil (Woodburne et al. 2014), while

the maximum bound is based on the absence of

recognizable xenarthrans from the diverse and well-

documented mammalian fauna of the Campanian–
Maastrichtian age Los Alamitos Formation in northern

Patagonia (e.g. Chornogubsky 2011). In addition, we

constrained the minimum age of the Doedicurus lineage

to 33.9 Ma based on the earliest known glyptodonts

(Simpson 1948) from the Mustersan South American

Land Mammal Age (SALMA), which corresponds to

the Late Eocene (Kay et al. 1999). We also constrained

the origin of the branch leading to extant Tolypeutinae

with a minimum age of 26.0 Ma based on the earliest

known tolypeutine (Kuntinaru) from the Deseadan

SALMA (Billet et al. 2011), which corresponds to the

Late Oligocene (Kay et al. 1998). We implemented these

latter two calibrations as lognormal distributions

(standard deviation = 0.7), as the fossils they are based

on can reasonably be expected to substantially postdate

the node being constrained. We set the prior mean for

both distributions such that 97.5% of the prior post-

dated 65.5 Ma. This soft maximum bound reflects the

absence of xenarthrans from the Tiupampan (Early

Palaeocene) and Peligran (middle Palaeocene) faunas

(Gelfo et al. 2009), but also the possibility that these

regions may have been environmentally unsuitable for

early xenarthrans (see Gaudin & Croft 2015).

Our BEAST analysis was run three times using different

starting trees to ensure convergence on the global opti-

mum. Each analysis was run for 108 generations sam-

pling every 105 with the first 10% of samples discarded

as burnin. Parameter values were monitored in

TRACER v1.6 (http://tree.bio.ed.ac.uk/software/tracer/)

to ensure stationarity and ESSs >200. Sampled trees and

parameter values from each run were combined before

summarizing the results.

Results and discussion

Our Bayesian and maximum-likelihood analyses

yielded identical tree topologies, and the relationships

among living taxa (Fig. 1) were concordant with the

results of previous molecular phylogenetic analyses

(e.g. Delsuc et al. 2012; Gibb et al. 2015). However, in

addition our analyses unequivocally demonstrated that

the extinct glyptodonts fall within the diversity of living

armadillos, forming a monophyletic clade with

Chlamyphoridae (Chlamyphorinae, Tolypeutinae and

Euphractinae) to the exclusion of Dasypodidae (Baye-

sian posterior probability [MRBAYES/BEAST], BPP = 1.0/

1.0, maximum-likelihood bootstrap, MLB = 100%). Pre-

vious morphological analyses that included fossil taxa

have also suggested that glyptodonts were potentially

nested within Cingulata (Engelmann 1985; Gaudin &

Wible 2006; Gaudin & McDonald 2008; Billet et al.

2011), although generally with weak support due to the

low number of informative morphological characters

available. Our molecular results suggest that substantial

and comprehensive revision of cingulate taxonomy is

necessary, with a possible outcome being that

glyptodonts are assigned subfamily status within

Chlamyphoridae.

The phylogenetically nested position of glyptodonts

within extant armadillos means that unique glyptodont

skeletal features such as the complex dermal armour,

extensive fusion of vertebrae and pelvic girdle to the

carapace, carved teeth, migration of the masticatory

apparatus and telescoping process of the skull (Farina

& Vizca�ıno 2001; Vizca�ıno et al. 2004) evolved from an

armadillo-like ancestor. This implies that the completely

fused carapace of glyptodonts evolved from the flexible

© 2016 John Wiley & Sons Ltd
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Fig. 1 Maximum clade credibility tree resulting from our time-calibrated BEAST analyses. Scale is in millions of years before the pre-
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values (MrBayes posterior probability/BEAST posterior probability/maximum-likelihood bootstrap %) are given for clades that

received less than the maximum possible support (i.e. 1.0/1.0/100).
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banded armour of armadillos and that the strange

‘lobate’ dentition of glyptodonts is derived from rela-

tively simple ‘peg-like’ teeth like those of living

armadillos. These adaptations are potentially related to

the shift from the standard armadillo insectivore niche

to a grazing specialist and indicate the degree of plastic-

ity and adaptive potential within early cingulates.

Within Chlamyphoridae, our results strongly support

a clade comprising Doedicurus, Chlamyphorinae and

Tolypeutinae (BPP = 1.0/1.0, MLB = 82%), although the

basal position of Doedicurus within this group is rela-

tively weakly supported (BPP = 0.83/0.97, MLB = 54%).

In this regard, our results conflict with the findings of

Billet et al. (2011), who suggested that glyptodonts were

more closely related to euphractine armadillos (hairy,

dwarf and six-banded) than to the other living chlamy-

phorids (i.e. fairy, naked-tailed, giant and three-banded

armadillos) based on their analysis of 125 cranial mor-

phological characters. To further explore this conflict,

we reanalysed Billet et al. (2011)’s morphological char-

acter matrix while constraining the topology to conform

to our molecular results.

The single best-scoring tree recovered by our topolog-

ically constrained maximum parsimony analysis of Bil-

let et al. (2011)’s data (Fig. 2) using PAUP* was 26 state

changes longer than our best-scoring unconstrained tree

(538 changes vs. 512 changes), suggesting that cingulate

morphological evolution is much more complex than

Bradypus
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Chaetophractus

Zaedyus

Euphractus

Paleuphractus †
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Fig. 2 Maximum parsimony phylogeny reconstructed from Billet et al. (2011)’s morphological matrix using PAUP*, constrained to be

consistent with our molecular results in Fig. 1. Unambiguous synapomorphies are plotted along branches (black = nonhomoplasious,

white = homoplasious) using WINCLADA v1.00.08 (Nixon 2002). Bremer support values (integer) and parsimony bootstrap (%) are dis-

played below each branch. Coloured lineages correspond to clades in Fig. 1, grey shading indicates the out-group, and uncoloured

lineages represent additional fossil taxa (marked with a †). Inset shows the backbone constraint enforced, such that relationships

among taxa remained consistent with Fig. 1. Character and character state definitions are available in the Supporting Material, and

character scoring is unchanged from Billet et al. (2011).
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currently recognized. Billet et al. (2011) recovered a

clade comprising extant Euphractinae and the pink

fairy armadillo (Chlamyphorus) along with several fossil

taxa including glyptodonts (represented by the Miocene

Propalaehoplophorus), which they found was strongly

supported by five putatively unambiguous nonhomo-

plasious (i.e. not convergently evolved) synapomorphies

(Supporting information). Our results indicate that these

five state changes have either occurred multiple times

among cingulates (parallel evolution) or are ancestral

(plesiomorphic) and secondarily reversed in some lin-

eages (e.g. Tolypeutinae). Similarly, one additional

putatively nonhomoplasious-derived character states

that Billet et al. (2011) identified as diagnosing a clade

including Glyptodontoidea and Euphractinae but

excluding Chlamyphorinae and Tolypeutinae (a straight

and oblique profile of the zygomatic arch; character 69,

state 2), and another diagnosing a wider clade includ-

ing Chlamyphorinae (width of the glenoid fossa

approximately equivalent to length; character 88, state

1), also appear to have evolved several times among

cingulates. Interestingly, no unambiguous nonhomopla-

sious morphological synapomorphies diagnose the

clade comprising Tolypeutinae and Chlamyphorinae (or

a wider clade including glyptodonts), despite unequivo-

cal support for this grouping from molecular data

(Fig. 1).

Although the power of Billet et al. (2011)’s morpho-

logical matrix for resolving relationships among cingu-

late higher taxa may be limited, it is interesting that a

monophyletic Glyptodontoidea (glyptodonts and pam-

patheres) remains strongly supported (Fig. 2). Further,

our topologically constrained analysis of the morpho-

logical data favours a clade comprising glyptodonts,

pampatheres (represented by Vassalia), the pink fairy

armadillo and the extinct genera Eutatus and Proeutatus.

Although support for this grouping is relatively weak

(Bremer = 2; Parsimony Bootstrap, PBS = <50%), two

unambiguous nonhomoplasious synapomorphies

appear to diagnose this clade: a substantially dorsal

position of the auditory region with respect to the

palate (character 78, state 1) and a ≥90° angle between

the toothrow and the anterior edge of ascending ramus

(character 13, state 6). Further, Eutatus and Proeutatus

show some degree of specialization towards herbivory

(Vizca�ıno & Bargo 1998), suggesting that this clade may

represent a single radiation of herbivorous forms with

varying degrees of morphological specialization and

gigantism.

The pink fairy armadillo is exceptional in comparison

to Vassalia, Propalaehoplophorus, Proeutatus and Eutatus,

as it shows no particular specialization for herbivory.

Further, a close association between the glyptodonts

and the fairy armadillos (Chlamyphorinae) is

surprising, as these taxa are among the most derived

cingulates: glyptodonts were generally large-bodied and

heavily armoured, while the fairy armadillos are tiny

and adapted for burrowing. However, in addition to

the synapomorphies described above, the pink fairy

armadillo, Vassallia (a pampatheriid) and Propalaeho-

plophorus also share a lateral orientation of the posterior

root of the zygoma (character 68, state 1)—an appar-

ently derived trait not observed in any other sampled

taxon. Due to the highly divergent morphology of these

taxa, it seems unlikely that any shared derived charac-

ters could be the result of convergent evolution, so

future studies should consider the possibility that insec-

tivorous habits of the fairy armadillos are secondarily

reversed from a more herbivorous ancestor. In any case,

the close relationship between fairy armadillos and

glyptodonts suggested by our analyses of Billet et al.

(2011)’s morphological matrix testifies to our patchy

knowledge about the skeletal transformations that

occurred during the first steps of cingulate evolution.

Our analyses of Billet et al. (2011)’s data support their

original taxonomic assignment of the Oligocene arma-

dillo Kuntinaru as a (stem) member of Tolypeutinae

(Fig. 2). Kuntinaru therefore represents a valuable cali-

bration for molecular dating (e.g. Gibb et al. 2015). Since

the first unequivocal glyptodont remains are around

10 million years older than Kuntinaru, Doedicurus is

potentially an even more important calibration point.

Using both Kuntinaru and Doedicurus to constrain the

age of our phylogeny (Fig. 1) results in node age esti-

mates that support and broadly overlap with those of

previous studies (Delsuc et al. 2004, 2012; Gibb et al.

2015). However, in many cases, our estimates are more

precise (Table S4, Supporting information). For exam-

ple, Gibb et al. (2015) estimated a 95% highest posterior

density (HPD) of 31.5–44.7 Ma (a range of 13.2 million

years) for the age of Chlamyphoridae while we esti-

mated a 95% HPD of 37.4–43.9 Ma (a range of 6.5 mil-

lion years). Similarly, their estimate for the crown age

of Cingulata (95% HPD of 38.3–52.1 Ma) was 12.1 mil-

lion years wider than ours (95% HPD of 46.9–58.6 Ma).

Our results suggest that the osteological novelties of

glyptodonts and their acquisition of herbivory must

have evolved in a relatively short period of time during

the Late Eocene to Early Miocene (Fig. 1), as these fea-

tures are already present in the Miocene Propalaehoplo-

phoridae (the oldest and most complete fossil

glyptodonts). Rapid morphological evolution of glypto-

donts may partially explain the scarcity of fossils

recording their early history, and the lack of morpho-

logical synapomorphies uniting Glyptodontoidea,

Chlamyphorinae and Tolypeutinae. In addition, it is

notable that during the Late Eocene and Oligocene, the

climate in South America was becoming cooler and
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drier, leading to a gradual replacement of wet forest

environments by more open woodland and savannah

(Ortiz-Jaureguizar & Cladera 2006; Iglesias et al. 2011).

It is possible that early glyptodonts had a predisposi-

tion or some degree of specialization towards herbivory

(as for Proeutatus and Eutatus) and that expansion of

new habitats and more abundant food sources (e.g.

grasslands) facilitated the evolution of gigantism in

these ancestral forms (and early pampatheres, to a les-

ser extent).

Larger body mass would have precluded early glyp-

todonts from sheltering in burrows as modern armadil-

los do, so the glyptodonts comparatively heavy armour

and additional protective structures (described by Zur-

ita et al. 2010) may have evolved to compensate for this

increased vulnerability. It is also possible that gigantism

itself evolved primarily as a defence against predation,

which would explain why the largest glyptodonts (e.g.

Doedicurus, Panochthus) are known from the Early Pleis-

tocene (Soibelzon et al. 2010; Cione et al. 2015), as pre-

Pleistocene South American carnivores were generally

relatively small compared to Pliocene/Pleistocene spe-

cies such as the giant short-faced bear (Arctotherium

angustidens, 900 kg), sabre-toothed cats (Smilodon popula-

tor, 290 kg; Homotherium sp., 190 kg) and the jaguar

(Panthera onca, 71.2 kg) (Prevosti & Vizca�ıno 2006; Cione

et al. 2015). Alternatively (or complementarily), once

heavy armour evolved in early glyptodonts a trend

towards increasing armour and size may have been dri-

ven by intraspecific competition (Alexander et al. 1999;

Blanco et al. 2009). Ultimately, our improved estimates

for the phylogeny and evolutionary timeline of xenar-

thrans have yielded important insights into the evolu-

tionary history of glyptodonts and represent critical

resources for improving interpretation of the fossil

record of Cenozoic xenarthrans and future macroevolu-

tionary and biogeographic studies.

Note added in proof

Our molecular phylogenetic results are supported by the inde-

pendent study of Delsuc et al. (2016). The latter did not include

a morphological analysis.
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