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Abstract.—Morphologically cryptic taxa have proved to be a long-standing challenge for taxonomists. Lineages that show
strong genomic structuring across the landscape but are phenotypically similar pose a conundrum, with traditional
morphological analyses of these cryptic lineages struggling to keep up with species delimitation advances. Micro
X-ray computed tomography (CT) combined with geometric morphometric analyses provides a promising avenue for
identification of morphologically cryptic taxa, given its ability to detect subtle differences in anatomical structures. However,
this approach has yet to be used in combination with genomic data in a comparative analytical framework to distinguish
cryptic taxa. We present an integrative approach incorporating genomic and geometric morphometric evidence to assess
the species delimitation of grassland earless dragons (Tympanocryptis spp.) in north-eastern Australia. Using mitochondrial
and nuclear genes (ND2 and RAG1, respectively), along with >8500 SNPs (nuclear single nucleotide polymorphisms), we
assess the evolutionary independence of target lineages and several closely related species. We then integrate phylogenomic
data with osteological cranial variation between lineages using landmark-based analyses of three-dimensional CT models.
High levels of genomic differentiation between the three target lineages were uncovered, also supported by significant
osteological differences. By incorporating multiple lines of evidence, we provide strong support for three undescribed
cryptic lineages of Tympanocryptis in north-eastern Australia that warrant taxonomic review. Our approach demonstrates
the successful application of CT with integrative taxonomic approaches for cryptic species delimitation, which is broadly
applicable across vertebrates containing morphologically similar yet genetically distinct lineages. Additionally, we provide
a review of recent integrative taxonomic approaches for cryptic species delimitation and an assessment of how our approach
can value-add to taxonomic research. [Geometric morphometrics; grassland earless dragons; integrative taxonomy; micro
X-ray computed tomography; phylogenomics; SNPs; species delimitation; Tympanocryptis.]

Molecular taxonomy (using genetic techniques for
species delimitation) has been on the rise over the past
three decades (Moritz and Cicero 2004; Vogler and
Monaghan 2007), leading to an exponential increase
in lineage delimitation or species descriptions that are
predominately molecular-based (e.g., Gottscho et al.
2017; Singhal et al. 2018; Esquerré et al. 2019). In
the last few years, an increasing number of studies
predicate taxonomic decisions on genomic data (Coates
et al. 2018). Many of these studies demonstrate that
population-level genomic assays can reveal fine-scale
geographic structuring in species complexes, increasing
the difficulty in determining whether variation is at the
species or population level. Consequently, there is a risk
of over-splitting species in taxonomic treatments based
on genomic data (Coates et al. 2018) and there is ongoing
criticism of the validity of genetically distinct lineages
with little to no morphological variation being elevated
to species level (Lipscomb et al. 2003; Will and Rubinoff
2004; Hebert and Gregory 2005; Vogler and Monaghan
2007; Kvist 2013).

Whole-evidence species delimitation, integrating gen-
omic data with other lines of evidence (e.g., morpho-
logical, ecological), has been proposed as an optimal
approach to species delimitation in the genomic
age (Dayrat 2005; Fišer et al. 2018). Whole-evidence
approaches to species delimitation in taxonomy, known
as integrative taxonomy, are not new (e.g., Dayrat 2005;
Padial et al. 2010; Wielstra and Arntzen 2014); however,

the field of integrative taxonomy is entering a new era,
with the greater accessibility to genomic techniques and
comparative evolutionary analyses (Padial et al. 2010;
McKay et al. 2014; Fišer et al. 2018). Recently, there
have been a number of studies proposing workflows
and methods that integrate traditional morphology with
genomic data using comparative analytical approaches
to increase confidence in species delimitation decisions
(e.g., Pyron et al. 2016; Singhal et al. 2018).

One area of taxonomy to which such whole-evidence
approaches will be particularly powerful as we move into
the genomic age is the phenomenon of cryptic species
(Papakostas et al. 2016). Cryptic species occur when
daughter species accumulate genetic differences without
apparent morphological divergence, resulting in
phenotypic similarities (Bickford et al. 2007; Mathews
et al. 2002; Smith et al. 2011). A recent review has
highlighted the difference between conceptual and
operational issues when addressing cryptic species
(Fišer et al. 2018), detailing the importance of further
research in both these areas. Our study addresses
operational difficulties of delimitation between
cryptic lineages in the description and naming of
species.

Cryptic lineages highlight the complexities of pheno-
typic evolution (Bruna et al. 1996) and have continued
to provide difficulties for systematists and taxonomists
in determining true species diversity. Recent studies,
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using comparative analytical approaches to integrate tra-
ditional morphological data with phylogenomics, have
provided a significant step forward in the tools available
for taxonomic decision-making. However, quantifying
morphological variation within cryptic species com-
plexes using traditional external traits often results
in no detectable differences (e.g., Singhal et al. 2018),
meaning that once again taxonomic decisions are based
predominantly on the genomic data. In such cases, high-
resolution genomic data are typically combined with
lower resolution phenotypic data related to size (e.g.,
body length, width, mass), meaning few independent
variables despite many measurements.

Fortunately, alternative methods known as geometric
morphometrics (GM) now allow biologists to extract
high-resolution phenotypic data from organisms and
to integrate those data into a phylogenetic framework.
In contrast to traditional measurements, this approach
uses anatomically defined landmarks, or points, to
describe biological shape after variation in specimen
position, orientation, and scale have been removed (for
a GM overview, see Adams et al. 2013). The resulting
multivariate data can be conditioned on a phylogeny
to, among other things, visualize evolutionary trends
in morphospace (i.e., phylomorphospace; Sherratt et al.
2014), estimate the degree to which phenotypic simil-
arity is associated with relatedness (i.e., phylogenetic
signal; Adams 2014a), and evaluate group structure and
covariation between shape and other variables (Adams
2014b; Collyer et al. 2015). Studies incorporating GM with
molecular data to distinguish cryptic taxa have so far
focused on single genes and two-dimensional (Milankov
et al. 2009; Abdelaziz et al. 2011; Karanovic et al. 2016;
Kordbacheh et al. 2018) or three-dimensional (Gabelaia
et al. 2018; Caro et al. 2019) landmarks. In most of these
cases, sampled individuals for morphology and genetics
differed, making their taxonomic affinities difficult to
ascertain. To our knowledge, 3D landmark-based GM
has yet to be used with whole-genome sequencing in an
integrative taxonomic framework.

Here, we provide a new approach for taxonomic
decisions of species delimitation in cryptic taxa that
combines phylogenomic and morphological data in a
comparative framework. Following a step-down pro-
cedure, we integrate evidence from phylogeographic
and phylogenomic data with geometric morphometric
analyses of 3D X-ray computed tomographic (CT) osteo-
logical models. For the initial step, we use broad geo-
graphic screening based on mtDNA and nuclear genes,
common in molecular taxonomy (e.g., Shoo et al. 2008;
Melville et al. 2014), to identify samples to be included
in the workflow. These phylogeographic data provide
a baseline understanding of geographic-based genetic
structure, broadly comparable to existing studies that
use similar single mtDNA and nuclear gene techniques
for cryptic taxa delimitation (Oliver et al. 2007). We then
utilize genomic data through a genome complexity

reduction method that uses a restriction-enzyme based
pipeline to generate single nucleotide polymorphism
(SNP) libraries (Jaccoud et al. 2001; Cruz et al. 2013) to
provide a robust phylogenomic framework for identify-
ing evolutionary lineages (Morin et al. 2004; Van Tassell
et al. 2008; Kumar et al. 2012; Melville et al. 2017).
Geometric morphometric analyses of the CT models
are then performed on the same samples used in the
phylogenomic section of the workflow. This approach
provides matching genomic and morphological data for
the samples. Finally, we use a comparative analytical
approach to integrate phylogenomic data with the
geometric morphometric results to delimit cryptic taxa.

We apply this step-down approach to species delim-
itation in Australian earless dragons (Agamidae: Tym-
panocryptis spp.); a group with unclear systematics and
unresolved taxonomy due to the presence of cryptic
lineages (Smith et al. 1999; Melville et al. 2007; Doughty
et al. 2015; Melville et al. 2014). Several lineages of
Tympanocryptis in north-eastern Australian grasslands
have remained in question due to a lack of taxonomic
resolution based on traditional phylogenetic data and
external morphology. Previous work indicated there
are potentially three undescribed lineages within this
region (Melville et al. 2014). However, limited sampling,
a lack of distinguishing morphological characters, and
phylogenetic analyses that were unable to rule-out
mtDNA introgression, prevented a taxonomic treatment
of these lineages. We demonstrate that our integrative
taxonomic approach, combining both high-resolution
genomic and morphological data, improves confidence
in species delimitation within the Tympanocryptis genus
in north-eastern Australian grasslands.

MATERIALS AND METHODS

Sampling and DNA Extractions
Samples from the three target lineages (Lineage A,

B, and C) and closely related taxa from the Great
Artesian Basin (GAB) species group (T. tetraporophora,
T. condaminensis, T. wilsoni, and T. pentalineata) were
included in our study. These lineages were origin-
ally identified as putative species that needed further
sampling in Melville et al. (2014). Our study collected
samples throughout their known ranges and across
suitable habitats (Fig. 1), with additional samples from
Museums Victoria, Queensland Museum, and Western
Australia Museum included for species where available.

Genomic DNA was extracted from 348 tail tissue
or liver samples using the Qiagen Blood & Tissue
Kit (Qiagen, Hilden, Germany) as per manufacturer
guidelines, for use in phylogenetic and/or phylogen-
omic analysis. GenBank data from previously sequenced
samples were also incorporated into phylogenetic ana-
lyses. At least one sample from all other currently
described Tympanocryptis species was included to allow
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FIGURE 1. Map of sampling sites across the known distribution of
north-eastern Australian earless dragon species, including T. pentalin-
eata, T. condaminensis, T. wilsoni, T. tetraporophora (distribution shown
here as shaded area), and the three target Tympanocryptis lineages (A,
B, and C).

us to determine the phylogenetic relationships within
the genus Tympanocryptis, and Amphibolurus muricatus,
Rankinia diemensis, and Pogona vitticeps were used as
outgroups. Genomic sequencing was undertaken for all
available samples from the three target species and GAB
species group that met quality control thresholds, and
a subset of these individuals were used for geometric
morphometric analyses, chosen from populations span-
ning the geographic range of each species to ensure
full representation. Two to three specimens of each sex
for each species were used to account for any effect
of sex, and only adult specimens were used to remove
any effect of ontogeny. Locality data, Museum numbers
and GenBank accession numbers of all samples util-
ized in phylogenetic, phylogenomic, and morphometric
analyses are listed in Supplementary Appendix S1 (avail-
able on Dryad at http://dx.doi.org/10.5061/dryad.
d18gd26). Data files used phylogenetic, phylogen-
omic, and geometric morphometric analyses available
online on Figshare: https://melbourne.figshare.com/s/
b569d8264ad4e22d471b.

Phylogeography, Laboratory Protocols and Data Analysis
The mitochondrial gene ND2 and nuclear gene RAG1

were amplified using the primers (Metf.1, COIr.aga,
JRAG1f.1, and JRAG1r.13) and protocols described in
Shoo et al. (2008). Negative controls were used in
each PCR run. Amplification products were visualized
on a 1.2% agarose gel with Sybr SAFE (Invitrogen,
CA, USA), then purified using ExoSAP-IT (Thermo
Fisher, CA, USA) as per manufacturer guidelines, and
sent to Macrogen (Seoul, South Korea) for sequencing.
Sequence chromatograms were edited and aligned
separately in Geneious 6.1.8 (Biomatters, Auckland,
New Zealand).

Pairwise uncorrected genetic distances for the ND2
alignment were calculated in Mega7 (Kumar et al. 2016),
with the codon frame set as the 3rd nucleotide position.
ND2 and RAG1 were each found to follow the GTR+I+G
model of substitution with no partitioning schemes
using the corrected Akaike Information Criterion (AIC)
on PartitionFinder2 on the CIPRES Science Gateway
(Miller et al. 2010; Lanfear et al. 2017). RaxML analyses
(Stamatakis 2014) for ND2 and RAG1 were performed
on XSEDE on the CIPRES Science Gateway using the
GTR+G model of substitution (as using the propor-
tion of invariable sites estimate in RaxML is strongly
discouraged by the software developers), with 1000
nonparametric bootstraps. Bayesian analyses for ND2
and RAG1 were performed using MrBayes (Huelsenbeck
and Ronquist 2001) on the CIPRES Science Gateway,
with two runs of four independent MCMC chains
(each 50,000,000 generations long, sampled every 1000
generations), under a GTR+I+G model with flat priors.
Tracer v1.6 (Rambaut et al. 2014) was used to check
for stationarity and convergence of the chain outputs.
The trees were subject to a 25% burn-in in MrBayes,
summarized and posterior probabilities obtained.

Phylogenomics Protocols and Data Analysis
The DNA concentration of each extraction sample

was quantified using a QIAxpert microfluidic spectro-
photometer (Qiagen, Hilden, Germany), and adjusted
to 30–100 ng/�L (required for DArTseq arrays). About
15 �L volumes were sent to Diversity Arrays Technology
(Canberra, Australia) for digestion using genus-specific
restriction enzymes, ligation, amplification and sequen-
cing on an Illumina HiSeq2500 (CA, USA), in a genome
complexity reduction method optimized for Tympano-
cryptis species (see Melville et al. 2017 for a detailed
description). The genome sequence of the related Pogona
vitticeps was used as the reference alignment (Georges
et al. 2015). The preliminary pipeline applied filters
to ensure quality and reproducibility of markers, and
a secondary pipeline using DArTseq proprietary call-
ing algorithms scored the genotypes of polymorphic
loci across all individuals. The loci were combined
into a matrix of SNP genotypes for individuals, with
integers representing genotype states compared to the
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reference; homozygous; heterozygous; and alternate
homozygous.

SNP data were imported into R v3.3.3
(R Core Team 2015) and metadata (genetic lineage,
population, sampling locality) assigned with the R
package “dartR” (Gruber et al. 2017). The “dartR”
package was used to filter the data for all subsequent
analyses under several parameters; callrate by individual
>0.95, callrate by locus >0.95, monomorphic loci = 0,
and reproducibility = 1. Principle coordinates analyses
(PCoA) were run using dartR, and the “faststructure”
data recoding function was used to generate the files
required for analysis by fastSTRUCTURE (Raj et al.
2014). Plink (Purcell et al. 2007) was first used to test
for the number of clusters (K), which was subsequently
used as the clustering parameter for fastSTRUCTURE
analysis. We used the dartR “fasta” function with
Method 3 (SNPs are converted to base pairs with
heterozygous loci replaced by standard ambiguity
codes) to generate a single concatenated sequence for
each individual across all loci. Invariant sites were
removed using Mesquite (Maddison and Maddison
2009). A Lewis-type ascertainment bias correction was
applied to a RaxML analysis of these sequences with
1000 nonparametric bootstraps on XSEDE on CIPRES.
The AICc on jModelTest (Posada 2008) on CIPRES
indicated a GTR+I+G model of substitution, although
GTR+G was used for the RaxML analysis (again, as the
use of the proportion of invariable sites estimate is not
recommended in RaxML). Pairwise FST values were
calculated using the R package “StAMPP,” with 100
bootstraps (Pembleton et al. 2013).

Geometric Morphometric Protocols and Data Analysis
The head of each specimen was scanned using an

180kV nanofocus tube in a Phoenix Nanotom M (GE
Measurement & Control, MA, USA) equipped with a
tungsten target for 600 projections at 55 kV, 400 �A
for 500 ms. The final voxel size was 15 �m. Volumetric
reconstructions of the skulls were generated by datos|x-
reconstruction software (GE Sensing & Inspection
Technologies GmbH, Wunstorf, Germany) and three-
dimensional surface models of crania were prepared
in VGStudio Max2.1 (Volume Graphics, Heidelberg,
Germany). Forty-nine landmarks were chosen to form
a holistic representation of overall cranial shape, and
were placed across the cranial surface in Landmark
Editor v3.6 (Institute of Data Analysis and Visualisation,
UC Davis, USA; Fig. 2). Three-dimensional landmark
coordinates were exported to MorphoJ (Klingenberg
2011) and subject to a Generalized Procrustes fit to align
and orient the points and standardize for size relative to
their centroid.

The resulting Procrustes coordinates were used for
subsequent analyses in the R v3.3.3 package “geomorph”
(Adams and Otárola-Castillo 2013), where statistical
tests of significance were subject to 10,000 iterations
under a randomized residual permutation procedure.

FIGURE 2. Locations of 49 landmarks placed on the cranial 3D
models, shown on Tympanocryptis pentalineata (NMVD74073) in dorsal,
ventral, and lateral view.

A Procrustes analysis of variance (ANOVA) was used
to test the effects of sex, log-transformed centroid size,
and genomic lineages on cranial shape. For significant
lineage effects, tests of pairwise differences based on
the Procrustes distances between least-squares means
were also performed for the defined groups. A prin-
cipal component analysis (PCA) was conducted on
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the covariance matrix of the Procrustes coordinates in
MorphoJ, and shape changes along the first two PC axes
were assessed to determine which variables contributed
the most to morphological variation among specimens.
The negative and positive extremes of each PC axis were
illustrated by wireframe graphs connecting the cranial
landmarks, shown against a wireframe of the average
cranial shape for the entire data set.

SNP data for all scanned specimens (filtered to
10,019 polymorphic loci and converted to sequences,
as per methods described previously) were used in
a RaxML analysis on XSEDE on CIPRES. A Lewis-
type ascertainment bias correction was applied with
1000 nonparametric bootstraps, and a GTR+G model
of substitution was used as indicated by the AICc
on jModelTest on CIPRES. This genomic phylogeny
was then projected into the PCA morphospace to
visualize evolutionary relationships in relation to cra-
nial shape. The multivariate K-statistic Kmult (Adams
2014a, 2014b) was also used to estimate the strength of
phylogenetic signal in cranial shape based on genomic
relationships.

RESULTS

Phylogenetic Relationships
There was strong support for the independent evol-

utionary history of each of the target Lineages A, B,
and C based on inferences from the mtDNA ND2
phylogeny (Fig. 3a,b). Each clade was supported as
monophyletic, with posterior probabilities and bootstrap
branch support values over 0.95/95. However, the
evolutionary relationships between major clades were
not as highly supported. Within the GAB species group,
including T. condaminensis, T. wilsoni, and T. pentalineata,
Lineage A was supported as the sister taxon to the
broadly distributed T. tetraporophora. Lineages B and
C were resolved as sister species, forming a weakly
supported clade along the great dividing range (GDR),
which was sister to the GAB species group. These GDR
lineages were deeply divergent, with long branches,
substantial genetic structure within each lineage and
mtDNA pairwise uncorrected genetic distances of >10%
(Table 1). There was between 4% and 7% uncorrected
genetic distances between lineages within the GAB

TABLE 1. Pairwise FST values based on 8783 SNP loci
(figures above the diagonal) and pairwise uncorrected genetic
distance of the mtDNA gene ND2 (figures below the diagonal) for
north-eastern Australian Tympanocryptis species

1 2 3 4 5 6 7

1 T. condaminensis – 0.937 0.906 0.723 0.918 0.793 0.892
2 Lineage B 0.096 – 0.908 0.922 0.938 0.919 0.944
3 Lineage C 0.115 0.135 – 0.872 0.892 0.847 0.916
4 Lineage A 0.040 0.106 0.121 – 0.878 0.665 0.842
5 T. pentalineata 0.043 0.106 0.120 0.067 – 0.865 0.938
6 T. tetraporophora 0.042 0.108 0.112 0.055 0.060 – 0.832
7 T. wilsoni 0.048 0.102 0.096 0.061 0.070 0.058 –

Note: All FST values were highly significant (P<0.001).

species group, with 4–6.7% between Lineage A and the
other lineages within the GAB clade.

Phylogenetic relationships between clades in the
nuclear RAG1 phylogeny were not well supported. Of
the undescribed lineages, Lineage A was not supported
as monophyletic. The topology of this RAG1 tree
differed to that of the mtDNA tree (Fig. 3c). Notably,
Lineage A was nested within the T. tetraporophora,
forming the Eyre-Darling Basin group, along with T.
condaminensis and T. wilsoni. In addition, T. pentalin-
eata was the sister lineage to the Eyre-Darling Basin
species group. Lastly, the T. lineata–T. pinguicolla–T.
houstoni species group was recovered as a sister clade to
Lineage C.

Based on results from both the mtDNA and RAG1
phylogenies, samples were selected for inclusion in
phylogenomics, selecting all from the three target spe-
cies and GAB species group that met quality control
thresholds (N = 238).

Phylogenomics
The DArTseq low-density assay produced 120,931 loci

across 238 samples. After filtering the full data set
for SNP call rate, individual call rate, monomorphs,
and reproducibility, 8783 loci across 231 individuals
were used for the PCoA, pairwise FST , and fast-
STRUCTURE analyses. All pairwise FST results were
highly significant (P< 0.001) with very high levels of
genomic fixation, ranging from 0.665 to 0.944 between
species (Table 1). There was clear clustering of each
molecular lineage in the fastSTRUCTURE plot (Fig. 3d)
and distinct grouping in the PCoA (Fig. 4a), indic-
ating the evolutionary independence of each lineage.
Very few samples registered any detectable genomic
signal discordance (genomic contributions from another
lineage), and of these, only one sample had greater
than 5% genomic signal discordance (one individual
from Lineage C with 11% genomic contribution from
T. pentalineata).

Principle coordinates one and two in a PCoA of
the 8783 loci across 231 individuals accounted for over
66.5% of the genomic variation. The Eyre-Darling Basin
species (T. tetraporophora, T condaminensis, T. wilsoni, and
Lineage A) were closely grouped in the PCoA (Fig. 4a),
prompting a secondary analysis of just these four
lineages. After filtering the data, 39,062 SNP loci across
111 individuals were used for a PCoA of the Eyre-Darling
Basin species (Fig. 4b), with 71.9% of the variation
explained by PCo1 and PCo2. With greater resolution
from additional loci, this second PCoA (Fig. 4b) supports
the strong independent genomic identity of each of these
lineages, which was swamped in the original PCoA
(Fig. 4a) because of the significant genomic distance
between the Eyre-Darling Basin group and the other
three highly distinct lineages (T. pentalineata, Lineage B,
and Lineage C).

Phylogenomic analysis of 10,019 polymorphic loci
using a corrected Maximum Likelihood approach
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FIGURE 3. Phylogenetic and phylogenomic relationships of earless dragons. a) Phylogeny of Tympanocryptis spp. (with north-eastern
Australian lineages collapsed) from combined Bayesian and Maximum Likelihood analyses of the mtDNA gene ND2. b) Expanded view of the
collapsed north-eastern Australian lineages (T. pentalineata, T. condaminensis, T. wilsoni, T. tetraporophora, and Lineages A, B, and C). c) Phylogeny of
Tympanocryptis spp. including north-eastern Australian target species from combined Bayesian and Maximum Likelihood analyses of the nuclear
gene RAG1. d) fastSTRUCTURE plot of target species genomic identity based on 8783 SNP loci and K = 7, with each individual represented by a
horizontal bar colored by lineage. e) SNP phylogeny of target species from a corrected Maximum Likelihood analysis of 10,019 polymorphic loci.
Phylogeny posterior probabilities and bootstrap support values are shown on nodes as PP/BS. Where Maximum Likelihood topology was not
analogous with the Bayesian phylogeny nodes are shown as PP/–. Bootstrap values are given in the Maximum Likelihood-only SNP phylogeny.
Scale bars indicate the number of nucleotide substitutions per site.
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FIGURE 4. Principle coordinates analysis of (a) 8783 SNP loci for
all north-eastern Australian Tympanocryptis species (T. pentalineata, T.
condaminensis, T. wilsoni, T. tetraporophora, and Lineages A, B, and C)
and (b) 39,062 SNP loci for the four Eyre-Darling Basin species (T.
condaminensis, T. wilsoni, T. tetraporophora, and Lineage A).

provided strong support for the independent evolution
of each lineage (Fig. 3e). The monophyly of each species
and Lineage (A, B, and C) are highly supported and most
sister species relationships are also supported with boot-
strap values of 100%, except for between T. tetraporophora
and T. wilsoni (bootstrap support = 84%). The topology
of the GAB clade in the SNP phylogeny differed slightly
to that in the mtDNA phylogeny, with T. pentalineata as
the most basal lineage, T. wilsoni and T. tetraporophora
supported as sister species, and Species A supported as
the sister lineage to T. condaminensis.

Geometric Morphometrics
A subset of individuals included in the phylogenomic

analyses was used for GM (N = 34), chosen from
populations spanning the geographic range of each
species/lineage, with 2–3 specimens of each sex per
lineage. There was a significant but weak effect of log-
transformed centroid size on cranial shape (R2 = 0.0871,
P= 0.0011), and a weak but nonsignificant effect of sex
(R2 = 0.0482, P= 0.0639). Cranial shape variation was
strongly correlated with species identity (R2 = 0.438,
P< 0.0001), with all species pairs showing significant
differences except T. wilsoni and Lineage A (Table 2).

The PCA of cranial shape revealed distinct clustering
of individuals in each species concordant with the
phylogenomic topology, with little overlap between gen-
omic lineages except for the above-noted pair (Fig. 5a).
Together PC1 and PC2 accounted for 36% of the total
shape variation, with PC1 related to width and depth of
the cranium, and PC2 describing variation in the angle
of the snout. Subsequent PC axes accounted for <9%
of the total variation each. CT images of example skulls
together with wireframe graphs of the average change in
landmark positions for each lineage illustrate morpho-
logical variation in Tympanocryptis (Fig. 5b). Individuals
from Lineage B and C possess a slightly narrower,
deeper skull with a longer snout, while those from
T. pentalineata, Lineage A, and T. wilsoni exhibit wider,
shallower skulls with shorter snouts. Shape change
along the second PC showed T. pentalineata and Lineage
C individuals possessing more blunt snouts (positive
PC2), while Lineage B and T. wilsoni displayed more
tapered or elongated features (negative PC2). Overall,
there was a highly significant but weak phylogenetic
signal (Kmult = 0.05, P= 0.0001) in the cranial morphology
of these species.

DISCUSSION

Integrative Taxonomic Approach for Cryptic Species
Delimitation

Integrative taxonomy is now a widely used approach
for species delimitation (Dayrat 2005; Padial et al.
2010; Schlick-Steiner et al. 2010). Our review of 29
recent species delimitation studies using “integrative
taxonomy” for cryptic complexes (Table 3), shows the
majority used external morphology and traditional
phylogenetics combined with multivariate statistics to
identify differences between clades. There are varying
levels of effectiveness in using this simple form of
species delimitation, with some studies successfully
delimiting many species (Ceccarelli et al. 2012; Grismer
et al. 2013), and other studies unable to confidently
or consistently distinguish species (Wiens and Penkrot
2002; Satler et al. 2013). Other more novel methods
of delimiting species, including bioacoustics (Mee-
gaskumbura et al. 2002; Padial and De la Riva 2009),
behavioral ecology (Tan et al. 2010), chemical compound
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TABLE 2. Pairwise distance matrix of cranial shape variation between north-eastern Australian Tympanocryptis species

T. condaminensis T. pentalineata Lineage A Lineage B Lineage C T. wilsoni

T. condaminensis — 0.0464 0.0442 0.0424 0.0477 0.0448
T. pentalineata 0.0122 — 0.0454 0.0567 0.0621 0.0444
Lineage A 0.0203 0.0029 — 0.0507 0.0599 0.0355
Lineage B 0.0348 0.0001 0.0007 — 0.0465 0.0426
Lineage C 0.0069 0.0001 0.0001 0.0019 — 0.0610
T. wilsoni 0.0163 0.0041 0.0720 0.0088 0.0001 —

Note: Figures above the diagonal indicate the pairwise least-squares mean distances, supported by P-values listed below.

analysis (Heethoff et al. 2011; Leavitt et al. 2011), and eco-
logical niche modeling (Rissler and Apodaca 2007; Wiel-
stra and Arntzen 2014) were sometimes incorporated as
additional lines of evidence to traditional morphology
and genetic data. There has also been increasing use
of phylogenetic or phylogenomic modeling approaches,
with some studies including phenotypic trait data in
Bayesian multispecies coalescent models (Solís-Lemus
et al. 2015; Pyron et al. 2016; Singhal et al. 2018).

Taxonomic studies using an integrative taxonomic
framework with genomic data are still few (Table 3),
but rapidly increasing. The high numbers of loci gained
from using genomic approaches can offer much-needed
resolution for cryptic taxa or species complexes (Padial
et al. 2010; Pyron et al. 2016; Raupach et al. 2016; Singhal
et al. 2018), with multiple applicable genomic techniques
(e.g., RADseq, exon capture, whole-genome sequencing,
transcriptomics and many more [Lemmon and Lemmon
2013; Andrews and Luikart 2014]). Pyron et al. (2016)
used an anchored-loci NGS technique isolating 322
loci, (totaling 227,911 bp), and combined these genomic
data with morphological trait data in the common
Bayesian multispecies coalescent model iBPP (Solís-
Lemus et al. 2015). In contrast, Leaché et al. (2014) did not
incorporate morphological data, but used 1087 SNP loci
from double-digest RADseq (Peterson et al. 2012), and
built on the Bayes factor delimitation (BFD) approach
(Grummer et al. 2014) to produce a genomic-based
version (BFD*) of the model. Both of these phylogenomic
modeling approaches were successful in delimiting
species, with Leaché et al. (2014) finding the BFD*
method to be consistently effective even with low sample
sizes.

The use of CT imaging in morphological, paleonto-
logical, and taxonomic studies is also becoming more
frequent (Sobral et al. 2012; Stoev et al. 2013; Akkari
et al. 2015; Hipsley and Sherratt 2019) but has not, until
now, been integrated with genomic data for species
delimitation. There are many advantages of using CT
for morphometric analyses, including data accuracy
through multidimensional landmarking of morpholo-
gical characters, nondestructive sampling of museum
specimens, and additional information regarding evolu-
tionary history of taxa that may only be seen through
internal anatomical variation (Spoor et al. 1994; Faul-
wetter et al. 2013; Fernández et al. 2014). Comparative
evolutionary techniques now also allow the integration
of phylogenomic data into geometric morphometric

analyses, which can provide greater taxonomic resol-
ution than that gained from traditional morphological
measurements (Klages et al. 2013; Stoev et al. 2013).
This comparative approach has broad applications for
assessing species delimitation of externally cryptic taxa,
by revealing hidden osteological variation (Klages et al.
2013; Fernández et al. 2014; Prötzel et al. 2018).

Many taxonomic studies using micro-CT have been
limited to using only a single specimen (or few speci-
mens) per lineage, which may not reflect the geographic
or sex-based variation within each taxonomic unit, and
limits the use of comparative analytical approaches. We
resolve this limitation with a step-down approach for
selection of multiple specimens to be CT scanned, allow-
ing us to capture any sex-based and phylogeographic
variation within and between genomic lineages. This
representation of variation as part of a whole-evidence
approach offers greater confidence in delimitation. Our
step-down approach (summarized in Fig. 6) provides a
novel species delimitation method that would be broadly
applicable across morphologically cryptic groups.

North-Eastern Australian Tympanocryptis Species
Delimitation

By integrating phylogeographic, phylogenomic, and
geometric morphometric data, our study provides addi-
tional taxonomic support for currently described Tym-
panocryptis species (T. tetraporophora, T. condaminensis, T.
wilsoni, and T. pentalineata) and strong evidence of three
undescribed species (Lineages A, B, and C). We found
geographically associated relationships between evolu-
tionary lineages, with two broad geographic groups: 1)
the GDR Lineages B and C; and 2) the GAB lineages T.
tetraporophora, T condaminensis, T. wilsoni, Lineage A, and
T. pentalineata. A subset of the GAB was also consistently
recovered in nuclear and genomic analyses, comprising
the Eyre-Darling Basin species group (T. tetraporophora,
T condaminensis, T. wilsoni, and Lineage A).

The high pairwise FST values, based on SNP data,
of the taxa in this study indicate the evolutionary
stationarity and fixation of each mtDNA lineage
(Wright 1978). Lineage A and T. tetraporophora had
the lowest pairwise FST value of 0.665, concordant
with the clustering configuration in the Eyre-Darling
Basin PCoA (Fig. 4b), although an FST of 0.665 is still
indicative of little recent gene exchange between
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FIGURE 5. Cranial morphology of north-eastern Australian Tympanocryptis species. a) PCA plot of cranial shape variation based on the
landmark data, with the corrected Maximum Likelihood phylogeny using 8860 polymorphic SNP loci projected into morphospace. Wireframe
graphs connecting cranial landmarks show the extreme shape change at the ends of each PC axis in black, compared to the average cranial shape
for the full data set in gray. b) Representative skulls from each lineage chosen from near the center of their morphospace distribution, next to
colored wireframes of the average shape for that lineage compared with the overall average in gray. Specimens are arranged in order of their
PC1 scores, from negative to positive.
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TABLE 3. A review of the methods used in 29 recent species delimitation studies, including those involving cryptic species with the stated
use of “integrative taxonomy”

Integrative approaches used Examples of studies

Phylogenetics and ecological niche modeling
Rissler and Apodaca (2007), Wielstra and Arntzen (2014)

Phylogenetics and multivariate statistics of external
morphology including Wiens and Penkrot (2002), Wagner et al. (2011), Ceccarelli et al. (2012), Grismer et al.

(2013), Satler et al. (2013), Shirley et al. (2014), Papakostas et al. (2016)
CT imagery

Pyle et al. (2008), Klages et al. (2013), Stoev et al. (2013), Prötzel et al. (2018)
Phenotypic chemistry

Heethoff et al. (2011), Leavitt et al. (2011)
Color photometry

McKay et al. (2014)
Other ecology/biology

Meegaskumbura et al. (2002), Hebert et al. (2004), Padial and De la Riva (2009), Tan
et al. (2010), Smith et al. (2011)

Modeling of phylogenetic data (Bayesian multispecies
coalescent or Bayes factor delimitation) including Liu and Pearl (2007), Leaché and Fujita (2010), Yang and Rannala (2010)

External morphology
Drummond et al. (2012), Solís-Lemus et al. (2015)

Modeling of phylogenomic data (Bayesian multispecies
coalescent or Bayes factor delimitation) including Leaché et al. (2014)

External morphology
Pyron et al. (2016); Singhal et al. (2018)

Note: Common sets of approaches are grouped, with examples of studies using each combination of integrative techniques.

FIGURE 6. The step-down integrative taxonomy workflow used in our study, designed to capture sex-based and geographical variation
within each lineage. This whole-evidence approach combines single-gene phylogeographic, genomic and 3D computed tomography (CT) data
to provide confidence in delimiting species. We provide details of the data sampling and subsampling using alongside the step-down workflow.

taxa (Hartl and Clark 1997). Each mtDNA
lineage was highly supported as monophyletic.
In contrast, in the RAG1 phylogeny, a number

of lineages remained unresolved, with several
incongruences between the topology of this nuclear
phylogeny and the mtDNA phylogeny, probably
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due to differing evolutionary histories of each
gene (Brown et al. 1982; Caccone et al. 2004). The
lack of taxonomic resolution that a single nuclear
gene often provides is clear in this study, confirming
that multilocus approaches are required (Moore
1995; Dayrat 2005; Satler et al. 2013; Papakostas
et al. 2016). The resolution achieved by the genome-
wide SNP analyses reflects their utility, especially
when combined with an initial baseline mtDNA
phylogeographic analysis. Our approach provided
a robust assessment of evolutionary lineages within
north-eastern Australian Tympanocryptis. However,
we support the recommendation of Coates et al.
(2018), that a conservative approach needs to be taken
with species delimitation and that basing taxonomic
decisions solely on genomic data risks over-splitting
species, with population-level structure misconstrued
as species-level diversity.

To address such problems, we ensured that sampling
in our study was comprehensive enough to observe
population-level genomic structure relating to the geo-
graphic distribution of lineages. This geographic-based
genomic structure was most evident in the target
Lineages A, B, and C, as well as the widely distributed
T. tetraporophora. However, the distance between the
sampled populations of T. tetraporophora (>1100 km) is far
greater than the maximum distribution of populations
of each of Lineage A (maximum 275 km), Lineage B
(maximum 190 km), and Lineage C (maximum 320 km).
This genomic structure within lineages over relatively
small geographic space suggests a complex evolutionary
history in these regions of north-eastern Australia. This
population-level structuring within lineages provides
greater confidence that our taxonomic decisions accur-
ately reflect species-level diversity.

In concordance with the phylogeographic and phylo-
genomic analyses, geometric morphometric analyses
found significant evidence of osteological variation
among the north-eastern Australian Tympanocryptis lin-
eages. Species identity based on cranial morphology
was supported by post hoc tests identifying significant
pairwise differences, revealing phenotypic distinctive-
ness that had not been identified previously in this
morphologically cryptic group (see Melville et al. 2014).
However, there was only a weak phylogenetic signal in
cranial shape between lineages, indicating that variation
in skull shape between these lineages is far less than that
expected by their genetic divergence. This result, with
deep genetic structure but little morphological diver-
gence, suggests selection pressure or morphological
stasis limiting phenotypic divergence in these lizards
(Melville et al. 2006; Smith et al. 2011). Although they are
allopatric, most of these species inhabit similar habitats
(grasslands on cracking soils), and may be subject to
convergent selection pressures (Wiens and Rotenberry
1980; Losos 2008; Smith et al. 2011).

Prior to this study, the taxonomy of these north-eastern
Australian earless dragons had remained unresolved.

Our integration of traditional phylogeographic data with
genomics and GM provides a robust whole-evidence
approach to species delimitation in this cryptic group of
lizards. These data should provide confidence in future
taxonomic work undertaken on this group.

CONCLUSION

Integrative taxonomic studies, with the goal of species
delimitation in cryptic complexes, have progressed
significantly over the last decade, largely due to develop-
ments in molecular techniques with the use of genomics
and advanced analytical approaches. At the same time,
the types of phenotypic data collected for biological
studies have also evolved from largely linear, size-based
metrics to high-dimensional multivariate landmark
data. However, measurements of external morpho-
logy using microscopes, calipers or rulers remain
standard practice for most cryptic species treatments,
which often lack the resolution required to distinguish
between cryptic lineages. Here, we demonstrated new
approaches that provide high-resolution morphological
data which, when combined with phylogenomics, allow
accurate classification of cryptic species using three-
dimensional landmarks and geometric morphometric
analyses. Although this presents an exciting direction
for future integrative taxonomic work in the genomic
age, we stress that caution is needed with these powerful
techniques against the risk of over-splitting species.
We recommend adequate sampling, both across geo-
graphic space and within lineages, to encompass the
range of intraspecific variation. Such an approach will
allow quantification of within versus between lineage
variations to allow informed decision-making in these
cryptic species complexes.
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