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Abstract—The nine-banded armadillo (Dasypus novemcinctus) is the most widespread xenarthran species across
the Americas. Recent studies have suggested it is composed of 4 morphologically and genetically distinct lineages of
uncertain taxonomic status. To address this issue, we used a museomic approach to sequence 80 complete mitogenomes
and capture 997 nuclear loci for 71 Dasypus individuals sampled across the entire distribution. We carefully cleaned up
potential genotyping errors and cross-contaminations that could blur species boundaries by mimicking gene flow. Our
results unambiguously support 4 distinct lineages within the D. novemcinctus complex. We found cases of mito-nuclear
phylogenetic discordance but only limited contemporary gene flow confined to the margins of the lineage distributions.
All available evidence including the restricted gene flow, phylogenetic reconstructions based on both mitogenomes and
nuclear loci, and phylogenetic delimitation methods consistently supported the 4 lineages within D. novemcinctus as 4
distinct species. Comparable genetic differentiation values to other recognized Dasypus species further reinforced their
status as valid species. Considering congruent morphological results from previous studies, we provide an integrative
taxonomic view to recognize 4 species within the D. novemcinctus complex: D. novemcinctus, D. fenestratus, D. mexicanus,
and D. guianensis sp. nov., a new species endemic of the Guiana Shield that we describe here. The 2 available individuals of
D. mazzai and D. sabanicola were consistently nested within D. novemcinctus lineage and their status remains to be assessed.
The present work offers a case study illustrating the power of museomics to reveal cryptic species diversity within a
widely distributed and emblematic species of mammals. [Integrative taxonomy; mito-nuclear discordance; multilocus
phylogeny; museomics; phylogeography; species delimitation.]

Species represent the basic units of taxonomy and are and Mallet 2002; Mallet et al. 2007; Stankowski and
the quintessential objects of evolutionary biology, but Ravinet 2021). This process corresponds to the transi-
their delineation is still problematic. Such difficulties tion from free gene exchange within populations to the
mainly stem from the fact that taxonomy defines dis- cessation of gene flow (Mayr 1942; Dobzhansky 1982;
crete boundaries, while speciation is continuous (Dres complete reproductive isolation; Coyne and Orr 2004;
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Galtier 2019). When the speciation process is complete,
the taxonomic status as distinct species becomes unam-
biguous. However, species delimitation becomes less
clear-cut during this differentiation process. The use of
different delimitation criteria associated with different
species concepts can lead to inconsistencies between
studies, as incipient species will not always evolve the
same characteristics at the same stages of speciation
(de Queiroz 2007). In order to overcome such concep-
tual flaws, de Queiroz (2007) proposed a unified spe-
cies concept, the generalized lineage concept (GLC), in
which species represent metapopulation lineages that
evolve independently from one another. While such a
definition provided a significant conceptual advance, it
is not operational for species delimitation (Zachos and
Asher 2018; Kollar et al. 2022). It has, however, high-
lighted the methodological difficulties of delineating
species within a speciation continuum (Zachos and
Asher 2018). The analysis of molecular data in statis-
tical frameworks has improved the reproducibility of
analyses and the transparency of species delimitation
protocols, allowing quantification of the degree of sup-
port for different taxonomic hypotheses. These meth-
ods have been widely used for species delimitation and
have provided valuable insights into species boundar-
ies, particularly when used in combination with mor-
phological and ecological evidence in an integrative
approach (Padial et al. 2010; Nascimento et al. 2021).
Nevertheless, molecular methods should be carefully
considered because the use of ever-increasing amounts
of data may lead to over-splitting. By identifying
genetic structuring at a finer resolution, these methods
can lead to the delineation of the smallest identifiable
unit (Funk et al. 2012; Sukumaran and Knowles 2017;
Leaché et al. 2019; Sukumaran et al. 2021), while sta-
tistical significance can be more easily achieved when
many loci are analyzed (Leaché et al. 2019). For these
reasons, Carstens et al. (2013) recommended relying on
concordance across various species delimitation algo-
rithms depending on different assumptions. Using a
comparative approach could also constitute an alterna-
tive way to confirm genetically-defined candidate spe-
cies in a homogeneous way, and thus limit under- or
over-splitting. It has thus been proposed that genomic
differentiation of taxa with a consensus taxonomic rank
can be used as a reference to delineate lineages with
comparable genomic differentiation values (Hey and
Pinho 2012; Roux et al. 2016; Riesch et al. 2017; Rosel
et al. 2017; Galtier 2019). This genome-wide compara-
tive approach has proven useful for delimiting species
of aardwolves for instance (Allio et al. 2021). Finally,
genomic data provide an unprecedented opportunity to
understand the speciation process itself by investigating
the phylogeographic history of the focal lineages, and
by doing so, define species boundaries more precisely.
Comprehensive analyses of many unlinked molecular
markers can yield information on the levels of past and
contemporary gene flow, hereby providing insight into
the levels of reproductive isolation, especially in the

context of secondary contact zones (Dufresnes et al.
2015).

The growing use of integrative and comparative
approaches has reshuffled the classification of several
mammalian groups once considered taxonomically
well-known. In the Neotropics alone about 100 spe-
cies of medium and large mammals have been recog-
nized in the last 15 years (Burgin et al. 2018; Feijé and
Brandao 2022), including new species of anteaters
(Miranda et al. 2018), olingos (Helgen et al. 2013), por-
cupines (Pontes et al. 2013), rabbits (Ruedas 2017), and
primates (Boubli et al. 2019; Costa-Aratjo et al. 2019,
2021; Gusmao et al. 2019). Among those, xenarthrans
represent an emblematic group whose diversity has
just begun to be recognized in the past decade. They are
one of the major lineages of placental mammals and are
currently represented by 39 species of anteaters, sloths,
and armadillos (Gibb et al. 2016; Feijé in press). Long-
nosed armadillos of the genus Dasypus are the most
speciose group of xenarthrans, occurring throughout
most of the Americas, and have a complex taxonomic
history with the recent recognition of 3 distinct species
within the greater long-nosed armadillo (Dasypus kap-
pleri) for instance (Feijé et al. 2018). Presently, 8 extant
Dasypus species are recognized but available evidence
suggests cryptic diversity, particularly within the nine-
banded armadillo (Dasypus novemcinctus), a species
with a Panamerican distribution spanning from north-
ern Argentina to the United States (Feijo et al. 2018).

Indeed, an early molecular study revealed a high
genetic divergence between the invasive US popula-
tions and populations from French Guiana (Huchon
et al. 1999). Subsequent studies have identified 4 dis-
tinct lineages within this species including a potentially
undescribed species restricted to the Guiana Shield
(hereafter Guianan lineage; Hautier et al. 2017), as orig-
inally proposed by Gibb et al. (2016). Morphological
studies based on the structure of paranasal sinuses
(Billet et al. 2017), geometric morphometrics of skull
shape (Hautier et al. 2017), and whole specimen anat-
omy (Feij6 et al. 2018), as well as molecular studies
based on a few markers (Feijo et al. 2019; Arteaga et
al. 2020) have confirmed the distinctiveness of this
Guianan lineage. Another lineage with both charac-
teristic skull shape (Hautier et al. 2017) and paranasal
sinuses (Billet et al. 2017) includes armadillos distrib-
uted throughout South America on the eastern side of
the Andes (hereafter Southern lineage; Hautier et al.
2017). Subsequent molecular data have shown that this
lineage might also include D. mazzai and D. sabanicola
(Feijo et al. 2019), although it was previously suggested
that the latter 2 should be maintained as distinct spe-
cies given their morphological differences (Feij6 et al.
2018). Two additional lineages distributed (i) on the
western side of the Andes in South America and south-
ern Central America (hereafter Central lineage; Hautier
et al. 2017) and (ii) in northern Central America and
the United States (hereafter Northern lineage; Hautier
et al. 2017) have been further highlighted based on
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mitochondrial control region and microsatellite anal-
yses (Arteaga et al. 2011, 2012). These 2 lineages were
again confirmed by geometric morphometrics of skull
shape (Hautier et al. 2017) and, to a lesser extent, the
structure of paranasal sinuses (Billet et al. 2017). Up
to now, however, the taxonomic status of these 4 lin-
eages, as well as their phylogenetic relationships with
D. pilosus, D. mazzai, and D. sabanicola, remain uncer-
tain. In fact, D. pilosus was found to be nested within
the D. novemcinctus complex despite its uniquely hairy
carapace and particularly elongated skull (Gibb et al.
2016; Feij6 et al. 2019). A better understanding of the
evolutionary history of the D. novemcinctus complex has
broader implications as splitting a widespread species
into potentially more geographically restricted species
would necessitate reevaluating the conservation status
of each (Abba and Superina, 2010; Superina et al., 2014;
Feij6 and Brandao 2022).

In addition to the taxonomic conundrum involving
D. novemcinctus and related species, its evolutionary
history remains controversial. Based on a short frag-
ment of the mitochondrial control region, Arteaga et al.
(2020) identified individuals belonging to the Northern
lineage overlapping with the Southern lineage in most
of South America. This result contrasts with mor-
phological studies supporting a clearly defined and
homogenous Southern morpho-group (Billet et al. 2017;
Hautier et al. 2017) and the molecular study of Feij6 et
al. (2019) that found Mexican nine-banded armadillos
clustering with populations from the United States
and clearly diverging from South American ones. In
addition, a population in western Mexico (thereaf-
ter western Mexico population) was identified as part
of the Central lineage by Arteaga et al. (2011, 2012,
2020), while morphological studies identified a unique
morpho-group within the Northern range (Billet et al.
2017; Hautier et al. 2017). Both ancient introgression
and contemporary gene flow between these parapat-
ric lineages could result in mito-nuclear discordance
(Toews and Brelsford 2012) and heterogeneity across
nuclear gene trees, as previously suggested by micro-
satellite analyses (Arteaga et al. 2011, 2012). These
heterogeneities might lead to incongruences across
phylogenetic analyses, depending on the history of the
markers analyzed, and in turn cause species boundaries
defined based on molecular data to disagree with those
inferred from other lines of evidence (i.e., morphology)
(de Queiroz, 2007; Degnan & Rosenberg, 2009; Wiens
et al., 2010; Toews & Brelsford, 2012). Furthermore,
identifying contemporary gene flow is important to
define the taxonomic status of evolutionary lineages, as
it reflects their levels of reproductive isolation. Better
understanding genealogical discrepancies, and separat-
ing historical and contemporary introgression typically
requires the analysis of multiple loci.

To disentangle the D. novemcinctus species complex, we
relied on a museomic approach (Raxworthy and Smith
2021) to ensure a geographically and taxonomically rep-
resentative sample. We used shotgun sequencing and

exon capture to obtain the complete mitogenome as
well as 997 nuclear loci for respectively 80 and 71 indi-
viduals including 48 museum specimens. In a context
where species concepts and the resulting delimitation
methods are still controversial, we referred to the GLC
of species (de Queiroz 2007) and considered taxonomic
status as a hypothesis to be explored through various
analyses (Carstens et al. 2013; Zachos and Asher 2018).
We thus considered the 4 morphotypes of D. novemcinc-
tus identified by Hautier et al. (2017) as our main species
delimitation hypothesis. Because our sampling includes
numerous museum specimens with expected low con-
tents of endogenous DNA, we also carefully assessed
the effect of sequencing errors, genotyping errors, and
cross-contaminations that could both blur phylogenetic
signal and mimic gene flow (Pompanon et al., 2005;
Robledo-Arnuncio and Gaggiotti, 2017; Raxworthy and
Smith, 2021). Indeed, these different types of errors are
common, and despite increasing awareness, relatively
few studies have focused on this problem and its con-
sequences for subsequent analyses (Bonin et al. 2004;
Pompanon et al. 2005; Mastretta-Yanes et al. 2015;
Robledo-Arnuncio and Gaggiotti 2017). Incorrect geno-
type calls are expected to have a significant impact on
population genetic analyses, in particular by leading to
inaccurate conclusions about genetic diversity and pop-
ulation structure (Bonin et al. 2004; Herrmann et al. 2010;
Zhang and Hare 2012; Ewart et al. 2019; Petrou et al. 2019).
Some of these errors, such as cross-contamination, could
even mimic gene flow (Robledo-Arnuncio & Gaggiotti,
2017; Petrou et al., 2019), which is particularly problem-
atic for species delimitation. Appropriate data cleaning
should improve species delineation but disentangling
errors from biological signals of introgression remains
a challenge. For this reason, we performed thorough
cross-contamination exploration and carefully cleaned
reads from sequencing and contamination errors.

MATERIALS AND METHODS
Biological Sampling

A total of 80 armadillo tissue samples were obtained
over the years for this study through multiple sources
(Supplementary Table S1). Our sampling notably
includes 46 individuals sampled in the form of dried
skin pieces. Among these, 38 were obtained from
museum specimens collected between 1894 and 2000
and stored in 12 different collections. The other 8 were
received in the form of dried ear biopsies not associ-
ated with museum vouchers. The remaining sam-
ples were fresh tissue biopsies stored in 95% ethanol.
In accordance with the policy of sharing benefits and
advantages (APA TREL19161965/224), biological
material from French Guiana has been deposited in
the JAGUARS collection supported by the Collectivité
Territoriale de Guyane and the Direction Générale des
Territoires et de la Mer de la Guyane.
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DNA Extractions and Sequencing

Total genomic DNA extractions from fresh tissue
biopsies preserved in 95% ethanol were performed
using the DNeasy Blood & Tissue Kit (QIAGEN)
according to the manufacturer’s instructions. Museum
dried skin samples were processed sequentially under
a dedicated UV hood, and cleaned between samples to
minimize cross-contamination. DNA extractions were
then performed in batches of 12 samples including
an extraction blank, using the same DNeasy Blood &
Tissue Kit under a UV hood in a dedicated clean room.
The only minor modification was to reduce the final elu-
tion volume to 70 uL instead of 100 pl. [llumina libraries
were constructed from DNA extracts according to the
cost-effective version of the Meyer and Kircher (2010)
protocol proposed by Tilak et al. (2015). Mitogenomes
were obtained through shotgun Illumina sequencing,
using single-end 100 bp reads for the fresh samples
(sequenced at GATC Biotech, Konstanz, Germany) and
paired-end 150 bp reads for the museum specimens
(sequenced by Daicel Arbor Biosciences, Ann Arbor, MI,
USA). To obtain complementary nuclear data, single-
copy orthologous exons shared by the nine-banded
armadillo (D. novemcinctus) and the Hoffmann’s 2-toed
sloth (Choloepus hoffmanni) were selected from the
OrthoMam v8 database (Douzery et al. 2014) based on
their size, that was set to be around 200 bp, until a total
of 1000 exons was reached. The sequences of these 1000
exons plus 400 bp of flanking introns (200 bp on each
side) were then extracted from the Dasnov3.1 nine-
banded armadillo genome assembly (GCF_000208655.2)
and used to design RNA capture probes resulting in a
final set of 16,146 probes targeting 997 nuclear loci of
about 600 bp length each. We verified that these 997 loci
provide a representative sampling of the nine-banded
armadillo genome by locating them on the latest
chromosome-scale reference assembly (GCF_030445035.1)
(Supplementary Fig. S1). Probe design and synthesis,
library preparation on DNA extracts from museum speci-
mens, capture reactions on previously constructed librar-
ies, and Illumina sequencing of the 997 nuclear loci were
outsourced to Daicel Arbor Biosciences.

Dataset Assembly

Mitochondrial dataset.—The raw reads obtained by shot-
gun sequencing were cleaned with FastP v0.21.0 (Chen
et al. 2018). The reference mitogenome of Dasypus nove-
mcinctus (NC_001821.1; Arnason et al. 1997) was used
to map the reads of each individual using bwa mem
v.0.7.17 (Li 2013) with default parameters. Samtools
v1.9 (Li et al. 2009) and Picard v2.25.5 (Picard Toolkit
2019) were respectively used to convert the mapping
files and to order and index reads according to their
position on the reference genome. MarkDuplicates
v2.25.5 (Picard Toolkit 2019) was used to mark dupli-
cate reads. Samtools depth v1.9 (Li et al. 2009) was used
to estimate depth coverage (Supplementary Fig. S2).
Variant calling for haploid data (--ploidy 1) was then

performed with Freebayes v1.3.1 (Garrison and Marth
2012). Finally, the vcf file was converted with bcftools
consensus v1.14 (Danecek et al. 2021) using haploid
parameters and filtering out positions with less than
5x depth coverage to obtain sequences in fasta format.
Furthermore, we assembled 2 additional mitochondrial
datasets of shorter fragments including samples from
previous studies on 16S rRNA (Abba et al. 2018) and
D-loop (Arteaga et al. 2020) to evaluate the consistency
between these sequences and our new mitogenomes
(Supplementary Material on Dryad, https://doi.
org/10.5061/dryad.95x69p8sz).

Contamination exploration.—We implemented a method
inspired by Green et al. (2008, 2010) for detecting human
contamination in Neanderthal genomes. To identify
cross-contamination between lineages, we identified
the mitochondrial diagnostic positions (DPs) for each
of the 4 lineages of the species complex and D. pilosus
using the apolist command of PAUP* v4.0a (Swofford
1998). A total of 122 DPs were identified for the Guianan
lineage, 31 for the Southern lineage, 26 for the Central
lineage, 28 for the Northern lineage, and 143 for D. pilo-
sus. Then, for each individual, we recorded the propor-
tion of the lineage DPs supported by at least three reads
(Supplementary Fig. S3). The frequency of reads sup-
porting these positions (i.e., the number of reads with
the diagnosticallele divided by the total number of reads
mapping at the position) was also taken into account
(Supplementary Fig. S3). Proportions of DPs and read
frequencies were estimated using bam-readcount
(https:/ /github.com/genome /bam-readcount) and the
custom script Estimate_lineage_support.py (https://
github.com/Mathilde-Barthe /Mitochondrial_sup-
port). The support for a specific lineage was then
estimated as the product between the proportion of
DPs supporting this lineage and their read frequency
(Lineage support = proportion of DPs xread fre-
quency; Supplementary Fig. S3) and plotted using the
custom script Plot_lineage_support.R (https://github.
com/Mathilde-Barthe /Mitochondrial_support) and
the ggplot2, dplyr, colorspace, cowplot, grid, gridEx-
tra, ggpubr R packages (Auguie and Antonov 2017;
R Core Team 2018; Villanueva and Chen 2019; Wilke
2019; Zeileis et al. 2019; Kassambara 2020; Wickham
et al. 2023). DPs of D. pilosus were used as controls as
laboratory experiments (DNA extractions and library
preparations) for these 2 individuals were performed
separately from those of the D. novemcinctus complex.
Thus, their proportion within D. novemcinctus samples
represents shared genotyping errors expected between
individuals that did not cross-contaminated each other.

Nuclear dataset.—Reads from exon capture sequenc-
ing were cleaned with FastP v0.21.0 (Chen et al. 2018).
The 997 targeted sequences used to define the cap-
ture probes were used as references to map the reads
of each individual using bwa mem v.0.7.17 (Li 2013)
with default parameters for paired-end data. As for the

¥20z Jequeideg ¢z uo Jasn goss HINN SUND 091 Ad 6£7269.2/.209eAs/01gsAs/c601 "0 | /10p/aloie-aoueApe/olqsAs/woo dno-olwapede//:sdiy woly papeojumo(q


https://dx.doi.org/10.5061/dryad.95x69p8sz
https://dx.doi.org/10.5061/dryad.95x69p8sz
https://dx.doi.org/10.5061/dryad.95x69p8sz
https://datadryad.org/XXXXXX
https://datadryad.org/XXXXXX
https://dx.doi.org/10.5061/dryad.95x69p8sz
https://dx.doi.org/10.5061/dryad.95x69p8sz
https://github.com/genome/bam-readcount
https://github.com/Mathilde-Barthe/Mitochondrial_support
https://github.com/Mathilde-Barthe/Mitochondrial_support
https://github.com/Mathilde-Barthe/Mitochondrial_support
https://dx.doi.org/10.5061/dryad.95x69p8sz
https://github.com/Mathilde-Barthe/Mitochondrial_support
https://github.com/Mathilde-Barthe/Mitochondrial_support

2024 BARTHE ET AL. - DECIPHERING THE NINE-BANDED ARMADILLO COMPLEX 5

mitogenomes, we used Samtools v1.9 (Li et al. 2009),
Picard v2.25.5 (Picard Toolkit 2019), and MarkDuplicates
v2.25.5 (Picard Toolkit 2019) to respectively convert the
mapping files, order, and index reads according to their
position on the reference genome, and mark duplicate
reads. Variant calling for diploid data was then per-
formed with Freebayes v1.3.1 (Garrison and Marth
2012). Positions with coverage under 10x and a quality
score below 20 were considered ambiguous and called
as ‘N’". The vcf file was modified with a custom script to
ensure that heterozygous positions were supported by
reads at frequency 0.3-0.7, otherwise, the most frequent
allele was called as a homozygous position. Depth of
coverage was estimated with samtools depth v1.9 (Li et
al. 2009). We excluded from the analysis 3541 sequences
(57 loci per individual on average) with more than 40%
missing data (Supplementary Table 52) and 9 individ-
uals with more than 55% average missing data across
loci (see Supplementary Table S1 for details). We also
excluded one locus containing less than 3 individu-
als as this is the minimal number required to recon-
struct a phylogenetic tree. Note however that only 7
loci contained less than 10 individuals. Next, we used
the “~hardy” option from vcftools to filter out 159 loci
in which at least 75% of the individuals in a given
nuclear lineage were heterozygous at a single position.
Inbreeding coefficient (F) and heterozygosity (He) were
estimated with the “~het” option from vcftools and a
custom script, respectively. Using these cleaned vcf files,
25,742 variant positions out of a total of 506,355 nucle-
otide positions across the 837 retained loci were recon-
structed in fasta format using the VCF2FastaFreebayes
custom script (https://github.com/benoitnabholz/
VCF2Fasta). Finally, bcftools consensus v1.14 was used
to obtain the fasta sequence, with heterozygous sites
encoded as IUPAC characters.

Phylogenetic Inferences

The reconstructed mitogenomes were aligned with
mafft v7.310 (Katoh and Standley 2013) with default
parameters. Mitochondrial CDSs and rRNAs were
concatenated with AMAS (Borowiec 2016) and sites
with more than 50% missing data were removed with
trimal v1.4 (Capella-Gutiérrez et al. 2009), resulting
in 13,924 nucleotide positions. The mitogenomic tree
was reconstructed by maximum likelihood (ML) using
IQ-TREE v2.1.4 (Minh et al. 2020b) with a partitioned
model (“-spp” option) and using ModelFinder (“-m
TESTNEW” option; Kalyaanamoorthy et al. 2017) to
select the best-fitting model. The same methodology was
applied to reconstruct ML phylogenies for the 2 short
mitochondrial fragment datasets of 16S rRNA (212 bp;
Abba etal. 2018) and D-loop (387 bp; Arteaga et al. 2020).
Individual nuclear loci were aligned with mafft v7.310
with default parameters and concatenated with the “con-
cat” option from AMAS. A ML tree was reconstructed
with IQ-TREE using the best-fitting loci-partitions
and corresponding substitution models selected by
Bayesian Information Criteria (BIC) in ModelFinder

(“-m TESTNEW” option; Kalyaanamoorthy et al
2017). Node support was assessed using 1000 ultra-
fast bootstrap replicates and associated gene- and site-
concordance factors (Minh et al. 2020a). Individual
gene trees were reconstructed by ML with IQ-TREE,
with the best-fitting model selected using ModelFinder.
The gene trees were not reconstructed for 2 loci with-
out any SNP and 3 loci represented by only 3 individ-
uals. The remaining 832 ML gene trees were then used
to infer a phylogeny while taking incomplete lineage
sorting into account using Astral v5.7.7 (Mirarab and
Warnow, 2015), a quartet-based method consistent with
the Multispecies Coalescent (MSC) model. In all phy-
logenetic reconstructions, D. kappleri was used as an
outgroup.

Species Partition and Population Genetic Analyses

In order to corroborate the species hypothesis pro-
vided by the 4 morphotypes identified by Hautier et
al. (2017), the species partition based on molecular data
was investigated through population genetic analyses
and species discovery methods.

Admixture analysis—Using variant calling files obtained
from the captured nuclear loci, we excluded sites with
more than 2 alleles with bcftools v1.8, sites with more
than 25% missing data with the max-missing option of
vcftools v0.1.17 (Danecek et al. 2011), and linked posi-
tions with the indep-pairwise option of the plink soft-
ware (Purcell et al. 2007) with a threshold of 0.1. We
excluded individuals of D. kappleri, D. septemcinctus
and D. pilosus because they were represented by only 2
individuals each and uneven sampling is known to bias
this type of analysis (Puechmaille 2016). The filtered vcf
file of 19,872 SNPs was then converted to bed format
with plink v1.9 (Chang et al. 2015) in order to estimate
the number of genetic clusters in our dataset and indi-
vidual ancestries with Admixture v1.3.0 (Alexander et
al. 2009). Finally, graphical rendering was performed
in Rstudio v4.2.0 using the plotADMIXTURE.r script
(https:/ /github.com/speciationgenomics/scripts/
blob/master/plotADMIXTURE.r).

Genetic variation—A principal component analysis
(PCA) of genetic variation was performed on the dip-
loid sequences of the nuclear loci using the program
popPhyl_ PCA  (https://github.com/popgenomics/
popPhyl_PCA). We focused on the 56 individuals of the
4 lineages of the D. novemcinctus complex and the 2 indi-
viduals of D. pilosus. Individuals of D. kappleri and D.
septemcinctus were excluded because they were consid-
ered out of the complex. Two individuals (DNO-MC21,
DPI-L29) with low completion were excluded from this
analysis to increase the number of SNPs represented by
all individuals. Thus, 3350 SNPs shared by the remain-
ing 56 individuals were retained. Rstudio v4.2.0 (R
Core Team 2018; Posit Team 2022) using the script plot-
PCAR (https://github.com/popgenomics/popPhyl_
PCA) and the packages shiny, plotly, tidyverse, and
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shinycssloaders were used to plot the results (Wickham
et al. 2019; Sali and Attali 2020; Sievert 2020).

Tree-based discovery methods.—We used the ML tree
reconstructed from the concatenated nuclear dataset
to conduct species delimitation using the Bayesian ver-
sion of PTP (bPTP-ML) v0.51 (Zhang et al. 2013). This
method distinguishes species from populations based
on the transition in the substitution rate expected to
follow 2 distinct Poisson distributions. In addition, we
reconstructed an ultrametric tree by calibrating the ML
tree using ancestral dates with IQ-TREE with the same
options plus the “--date-tip 0” option by setting the root
node (“--date-root” option) to 12.4 Ma according to Gibb
et al. (2016). Using this ultrametric tree, species delim-
itation was performed under the Generalized Mixed
Yule Coalescent method (GMYC; Pons et al. 2006) from
the R package splits v1 (Ezard et al. 2009) using default
parameters. Contrary to PTP, this method uses time
to explore the transition in branching rate, expecting
between-species branching rate to follow a Yule model
and within-species rate a neutral coalescent process.
Both PTP and GMYC were designed for single-locus
datasets, but they are increasingly applied to concat-
enated multilocus datasets relying on the assumption
that the shared genealogical history between loci would
not bias branch lengths of the species tree (Luo et al.
2018). In the absence of gene flow, Luo et al. (2018)
found a restricted impact of concatenating multiple loci
on the performance of these methods. However, in the
case of ongoing gene flow, these methods were less per-
formant (Luo et al. 2018).

Species Validation

Species validation methods were performed consid-
ering the species partition best supported by discovery
methods and the comparative approach. First, species
delimitation under the MSC model (Rannala and Yang
2003) was run in BPP v4.4.1 (Yang 2015) using the con-
sensus sequences of the nuclear loci. The 4 D. novem-
cinctus lineages defined in phylogenetic analyses (Fig.
1, see results for more details) and the 3 other species of
our dataset (D. kappleri, D. septemcinctus and D. pilosus)
were defined as candidate species. We used the species
delimitation algorithm 1 with the finetune parameter
e =2 while also allowing inference of the species tree.
We defined parameters 7 and 6, respectively as diver-
gence time and population size, by a gamma law of
parameter a2 =2 and b = 1000. After a burn-in phase of
50,000 generations, Markov Chain Monte Carlo sam-
pling was done with a step of 5 during 500,000 steps.
Secondly, PHRAPL, a species delimitation method that
considers gene flow, was also applied. We evaluated the
support as species of: (i) Central (A) and Northern (B)
lineages, and (ii) Guianan (A) and Southern (B) lineages
separately, using respectively D. septemcinctus or D.
pilosus as a third lineage (C) and D. kappleri as outgroup.
For these 4 configurations, 3 individuals within lineages
Aand B, and 2 within lineages C were subsampled from

the 832 ML gene trees. This was replicated 10 times with
replacement. Gene trees that did not contain enough
lineage representatives were excluded. These observed
gene trees were compared to 10,000 simulated trees
covering 48 demographic scenarios and 3 delimitation
hypotheses (i.e., A, B, C represent 1, 2, or 3 distinct spe-
cies). The best model was selected based on AIC.

Comparative Approach

Confirming that the species delimitation is consistent
with current taxonomy can limit under- or over-splitting.
For this reason, genetic differentiation between taxa with
a consensual taxonomic rank can provide reference values
to evaluate the candidate species.

Population genomics statistics—The script ABCstat_
global.txt from the DILSmcsnp program (last accessed
1st Fraisse et al. 2021; October 2022) was used to esti-
mate population genomics statistics including mean
pairwise divergence between hnea%es (Dxy) and net
divergence (computed as Dg = 2¥=CP1HP2 ) ywhere Pi
and Pi, are the pairwise nucleotide dzlversny of popu—
lations 1 and 2, respectively). Similarly, the script seq_
stat_2pop_2N was used to calculate population genetic
statistics using only 2 diploid genomes (Allio et al. 2021).
Heterozygosity was computed for each individual (Pi,,
Pi,), and total nucleotide diversity was computed as the
mean pairwise divergence between all chromosomes,
within and between individuals (Pi, ) (https://github.
com/benoitnabholz/seq_stat_2pop). Then, the Genetic
Differentiation Index, which is conceptuall&f%ﬁmﬂar to

Fst (Allio et al. 2021), was estimated as 1 — T2:P2)/2,

RESULTS
Data Filtering and Quality

In order to detect contamination, we estimated mito-
chondrial support for the different lineages using diag-
nostic positions. Except for one outlier (DNO-MC1000),
all individuals had at least 70% of their reads support-
ing a single lineage (Supplementary Fig. S4). Only 2
individuals had reads supporting 2 different mito-
chondrial lineages in large proportions, suggesting
a significant amount of cross-contamination. Sample
MC1000 had 57% of its mitochondrial reads support-
ing the Southern lineage while 32% supported the
Guianan lineage, moreover, these reads recovered at
least 97.5% of the DPs of these 2 lineages. Sample MC40
had 100% of Northern lineage DPs supported by 92%
of the mitochondrial reads but also had 52% of Central
lineage DPs supported by 8% of the mitochondrial
reads (Supplementary Fig. S4). For these 2 individu-
als, the mitogenomes reconstructed from the majority
of the reads were used in subsequent analyses as we
considered this amount of mitochondrial contami-
nation would not affect the majority-rule consensus
sequence. The final mitochondrial dataset included 81
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FIGURE 1. Phylogenetic relationships reconstructed by maximum likelihood and rooted using Dasypus kappleri from a) the mitogenomes of
81 individuals, and b) the 832 filtered nuclear loci of 62 individuals. Circles indicate bootstrap support (BS > 94) for the main nodes and node
labels represent gene- and site-concordance factors (§CF/sCF). Maps represent the distribution of individuals according to their lineage and to
¢) mitogenomic and d) nuclear data. Individuals with discordant mito-nuclear lineages are represented by stars and D. pilosus by open circles.
The D. novemcinctus distribution is highlighted. Photo credits: A. Baertschi (xenarthrans.org), K. Miller, Andresiade, A. Reed (iNaturalist.org),
and Q. Martinez.
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Dasypus individuals (2 D. kappleri, 2 D. s. septemcinctus,
1 D. s. hybridus, 2 D. pilosus, 1 D. sabanicola, 1 D. maz-
zai, 12 Guianan lineage, 33 Southern lineage, 13 Central
lineage, and 13 Northern lineage), as well as a total of
13,924 unambiguously aligned nucleotide sites.

Reads originating from contaminations and those
containing errors can be misinterpreted as hetero-
zygous positions during variant calling. To alleviate
their potential effect in the nuclear dataset, we found
that the most effective filter was to keep only hetero-
zygous positions with a read frequency between 0.3
and 0.7 per individual (Supplementary Fig. S5); other-
wise they were considered homozygous for the most
frequent allele. We also excluded 159 loci, for which
598 sites had more than 75% heterozygous individu-
als per lineage. These loci showed high deviation from
Hardy-Weiberg equilibrium expectations (Pval <0.1)
and could be the result of hidden paralogy. Combining
these 2 filters turned unexpected negative inbreeding
coefficient values to positive and led to a more even
distribution of heterozygosity values among individ-
uals (Supplementary Fig. S5). This suggests that large
genetic diversity values of a few outlier individuals
observed before filtering were artificially inflated by
sample cross-contamination or erroneous alleles. This
approach allowed us to keep individuals detected as
contaminated by filtering out the contaminated allele.
Finally, after additional cleaning based on the sequenc-
ing depth of coverage (Supplementary Fig. S6), we
obtained a dataset of 837 capture loci alignments, rep-
resenting a total of 506,355 sites, for 62 individuals (2 D.
kappleri, 2 D. s. septemcinctus, 2 D. pilosus, 1 D. sabanicola,
1 D. mazzai, 10 Guianan lineage, 21 Southern lineage, 9
Central lineage, and 14 Northern lineage), with an aver-
age of 780 loci represented per sample (out of the 997
originally targeted) and 118x average depth of coverage
(Supplementary Table S2). Of the 837 loci, 94% had less
than 20% missing data and 98% were represented by at
least 20 individuals (Supplementary Fig. 57).

Phylogenetic Reconstructions

The phylogenetic relationships of the genus Dasypus
reconstructed from the mitogenomic and nuclear data-
sets are presented in Figure 1. Maximum likelihood
reconstruction using the mitogenome (Fig. 1a), the par-
titioned concatenation of the 837 nuclear loci (Fig. 1b),
and the species tree inference from the 832 individual
gene trees (Supplementary Fig. S8), all supported 4 bio-
geographical lineages within D. novemcinctus, while the
2 individuals of D. sabanicola and D. mazzai fell within
the Southern lineage (Fig. 1). Although receiving strong
Bootstrap Support (BS = 100), the composition of these
4 lineages differed between the mitochondrial and
nuclear trees. A major case of mito-nuclear discordance
concerned populations from Western Mexico, which
carried a Central lineage mitogenome while belong-
ing to the Northern lineage based on their nuclear
genomes (Fig. 1). Two further individuals, MC304
and AMY78, carrying a Southern lineage mitochondrial

haplotype, clustered with the Central and Guiana
lineages, respectively, in nuclear analyses. Both were
samples close to the geographic limits between these
respective lineages.

Moreover, the inter-relationships of the 4 biogeo-
graphical lineages also differed between the nuclear
and mitochondrial datasets (Fig. la and b). In both
reconstructions, the lineages occurring north and west
of the Andes (D. pilosus, Central and Northern lineages)
formed a clade, within which the latter 2 were sister
lineages. In the mitochondrial phylogeny (Fig. 1a),
the Southern lineage was sister to the aforementioned
clade, while the Guianan lineage diverged first within
the D. novemcinctus complex. Conversely, in the nuclear
analyses (Fig. 1b), the Guianan and Southern lineages
were sister-groups, splitting the D. novemcinctus com-
plex into 2 clades separated by the Andes.

Both topological conflicts and low gene- and site-
concordance factors (respectively gCF and sCF Fig.
1b) indicated high levels of discordance in our data-
set. When accounting for ILS, the topologies recovered
were similar to concatenation analyses (Supplementary
Fig. S8). However, we also found that the 2 main
mito-nuclear discordances (changing the position of
the Guianan lineage and presence of Southern lineage
haplotypes in Mexico) were concomitant with signals
of introgression in the nuclear data (Supplementary
Results, Fig. 59).

Genetic Structure and Gene Flow Between Lineages

In the analysis of genetic admixture, maximum sta-
tistical support was obtained for a model with 4 genetic
clusters (error = 0.2769 for K =4; Supplementary Fig.
510), corresponding to the 4 D. novemcinctus lineages
(Fig. 2). Similar to the previous results, the 2 samples of
D. mazzai and D. sabanicola were consistently recovered
as part of the Southern lineage. This analysis also identi-
fied 8 individuals showing evidence of admixture, with
assignation probabilities ranging 57-98%: DNO-MC393,
DNO-MC40, DNO-MC21, DNO-MC417, DNO-M(C413,
DNO-MC399, DNO-MC402, and DNO-MC392 (Fig. 2).
Cases of admixture involved geographically adjacent
lineages and were mainly located at contact zones.

The PCA of genetic variation confirmed the struc-
ture of these 4 lineages (Fig. 3). The PC1 axis distin-
guished the Guianan lineage from the others, while
PC2 separated the Southern lineage from the Central
and Northern lineages, the latter 2 being very close.
The PC3 axis further distinguished D. pilosus from the
4 other lineages of the species complex. Two admixed
individuals (DNO-MC393, DNO-MC417) had inter-
mediate positions between their respective parental
lineages. Furthermore, a PCA of the Southern lineage
(Supplementary Fig. S11), as well as admixture analyses
with k =5 (error = 0.2784) revealed 2 groups within the
Southern lineage: one distributed in the north of South
America (from Venezuela to the north of Peru) and the
other one farther south (from Northern Brazil to north
Argentina; Fig. S11).
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FIGURE 2. Phylogenetic relationships reconstructed by maximum likelihood from the 837 filtered nuclear loci and rooted using Dasypus
kappleri and D. septemcinctus as outgroups. The color of the diagrams represents the assignment of individuals to lineages. For phylogenetic
analyses (IQ-Tree and ASTRAL) barplot represents qualitative assignment to the monophyletic lineages reconstructed. For the Admixture
analysis, barplot corresponds to the assignment probability. Finally, for phylogenetic delimitation barplot represents the species support.

Species Delimitation

Species delimitation analyses with BPP and bPTP-h
supported the 4 lineages as distinct species with high
support (BPP posterior probability =1.00; bPTP-h
acceptance rate = 0.54; Fig. 2 and Supplementary Fig.
S12). This was also corroborated by PHRAPL that sup-
ported models with distinct species (Supplementary
Fig. S513) even if gene flow between lineages was esti-
mated to occur and the genealogical divergence index
(PHRAPL_gdi) was ~0.3 (Table S3; Jackson et al. 2017).
The GMYC analysis also supported Guianan, Central,
and Northern lineages, but split the Southern lineage
into 3 species (likelihood ratio = 29.3; P-value < 0.001),
with one species in Brazil, Bolivia, Paraguay, and
Argentina, another in Venezuela, Colombia, Ecuador,
and Peru, and finally a last species composed of 2 indi-
viduals in Venezuela and Trinidad-Tobago (Fig. 2 and
Supplementary Fig. S14).

We used population genetic statistics to estimate
genomic differentiation between lineages. Absolute

divergence (Dxy) between the 4 lineages of the species
complex was about 0.005 or 0.006 for all pairwise com-
binations (Supplementary Fig. S15). These values were
comparable or greater than those obtained in pairwise
comparisons with the taxonomically unambiguous spe-
cies D. pilosus (DXy ;, ..., =0-005), butlower than those of
D. s. septencinctus and D, kappleri (DXY , «poncinerusy > 0-007;
DXY 5, tappiery > 0-013). According to Da and GDI statistics,
the divergence between the Southern and Guianan lin-
eages waslower thanbetween eitherlineages and D. pilo-
sus (Da = 0.002 < Da,

(Southern—Guianan lineages) (Southem lineage-D.pilosus)

- O 003 GDI(SouthernAGulanan lineages) 0 36 < Southern lineage-
il = 0-58). On the contrary, the Central anc(l Northern
pilosus)

lineages had similar levels of divergence to D. pilosus
( a(Central—Northem lineages) - 0 003 GDI(Central—Northern lineages)

= 0.58). Finally, both Southern-Guianan and Central-
Northern lineages had less fixed differences than D.
pilosus had with other lineages (Fixed diff.

=0.003; Fixed diff.

*(D. pilosus-Southern lineage) =

(Southemqulanan

Fixed

lineages)

1

(Central—Northern 1ineages)
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FIGURE 3. Principal component analysis of genetic variance (PCA) conducted on the 3350 SNPs in 837 nuclear loci shared by all 56
individuals. a) Projection on first (PC1) and second (PC2) axes. b) Projection on first (PC1) and third (PC3) axes. The outer circles represent
mitochondrial lineages and pie charts the nuclear lineages identified in admixture analyses. Individuals of D. pilosus, D. sabanicola and D. mazzai

are labeled.

DISCUSSION

Disentangling Cross-Contamination and Genotyping Errors

Genotyping errors are inaccuracies in the deter-
mination of individual genotypes (Bonin et al. 2004)
that can occur at multiple stages of a project such as
sampling (contamination and mislabeling), sample
storage (postmortem mutation; Briggs et al. 2007),
DNA extraction and library preparation (cross-
contaminations; Ballenghien et al. 2017), amplifica-
tion (PCR errors; Potapov and Ong 2017), sequencing
(Heydari et al. 2019), data analysis (SNP calling errors;
Hwang et al. 2015), and mapping of paralogs (Hohenlohe
etal. 2011) (see Mastretta-Yanes et al., (2015) for an exhaus-
tive review). In this study, we included several museum
specimens that postmortem mutations and low levels
of endogenous DNA make particularly prone to artifac-
tual substitutions (Bi et al. 2013). Notably, historical DNA
extracted from museum specimens is particularly sen-
sitive to contamination from exogenous modern DNA
(Raxworthy and Smith 2021).

We implemented methods to detect cross-
contamination based on mitochondrial read depth
of coverage, which have been proposed in the con-
text of ancient DNA (Green et al. 2008, 2010). Indeed,
when contaminated, sequence reads represent both
endogenous and contaminant DNA, supporting 2 (or
multiple) mitogenomes. Here, we used mitochondrial
substitutions that contribute to differentiate lineages as
diagnostic positions (DPs) to identify the lineage sup-
ported by the majority of mitochondrial reads in each
individual sample (Supplementary Fig. S3). Although
we performed separate DNA extractions for museum
and fresh samples, which differed significantly in
their DNA content, we detected at least 2 cases of

apparent cross-contamination between our samples
(Supplementary Fig. S4), which likely occurred at the
library preparation step. These types of manipula-
tion errors are common and are particularly difficult
to detect in population genomic datasets including
closely-related individuals (Ballenghien et al. 2017).
Nevertheless, automated tools based on mitochondrial
haplotype frequencies have been developed to detect
cross-contaminations (Fiévet et al. 2019; Weissensteiner
et al. 2021). This type of workbench error should there-
fore be more systematically searched and taken into
account in subsequent evolutionary analyses.
Complementary to cross-contamination detection,
data filtering is required. The most stringent strategy
would be to exclude cross-contaminated individuals
from the dataset. However, when using rare samples,
excluding the reads originating from contamination
is preferable, but remains challenging. Such reads are
expected to occur at a lower frequency than those corre-
sponding to endogenous DNA. Thus, they should have
a neglectable effect on the reconstruction of the mitoge-
nome as only the most frequent allele is called. However,
for the nuclear genome, SNPs carried by the contam-
inant DNA or other genotyping errors can be misin-
terpreted as heterozygous positions. We minimized
genotyping errors by using 2 filters. First, because geno-
typing errors are likely to have a read frequency that
deviates from the expected 50/50 allele frequencies at
heterozygous loci (Hansen et al. 2022), we retained only
heterozygous positions supported by 30-70% of the
reads. It should be noted that this filter is only efficient
with a low amount of errors or cross-contamination
as they cannot be distinguished from endogenous DNA
if they are equally represented. Second, the propor-
tion of heterozygous individuals in a population for a
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given position is not expected to be higher than 50%, a
deviation from Hardy-Weinberg equilibrium could be
attributed to the mapping of paralogous sequences (Xu
et al. 2002; Hosking et al. 2004; Hohenlohe et al. 2011).
Therefore, we excluded 159 loci with at least 75% of
individuals per lineage that were heterozygous for the
same position. This happened even though the exons
targeted for sequence capture were carefully selected
from single-copy orthologous genes in the nine-banded
armadillo genome. These 2 filters are still appropriate
whatever the allele frequency in the population as they
rely on characteristics that are not affected by it.

The efficiency of these filters was assessed by mon-
itoring their effect on heterozygosity and inbreeding
coefficient estimates. Because any genotyping error is
expected to be present in a heterozygous state, they
are expected to inflate heterozygosity and decrease
inbreeding coefficient values (Jun et al. 2012; Petrou et
al. 2019; Anderson et al. 2023). These 2 metrics enabled
us to easily identify outlier individuals (Supplementary
Fig. S5). After applying these 2 filters, heterozygosity
values and inbreeding coefficients became much more
homogeneous among individuals of the same lineage,
suggesting an efficient removal of genotyping errors.
We thus confidently kept the 2 cross-contaminated
individuals identified based on mitochondrial reads.
As expected, the application of these filtering criteria
had a particularly strong effect on admixture analyses
(Supplementary Fig. S16). Our results therefore call for
a more systematic use of these 2 metrics to select appro-
priate filters in population genomics and species delim-
itation studies, as previously proposed (Hosking et al.
2004; Hansen et al. 2022).

Species Delimitation Based on Genomic Data

This study represents the most comprehensive
molecular assessment of the Dasypus novemcinctus com-
plex. Our mitogenome tree and nuclear phylogenetic
reconstructions based on both the concatenation of the
837 nuclear loci and the summary of gene trees (Fig. 1,
Supplementary Fig. S8) consistently recovered 4 major
lineages within D. novemcinctus. These findings are
largely corroborated by prior mitochondrial (Feij6 et
al. 2019; Arteaga et al. 2020) and morphological studies
(Hautier et al. 2017). Nevertheless, we uncovered perva-
sive topological discordance in our data that may reflect
a rapid diversification of the Dasypus novemcinctus com-
plex. Ancient introgression seems to explain parts of
this discordance, although the informativeness of our
data is too limited to reconstruct these introgression
events with high confidence (Supplementary Results,
Fig. S9). On the other hand, 2 cases of mito-nuclear dis-
cordances concerning single individuals, and 5 individ-
uals with admixed nuclear genomes, support ongoing
gene flow. Most of them were located close to contact
zones between adjacent lineages. Despite that, the 4
lineages were unanimously supported as distinct spe-
cies in both discovery and validation methods. Species
delimitation results should be considered carefully

because these models have been shown to misinterpret
population structure as species boundaries (Sukumaran
and Knowles 2017), and the outcome of validation
methods depends on the pre-defined candidate species.
However, we found that the 4 lineages showed similar
levels of divergence and genetic structure compared to
D. pilosus, further supporting their split into different
species. Postspeciation gene flow is well known (Wang
et al. 1997; Bull et al. 2006; Nosil 2008; Suo et al. 2008;
Feder et al. 2012) and has been reported for several
mammalian groups, especially when genome-scale
methods are applied (Trigo et al. 2008, 2013; Kumar et al.
2017; Ge et al. 2023). Admixture across Dasypus lineages
seems to be very limited spatially: admixed individu-
als come from the contact zones themselves, and most
samples from range edges do not show any admixture.
This phylogeographic pattern is consistent with distinct
species maintaining narrow hybrid zones, in agreement
with the other molecular lines of evidence.

Integrative Taxonomic Support for 4 Distinct Species in the
Dasypus novemcinctus Complex

Based on the strong genetic integrity, diagnostic
morphological differences, and the molecular delim-
itation results, we advocate for the elevation of the 4
lineages to species rank. The oldest available names
for these lineages are: Dasypus mexicanus Peters, 1864
for the Northern lineage, Dasypus fenestratus Peters,
1864 for the Central lineage, and Dasypus novemcinctus
Linnaeus, 1758 for the Southern lineage. The Guianan
lineage lacks a binomial name and we describe it here
as Dasypus guianensis sp. nov. (see Appendix I). The rec-
ognition of the Guiana Shield population as a new spe-
cies accords with a bulk of morphological (Billet et al.
2017; Hautier et al. 2017; Feij6 et al. 2018) and molecular
(Huchon et al. 1999; this study; Gibb et al. 2016; Feij6
et al. 2019; Arteaga et al. 2020) evidence. For example,
studying the paranasal sinuses of nine-banded arma-
dillos, Billet et al. (2017) recovered a distinct pattern
shared only by specimens from the Guiana Shield (Fig.
4). Similarly, Hautier et al. (2017) recognized distinct
skull morphology in nine-banded armadillos from that
region. In the recent taxonomic revision of the genus,
Feij6 et al. (2018) also acknowledged a set of distinct
cranial qualitative traits present in the Guianan long-
nosed armadillos.

With this new classification, D. fenestratus is the
species present in the western Andes from Ecuador,
Colombia, Venezuela to Costa Rica (Fig. 4). D. mexi-
canus occurs from Costa Rica to the USA (Fig. 4). There
is no longer uncertainty about its distribution as we dis-
covered that individuals with D. mexicanus mitochon-
drial haplotypes found in South America (Arteaga et
al. 2020) were likely the result of cross-contaminations
(See Supplementary Results; Supplementary Table S4;
Supplementary Fig. S17). D. novemcinctus is now limited
to the eastern Andes, spanning from northern Argentina
to eastern Peru, eastern Ecuador, eastern Colombia and
Venezuela (Fig. 4). It is noteworthy that our analyses
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FIGURE 4. Distribution map and genetic composition of individuals of the four recognized species: Dasypus mexicanus (Northern lineage),
Dasypus fenestratus (Central lineage), Dasypus novemcinctus (Southern lineage), and Dasypus guianensis sp. nov. (Guianan lineage ). Outer circles
represent mitochondrial lineages and pie charts the assignment probability generated by admixture analyses based on nuclear data. Open
circles indicate individuals for which only mitogenomic data is available. Squares represent individuals from Hautier et al. (2017) according to
their morphogroup affiliation based on a discriminant analysis of skull shape using geometric morphometrics and for which no genetic data
are available. Three-dimensional reconstructions of skulls obtained using microCT scans of representative specimen vouchers are presented for
each species with frontal paranasal sinuses and recesses highlighted: USNM Mammals 33867 (Dasypus mexicanus), AMNH Mammals M-32356
(Dasypus fenestratus), AMNH Mammals M-136252 (Dasypus novemcinctus), and ROM Mammals 32868 (Dasypus guianensis sp. nov.).

failed to recognize the 2 available individuals of D. maz-
zai and D. sabanicola as independent lineages, since they
were consistently nested within D. novemcinctus (Fig.
1; Supplementary Fig. S18). Additional individuals are
still required to corroborate this result, but it should be
noted that in this scenario, both species would be junior
synonyms of D. novemcinctus. This finding is consistent

with the similar paranasal sinus morphology shared
between D. sabanicola and D. novemcinctus recovered
by Billet et al. (2017). In contrast, Feijé et al. (2018) rec-
ognized the 3 species to be distinct based on carapace
and morphological traits. The morphological differ-
ences might be related to allometric effects as D. saban-
icola and D. mazzai are smaller than D. novemcinctus.
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Indeed, allometric effects are known to be strong on
the skull of this group (Hautier et al. 2017; Le Verger et
al. 2020, 2024) and nine-banded armadillos inhabiting
open biomes (the habitats of D. mazzai and D. sabanicola)
tend to be small (Feijo et al. 2020). The proportionally
shorter muzzle and larger braincase in D. mazzai and
D. sabanicola (Feijé et al. 2018: Fig. 4) fully match allo-
metric expectations for the group (Le Verger et al. 2020)
and thus cannot be considered as strong evidence for
specific distinction. Moreover, when reanalyzing the
16S rRNA sequences of Abba et al. (2018), we found D.
novemcinctus individuals clustered with their D. mazzai
16S sequence, in agreement with our mitogenome anal-
yses (Supplementary Results; Supplementary Fig. S18).
Additional morphological studies and new genomic
samples of D. sabanicola and D. mazzai are still needed
to properly clarify their taxonomic status.

In addition to the 4 major clades, we further identi-
fied 2 divergent sub-lineages within D. novemcinctus
(Supplementary Fig. S11): one including individuals
from northern South America (Venezuela, Colombia,
Ecuador, and Peru) and another from southern South
America, including armadillos mostly sampled in
Brazil, Bolivia, Argentina, and Paraguay. Although
these lineages were supported as distinct species by
the GMYC species delimitation method, they exhibit a
shallow genetic divergence and were not recovered in
any of the prior morphological studies (Billet et al. 2017;
Hautier etal. 2017; Feijé et al. 2018). Interestingly, Feijo et
al. (2018) reported a predominance of 9 movable bands
in northern South American armadillos, while those
from the southern part exhibit mostly an 8-banded pat-
tern. If these distinct patterns reflect some hidden osteo-
logical traits is still unclear. We also cannot rule out that
this phylogeographic structure may be inflated by our
sampling gaps and thus more individuals from Brazil,
Bolivia, and Peru are required to better understand the
genetic structure within D. novemcinctus.

Overall, focusing on the most widespread xenarthran
species, we uncovered hidden genetic divergence lead-
ing to the recognition of 4 distinct species with para-
patric distributions. Their distribution is limited by
well-known geographic barriers (e.g., Andes, Guiana
Shield) in South America and likely reflect large-scale
biogeographic events driving speciation in other xenar-
thrans (Moraes-Barros and Arteaga 2015; Coimbra et al.
2017; Miranda et al. 2018; Feij6 et al. 2019; Ruiz-Garcia
et al. 2020). Future genomic studies are required to fully
understand the dynamics of the speciation process in
xenarthrans, as previously done in South American
felids (Trigo et al. 2013; Figueir¢ et al. 2017; Trindade et
al. 2021; Ramirez et al. 2022) for instance.

CONCLUSION

Through the integration of museomic data and exon
capture techniques, our study has yielded the most
comprehensive molecular revision of the taxonomy of

the Dasypus genus. Using phylogenetic reconstructions,
multiple approaches to characterize genetic exchanges,
and numerous methods to delimit lineages, our study
provides a global view to support their taxonomic sta-
tus. By placing our results in the context of previous
molecular and morphological studies, we provide an
integrative view that disentangles past discrepancies.
This improved our understanding of speciation events
and deciphered the relationships within the Dasypus
novemcinctus complex. This integrative approach
allowed us to recognize 4 species (D. novemcinctus, D.
fenestratus, D. mexicanus, and D. guianensis) within a
geographically widespread single taxon, including a
new species from the Guiana Shield, which is the first
new armadillo species described in the last 30 years.
This new taxonomic arrangement raises the number of
Xenarthra species to 42 but the validity of D. mazzai and
D. sabanicola is strongly challenged. At the larger scale,
further genomic studies are required to fully under-
stand the diversification of xenarthrans.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
https:/ /doi.org/10.5061/dryad.95x69p8sz
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APPENDIX 1: TAXONOMIC ACCOUNT

In this section we provide the formal description of
the new Dasypus species from the Guiana Shield and
accounts for the other three species of the D. novem-
cinctus complex, including synonyms, type material,
type locality, diagnosis, and geographic distribution.
External and cranial measurements are available in
Tables S5, S6 and are based on specimens examined by
Feij6 et al. (2018). Synonyms are based on Wetzel (2008)
and Feij6 et al. (2018).

DAsypus GUIANENSIS BARTHE, FE1J6, DE THOISY,
CaTtzEFLIS, BILLET, HAUTIER & DELSUC, SP. NOV.

Isid:zoobank.org:act:D82875C3-B21D-4472-A A2B-
0DF9443C2B38

Armadillo guianensis Brisson, 1762: 27; unavailable
name (ICZN 1998: Opinion 1894).

Dasypus peba Desmarest, 1822:368, part

Common name: Guianan long-nosed armadillo.

Holotype: MNHN-ZM-MO-2001-1317, a female
stored as a whole body specimen in the wet collection
of the Muséum National d’Histoire Naturelle, Paris,
France. This specimen was collected in 1998 by Jean-
Christophe Vié during the Faune Sauvage rescue oper-
ation at the Petit-Saut dam in French Guiana. Specimen
figured in Billet et al. (2017; Fig. 40). Digital 3D mod-
els of the Dasypus guianensis holotype specimen are
freely available through MorphoMuseuM (Barthe et al.
2024; https:/ /doi.org/10.18563 /journal.m3.204).

Type locality: Petit-Saut, Sinnamary, French Guiana.

Paratypes: MNHN-ZM-MO-2001-1530, a juvenile
male preserved as a whole body specimen deposited
at the Muséum National d’Histoire Naturelle, Paris,
France. This specimen was collected in Roura, French
Guiana in January 2000 by Philippe Gaucher. Its mitog-
enome is deposited in GenBank (accession number
PP916004). JAG M5328, a juvenile male preserved as a
whole body specimen deposited in the JAGUARS collec-
tion managed by Kwata NGO and hosted at the Institut
Pasteur de la Guyane, Cayenne, French Guiana. This
specimen was collected in Macouria, French Guiana
on the 27 February 2021 by Benoit de Thoisy. FMNH
Mammals 95452, an adult female preserved as skin and
skull deposited at the Field Museum of Natural History,
Chicago, United States. This specimen was collected in
Loksie Hattie, Saramacca, Brokopondo, Suriname on
27 December 1961 by Philip Hershkovitz. IEPA 2837,
also figured in Billet et al. (2017; Fig. 4P), an adult male
preserved as a skull and tissue specimen deposited at
the Instituto de Pesquisas Cientificas e Tecnoldgicas
do Estado do Amapd, Macapd, Brazil. This specimen
was collected in Fazenda Chamflora, Tartarugalzinho,
Amapa, Brazil on 30 January 2006 by Claudia Regina
Silva as part of Expedi¢des Corredor da Biodiversidade.
AMNH Mammals M-42914, an adult female deposited
at the American Museum of Natural History, New York,
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USA. This specimen was collected in Kartabo Point,
Mazaruni Region, Cuyuni, Guyana on 1 August 1920.

Distribution: Dasypus guianensis is distributed in
the Guiana Shield region, extending from the north of
the lower Amazon and east of the Rio Negro rivers in
northern Brazil (with confirmed records to Amazonas,
Amapa, Pard, and Roraima states) to French Guiana,
Suriname, Guyana, and east of the Orinoco river in
Venezuela.

Diagnosis: D. guianensis is recognized by a combina-
tion of traits: number of movable bands ranging from
8 to 9, 11 thoracic vertebrae, poorly developed scales
at the knee, four digits on forefoot, non-hairy cara-
pace, very robust dome-shaped skull, with the frontal
bones well-developed and markedly vaulted resulting
in a distinct sigmoidal dorsal profile in lateral view.
The anterior tip of the snout is wide; the premaxilla
is long. The maxilla is well-developed and expanded
laterally. The interorbital width is wide. The lacrimal
bone is large. The palate is wide and rectangular with
robust teeth. The anterior border of the palatine bone
is located well behind the posterior end of the tooth
row; the pterygoid process is short. The premaxillary-
maxillary suture is located beyond the incisive foram-
ina and the jugal is short, robust and long vertically
(Hautier et al. 2017; Feijé et al. 2018). The paranasal
sinuses of D. guianensis are unique among long-nosed
armadillos, characterized by a long and strongly
inflated caudal frontal sinus 2 (see Billet et al., (2017)).
D. guianensis is the largest species of the D. novemcinc-
tus complex (Tables S5, S6).

Description: D. guianensis is a medium-sized arma-
dillo (average total length: 860 mm; average weight:
6 kg). As in other species of the genus, the head is coni-
cal with a long and tubular rostrum and conical-shaped
ears placed at the dorsal of the head. In D. guianensis,
the pelvic shield is about 35% longer than the scapular
shield. The number of movable bands range from 8 to
9, but most of the examined specimens have nine. The
osteoderms in the caudal sheath are arranged in 13-14
concentric rings that cover 40-50% of the tail. The fore-
feet have four fingers and the hindfeet has five toes. The
carapace is hairless and its color is overall dark brown
in the dorsum and markedly yellowish in the lateral;
the yellowish portion can cover up to two-thirds of the
carapace.

The skull of D. guianensis is conical and robust, with
an elongate rostrum (about 40% of greatest skull length).
The maxilla is large and expanded laterally along its
entire length. The frontal is well developed and mark-
edly vaulted, giving a strong sigmoidal profile to the
skull in lateral view. This trait reflects the inner para-
nasal sinuses configuration, which is characterized by
strong inflation of the posterior portion of the caudal
frontal sinuses (CFS) 2. The CFS2 is the largest frontal
sinus and occupies most of the pneumatized frontal
area. The CFS 3 and 4 and the anterior part of CFS 2
are narrow. When present, the CFS0 is small, elongated
transversally and slightly shifted anteriorly. The jugal is

robust and long vertically. The palate is long, large, and
flat, extending to the level of the squamosal process of
the zygomatic arch. The lateral border of the palatine is
rounded. Permanent teeth are molariforms, euhypsod-
ont and restricted to the maxillary bone. The mandible
is slender, slightly curved, and dorsoventrally shallow.
The coronoid process is very long, posteriorly inclined,
and sharpened. The condylar process is very short and
the angular process is abrupt and separated from the
condyloid by a short, shallow curve.

Measurements: Adult measurements (in millimeters)
are given as the mean + standard deviation, minimum-
maximum (n). External measurements: total length:
859 +56.39, 790-945 (n=5); tail length: 395.5+50.74,
339-460 (n=6); hindfoot length: 95 + 14.72, 75-110 (n=4);
ear length: 49.25 + 4.35, 45-55 (n=4); weight (in kg):
6.075 £ 0.67, 5.6-6.5 (n=2). Carapace measurements fol-
lowing Feijé et al. (2018): dorsal length of the cephalic
shield: 104.3 =11, 93-115 (n=3); dorsal length of the
scapular shield: 92.1 +9.5, 75.4-98 (n=5); dorsal length
of the pelvic shield: 150.5 + 14.4, 136-168 (n= 4); dorsal
length of the caudal sheath with rings: 268.3 = 21.6, 248—
291 (n=3); dorsal length of the caudal sheath without
rings: 149 +9.9, 142-156 (n=2). Cranial measurements
from 26 adult individuals following Feijé and Cordeiro-
Estrela (2016): greatest length of skull: 106.40 +7.27,
96.96-128.31; condylobasal length: 98.26 + 6.79, 88.74—
117.45; anterior palatal length: 23.92 + 1.74, 20.54-28.21;
palatal length: 71.84 + 5.86, 63.78-90.16; maxilla length:
42.39 + 448, 36.65-54.23; palatine length: 19.32 +3,
15.33-28; infraorbital canal length: 6.47 + 1.05, 3.61-8.40;
maxillary toothrow length: 25.07 +1.90, 22.20-30.88;
nasal length: 36.53 + 3.11, 30.75-42.70; lacrimal length:
13.03 £ 1.5, 10.38-17.38; rostral length: 66.32 +5.54,
57.85-82.71; anteorbital breadth: 36.20 +2.39, 30.5-
40.61; palatal breadth: 16.12 +2.25, 11.05-20.15; pal-
atine breadth: 15.24 +1.91, 12.24-20.59; postorbital
constriction: 2596 £ 1.39, 22.76-28.71; braincase
breadth: 33.57 +1.76, 30.24-37.99; zygomatic breadth:
44.95 + 2.84, 39.86-54.04; mastoid breadth: 29.14 + 2.14,
25.86-35.72; height of jugal bone: 8.13 + 0.9, 6.21-10.16;
mandible length: 84.68 + 5.97, 77.23-101.46; mandibular
toothrow length: 26.61 + 2.11, 22.04-33.01 (Tables S5, S6).

Etymology: The epithet guianensis refers to the
Guiana Shield region, an important endemism area in
northern South America, where the species occurs.

Taxonomic remarks: Brisson (1762) described
Armadillo guianensis but this name is unavailable for
nomenclatural purposes (ICZN 1998: Opinion 1894).
Desmarest (1822) described Dasypus peba including
Brazil, Guyana, and Paraguay as its type locality and
listed ten names as synonyms based on six sources. All
specimens which form the bases of these synonyms
have equal status as syntypes (ICZN 1999: Article
73.2.1). Because the names listed by Desmarest relate
to more than one taxon, D. peba represents a composite
species. To preserve the long-standing view of D. peba
as a synonym of D. novemcinctus Linnaeus, 1758 (Wetzel
(2008); Feijo et al. 2018), here we select the specimen
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illustrated by Marcgrave (1648; page 231) as the lecto-
type of Dasypus peba Desmarest, 1822, which was the
first reference used by Desmarest to found its species.
Because this specimen was previously selected as the
lectotype of D. novemcinctus by Feijé et al. (2018), D. peba
becomes an objective junior synonym of D. novemcinc-
tus Linnaeus, 1758.

Dasypus MEXICANUS PETERS, 1864

Dasypus cucurbitinus Lichtenstein, 1830:100; type
locality “Jautepec,” Mexico; nomen oblitum (see Gardner
and Ramirez-Pulido, (2020)).

Dasypus novemcinctus var. Mexicanus Peters, 1864:180;
original description

Dasypus — mexicanus:
combination.

Tatusia mexicana: Gray, 1873:14; name combination.

Tatusia leptorhynchus Gray, 1873:15; type locality
“Guatemala.”

Tatu nomencinctum texanum Bailey, 1905:52; type local-
ity “Brownsville, Texas.”

Dasypus novemcinctus davisi Russell, 1953:21; type
locality “Huitzilac, 8500 feet, Morelos, Mexico”.

Common name: Mexican long-nosed armadillo.

Holotype: ZMB 2743, a well-preserved mounted
specimen deposited at the Museum fiir Naturkunde,
Berlin, Germany:.

Type locality: Originally Mexico, but later restricted
to Colima, Mexico by Bailey (1905:52) and redefined by
Hollister (1925:60) as Matamoras, Tamaulipas, Mexico.
Gardner and Ramirez-Pulido (2020), however, argued
that the holotype of mexicanus collected by Uhde came
from western Mexico and therefore Colima should be
reinstated as its type locality.

Distribution: Dasypus mexicanus occurs from Costa
Rica to the center-eastern United States. In the USA, itis
considered an invasive species. Available records con-
firm the sympatry of this species with D. fenestratus in
Costa Rica.

Diagnosis: Compared with the four species of the
D. novemcinctus complex, D. mexicanus has an interme-
diate size between D. fenestratus/D.novemcinctus and
D. guianensis (see Tables S5, S6). The dorsal length of
the scapular shield is markedly longer in D. mexicanus
(average length 96.6 mm) than in the other three spe-
cies. Its skull exhibits moderately developed frontal
sinuses convergent toward the midline, long premax-
illary bones and infraorbital canal, a long and slender
jugal, an anterior border of the palatine located at the
level of the posterior end of the tooth row, short pter-
ygoid processes, and a basicranium slightly above the
palatal plane (Hautier et al. 2017). The main diagnostic
features of the paranal sinuses that differentiate D. mex-
icanus from D. novemcinctus and D. guianensis are the
anteroposterior elongation of the CFS 2 to 5, the left and
right CFS2, which are obliquely oriented and contact
each other posterior to the CFS1, and the subdivision

Fitzinger, 1871:332; name

and the relative shortening of the rostral frontal recesses
(RFR) 1 (Billet et al. 2017).

DAsypus FENESTRATUS PETERS, 1864

Dasypus  fenestratus Peters, 1864:180; original
description.
Tatusia  granadiana Gray, 1873:14; type locality

“Concordia,” Antioquia, Colombia.

[Tatusia (Tatusia)] granadiana: Trouessart, 1898:1140;
name combination.

[Tatus (Tatus)] granadianus: Trouessart, 1905:814; name
combination.

Dasypus novemcinctus aequatorialis Lonnberg, 1913:34;
type locality “Peruchu, altitude 7-9,000 feet,” Pichincha,
Ecuador.

Common name:
armadillo.

Type: Lectotype (ZMB 3175) designated by Wetzel
and Mondolfi (1979:50). It consists of an adult male pre-
served as skin and skull deposited at the Museum fiir
Naturkunde, Berlin, Germany.

Type locality: “Costa Rica”; restricted to San José,
Costa Rica by Wetzel and Mondolfi (1979:50).

Distribution: Dasypus fenestratus is distributed from
the western slopes of the Andes in Ecuador, Colombia,
and Venezuela to Costa Rica.

Diagnosis: Compared with the other species of the
D. novemcinctus complex, D. fenestratus is smaller than
D. guianensis and D.mexicanus, although it overlaps
to varying degrees in some of the measurements (see
Tables S5, S6). D. fenestratus has the smallest carapace
in the complex. The measurements with the lowest
overlap to D. mexicanus, the parapatric species, are
total body-tail length (average 807 mm in mexicanus
and 780 mm in fenestratus), hindfoot length (average
96.7 mm in mexicanus and 81.4 mm in fenestratus), dor-
sal length of the scapular shield (average 96.6 mm in
mexicanus and 86.6 mm in fenestratus), dorsal length
of the pelvic shield (average 131 mm in mexicanus and
123 mm in fenestratus), palatine length (average 17 mm
in mexicanus and 14 mm in fenestratus), and infraorbital
canal length (average 9.4 mm in mexicanus and 6.5 mm
in fenestratus). The skull of D. fenestratus is high and
short, and characterized by moderately developed fron-
tal sinuses (generally resembling those of D. mexicanus),
short palatine (an anterior border of the palatine located
well behind the posterior end of the tooth row) and
maxillary toothrow, a well-developed anterior part of
the zygomatic arch (short and high jugal) that is much
larger than the posterior part, and a basicranium well
above the palatal plane.

Remarks: Peters (1864) described D. mexicanus from
Mexico and D. fenestratus from Costa Rica, but we found
evidence that both species occur in sympatry in north-
ern Costa Rica. By examining the lectotype of D. fenes-
tratus, we confirmed its skull and carapace traits fit the
Central lineage population and thus we consider it the

Western Andean long-nosed
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oldest available name for this group. Future molecular
data from the lectotype can confirm its identity.

DASYPUS NOVEMCINCTUS LINNAEUS, 1758

[Dasypus] novemcinctus Linnaeus, 1758:51; original
description.

[Tatu] Novemcincta:
combination.

Dasypus novenxinctus Peale and Palisot de Beauvois,
1796:18; incorrect subsequent spelling of Dasypus nove-
mcinctus Linnaeus.

Dasypus longicaudatus Daudin in Lacépede, 1802:173;
no locality given; based on Buffon’s “Le tatou a longue
queue” (Lacépede, 1802; p. 168, pl. 22) of unknown
province; preoccupied by Dasypus longicaudatus Kerr.

[Dasypus] serratus Fischer, 1814:128; type localities
“Paraquaia, inprimis in provincial Buenos-Ayres (Boni
Aéris).”

Dasypus decumanus Illiger, 1815:108; nomen nudum.

Dasypus decumanus Olfers, 1818:219; nomen nudum.

Tlatus]. niger Olfers, 1818:220; type localities
“Paraguay, Brasilien”; preoccupied by Loricatus niger
Desmarest.

Dasypus niger Lichtenstein, 1818:20; type locality not
given; based on D. novemcinctus Linnaeus; therefore,
the type locality is “Pernambuco, Brazil” (lectotype des-
ignated by Feijo et al. 2018); preoccupied by Loricatus
niger Desmarest.

Dasypus peba Desmarest, 1822:368, part; type localities
“Le Brésil, le Guyane, le Paraguay...On ne le trouve pas
dans la province de Buenos-Ayres.”; junior objective
synonym of D. novemcinctus Linnaeus (lectotype desig-
nated here); therefore, the type locality is “Pernambuco,
Brazil.”

Dasypus longicaudus Schinz, 1824:253; unavailable
name.

Dlasypus]. longicaudus Wied-Neuwied, 1826:531; type
locality “In den Waldern am Mucuri”; identified by
Avila-Pires (1965; p. 12) as Morro d’Arara, Rio Mucuri,
Bahia, Brazil.

Tatusia peba: Lesson, 1827:311; name combination

Dasypus  [(Cachicamus)] novemcinctus: McMurtrie,
1831:163; name combination.

Dasypus uroceras Lund, 1839[1841]:pl. 12, Fig 5; type
locality “Rio das Velhas, Floddal” (p. 73), Lagoa Santa,
Minas Gerais, Brazil.

Dlasypus] wuroceros Burmeister, 1848:199; incorrect
subsequent spelling of Dasypus uroceras Lund.

Praopus longicaudatus Burmeister, 1854:298; name
combination

Cachicamus novemcinctus Degland, 1854:125; name
combination

Dasypus pepa Krauss, 1862:19; incorrect subsequent
spelling of Dasypus peba Desmarest.

Dlasypus]. longicaudatus Peters, 1864:179; incorrect
subsequent spelling of Dasypus longicaudus Wied-
Neuwied; not D. longicaudatus Kerr.

Blumenbach, 1779:74; name

Dasypus lundii Fitzinger, 1871:340; type locality
“Brasilien.”

Tatusia platycercus Hensel, 1872:105; type locality
“Urwald von Rio Grande do Sul,” Brazil.

Tatusia brevirostris Gray, 1873:15; type localities “Rio
de Janeiro,” Brazil, and “Bolivia”; Wetzel (2008) selected
the specimen from Rio de Janeiro (skin BM 44.3.7.2;
skull: BM 46.5.13.16) as the lectotype.

Tatusia leptocephala Gray, 1873:16; type locality “Brazils.”

Tatusia  boliviensis Gray, 1873:16; type locality
“Bolivia.”

Tlatusia]. leptorhinus Gray, 1874:246; incorrect subse-
quent spelling of Tatusia leptorhynchus Gray.

Praopus ~ 9-cinctus Burmeister, 1879:434; name
combination
Tatusia  novemcincta: Thomas, 1880:402; name
combination.
Tatusia  longicaudatus:  Allen, 1895:187; name
combination.

[Tatusia (Tatusia)] novem-cincta: Trouessart, 1898:1139;
name combination

[Tatusia (Tatusia)] platycercus: Trouessart, 1898:1140;
name combination.

[Tatusia (Tatusia)] brevirostris: Trouessart, 1898:1140;
name combination.

[Tatusia (Tatusia)] leptocephala: Trouessart, 1898:1140;
name combination.

[Tatusia (Tatusia)] boliviensis: Trouessart, 1898:1140;
name combination.

[Tatusia (Tatusia)] granadiana: Trouessart, 1898:1140;
name combination.

Tatua novemcincta: Robinson and Lyon, 1901:161;
name combination.

[Tatus (Tatus)] novem-cinctus: Trouessart, 1905:814;
name combination.

[Tatus (Tatus)] platycercus: Trouessart, 1905:814; name
combination.

[Tatus (Tatus)] brevirostris: Trouessart, 1905:814; name
combination.

[Tatus (Tatus)] leptocephalus: Trouessart, 1905:814;
name combination.

[Tatus (Tatus)] boliviensis: Trouessart, 1905:814; name
combination.

[Tatus (Tatus)] granadianus: Trouessart, 1905:814; name
combination.

Tatusia novemcincta var. mexianae Hagmann, 1908:29;
type locality “Insel Mexiana,” Para, Brazil.

Dasypus boliviensis: Grandidier and Neveu-Lemaire,
1908:5; type locality “environs d’Uyuni,” Potosi, Bolivia;
preoccupied by Tatusia boliviensis Gray.

Dasypus novemcinctus hoplites Allen, 1911:195; type
locality “hills back of Gouyave, island of Grenada”,
Lesser Antilles.

Dlasypus]. longi-cauda Larranaga, 1923:343; type local-
ity “provincial paracuarensi”; based on Azara’s (1802;
p- 144) “Negro”; a junior synonym and homonym of
Dasypus longicaudus Wied-Neuwied.

Dlasypus].  brevirostris:  Yepes,
combination.

1933:230; name
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Common name: Nine-banded armadillo.

Type: Feij6 et al. (2018) designated the specimen illus-
trated by Marcgrave (1648; p. 231) as the lectotype of D.
novemcinctus Linnaeus.

Type locality: Pernambuco, Brazil.

Distribution: Dasypus novemcinctus is distributed
from the eastern slopes of the Andes from Ecuador,
Colombia, and Venezuela to Brazil, Peru, Bolivia,
Paraguay, Uruguay, and northern Argentina. This spe-
cies is absent in the Guiana Shield, except in the periph-
eral zone of eastern Venezuela, where it may occur in
sympatry with D. quianensis.

Diagnosis: Dasypus novemcinctus is the smallest spe-
cies of the complex (Tables S5, S6). It is characterized
by a smaller and flatter skull with a narrow snout with
short premaxillary bones, a narrow interorbital width, a
long and slender jugal part of the zygomatic arch, long
pterygoid processes, and a basicranium aligned with
the palate in lateral view. Its paranasal sinuses are eas-
ily differentiated by an anteroposteriorly reduced pos-
terior chain of caudal frontal sinuses (CFS1 to 5) and
an elongated rostral frontal recess 1 (RFR1). The CFS1
are always in contact with each other medially or just
at their posteromedial corner, if the CFSO are present.
The anteroposterior length of the CFS never exceeds
that of the RFR1 and the CFS5 is generally shorter than
the other CFS (Billet et al. 2017). In comparison with the
other species of the D. novemcinctus complex, D. novem-
cinctus has a markedly short nasal bone and tail.

Remarks: In light of the new taxonomic arrangement
of the novemcinctus complex proposed in this study, we
consider Dasypus octocinctus Schreber, 1774, Dasypus
longicaudatus kerr, 1792, and Loricatus niger Desmarest,
1804 as nomen dubia as they all represent composite
species, lack specific type locality, their type material
are not known to exist, and their description cannot be
applied with certainty to only one species of the novem-
cinctus complex. Therefore, we removed them from the
synonym list of D. novemcinctus Linnaeus, 1758.
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