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Abstract.—The Lesser Sunda Archipelago offers exceptional potential as a model system for studying the dynamics of
dispersal-driven diversification. The geographic proximity of the islands suggests the possibility for successful dispersal,
but this is countered by the permanence of the marine barriers and extreme intervening currents that are expected to hinder
gene flow. Phylogenetic and species delimitation analyses of flying lizards (genus Draco) using single mitochondrial genes,
complete mitochondrial genomes, and exome-capture data sets identified 9–11 deeply divergent lineages including single-
island endemics, lineages that span multiple islands, and parapatrically distributed nonsister lineages on the larger islands.
Population clustering and PCA confirmed these genetic boundaries with isolation-by-distance playing a role in some islands
or island sets. While gdi estimates place most candidate species comparisons in the ambiguous zone, migration estimates
suggest 9 or 10 species exist with nuclear introgression detected across some intra-island contact zones. Initial entry of
Draco into the archipelago occurred at 5.5–7.5 Ma, with most inter-island colonization events having occurred between
1–3 Ma. Biogeographical model testing favors scenarios integrating geographic distance and historical island connectivity,
including an initial stepping-stone dispersal process from the Greater Sunda Shelf through the Sunda Arc as far eastward
as Lembata Island. However, rather than reaching the adjacent island of Pantar by dispersing over the 15-km wide Alor
Strait, Draco ultimately reached Pantar (and much of the rest of the archipelago) by way of a circuitous route involving at
least five overwater dispersal events. These findings suggest that historical geological and oceanographic conditions heavily
influenced dispersal pathways and gene flow, which in turn drove species formation and shaped species boundaries.
[Biogeography; genomics, Indonesia; lizards; phylogeography; reptiles]

The advent of high-throughput sequencing and the
corresponding availability of genome-scale data sets
offer systematists the potential to tackle ever more
challenging phylogenetic and biogeographic questions.
It is now possible to not only estimate phylogenies
with greater precision using multispecies coalescent
methods (Rannala and Yang 2003, 2017; Degnan and
Rosenberg 2009; Ogilvie et al. 2017) but also to harness
population genomic analyses that improve species
delimitation and allow for more rigorous tests of cryptic
diversification (Yang and Rannala 2010; Fujita et al.
2012; Smith and Carstens 2020). The importance of
accounting for gene flow, both for phylogenomic and
species delimitation analyses (Solís-Lemus et al. 2016;
Wen et al. 2018; Jiao and Yang 2021), has never been
more clear. This is particularly true when attempting
to elucidate diversification processes in dynamic island
archipelagos, as the complex tectonic processes that
cause islands to arise, merge, fragment, or disappear
create ample opportunities for lineage divergence,
extinction, and fusion. Gene flow can occur between
islands, within islands, and episodically depending on
sea level fluctuations, volcanic activity, and changes in
sea currents. Thus, disentangling the complexities of

insular diversification and biogeography represents an
outstanding challenge for systematists (Warren et al.
2015; Shaw and Gillespie 2016).

The biogeographical realm known as “Wallacea”
encompasses a set of oceanic archipelagos that lie
between the Asian (Sunda) and Australo-Papuan (Sahul)
continental shelves, roughly delimited by Wallace’s and
Lydekker’s biogeographic lines, respectively (Wallace
1860, 1863; Huxley 1868; Lydekker 1896; Mayr 1944).
The emergence of Wallacean islands, driven by some
of the most complex tectonic processes documented
anywhere in the world, set in motion a dynamic process
of bidirectional faunal exchange that has fascinated
generations of biogeographers (Mayr 1944; Spakman and
Hall 2010; Lohman et al. 2011; Reilly et al. 2019a,b; Ali
and Heaney 2021). The Lesser Sundas are a distinct
biogeographic subregion of Wallacea (Stresemann 1939;
Turner et al. 2001; Carstensen and Olesen 2009; Van
Welzen et al. 2011; Carstensen et al. 2012), though further
division of the Lesser Sundas has been proposed (Muller
1846; Simpson 1977; Michaux 2010). The Lesser Sundas
can be divided into four regional components formed via
distinct geological processes over differing timescales
(Fig. 1b). 1) The Sunda Arc (Lombok through Lembata)
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FIGURE 1. a) Map of the southern Wallacea region. Areas colored in purple indicate depths <120 m that become emergent during glacial
maxima. b) The currently described ranges of Draco boschmai and D. timoriensis. c) Female D. boschmai from Sumba Island. d) Male D. boschmai
from West Flores. e) Variation in male dorsal patagia pattern and coloration.

arose via subduction mediated volcanic activity and
has been continuously emergent for up to ∼11 Myr,
representing the oldest islands in the Lesser Sundas
(Hall 2009). 2) The volcanic Inner Banda Arc (Pantar,
Alor, and Wetar), which has been emergent for the past
∼5 Myr, extends eastward from the Sunda Arc and is
a product of continent-island arc collision (Hall 2009,
2011). 3) The nonvolcanic Outer Banda Arc (Rote and
Timor) formed as a result of accretionary build-up at
this collision zone (Audley-Charles 2011; Rigg and Hall
2011). A westward progression of emergence is estimated
with Eastern Timor having emerged 3.1–4.5 Ma (Haig
and McCartain 2007; Nguyen et al. 2013; Tate et al. 2014)
and Rote having emerged < 1 Ma (Roosmawati and
Harris 2009; Harris 2011). 4) Sumba Island is an ancient
continental plate fragment that, like the Outer Banda Arc
islands, has been uplifted and emergent for < 3 Myr
(Fortuin et al. 1997).

The individual islands are separated by straits of
varying widths and depths (Goltenboth et al. 2006),

though the distance between islands may be less relevant
for sweepstakes dispersal than the power of the currents
passing between them (Kuhnt et al. 2004). These islands
span part of the Indonesian Throughflow, where upper
ocean waters from the Pacific Ocean are transferred to
the Indian Ocean (Godfrey 1996) in one of the largest
movements of water on the planet. The biogeographical
interpretation of the Lesser Sundas as comprising a
two-way filter zone reflects a clinical reduction in Asian-
origin species together with a corresponding increase in
Australo-Papuan species as one moves eastward through
the archipelago, a pattern that is especially striking
in terrestrial reptiles (Darlington 1957; Whittaker and
Fernaìndez-Palacios 2007). Initial descriptions of reptile
biogeography in the Lesser Sundas were based on
patterns of species composition from individual islands
(Darlington 1957; Auffenberg 1980; How and Kitchener
1997) and invoked stepping-stone colonization as the
process most likely to have created such patterns (Hisheh
et al. 1998). However, more recent analyses of this fauna
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(Reilly 2016; Reilly et al. 2017, 2019a, 2019b, 2021; Blom
et al. 2019; Jones et al. 2019;) and other fauna (Tänzler
et al. 2016; Toussaint et al. 2020) have shown a wide range
of patterns regarding the timing and sequence of island
colonization.

Flying lizards of the agamid genus Draco originated in
mainland SE Asia (McGuire and Heang 2001; Grismer
et al. 2016) and have colonized nearly every major island
within the Lesser Sundas (Fig. 1). These are small,
arboreal, ant-specialists, which can be quite cryptically
colored against their tree bark backgrounds (Fig. 1c),
though males have brightly colored dewlaps (Fig. 1d)
and variably colored patagia (Fig. 1e) that they employ
during display (McGuire and Alcala 2000; McGuire
et al. 2007; McGuire and Dudley 2011). Draco boschmai
occurs on the Sunda Arc islands and Sumba, and Draco
timoriensis from the Inner and Outer Banda Arc islands
(Fig. 1b) and recently confirmed from Pantar (Reilly et al.
2020). Morphologically, D. timoriensis is distinguished
from D. boschmai on the basis of its larger size, the
presence of a row of enlarged, keeled scales along
each side of the vertebral line, and a large spine-like
tubercle in the nuchal region, though both species exhibit
substantial intraspecific variation in color and scale
characters between populations (Mertens 1930; Musters
1983; McGuire and Heang 2001). McGuire and Heang
(2001) noted that both D. timoriensis and D. boschmai are
composed of several diagnosable, allopatric lineages and
further taxonomic changes would likely be necessary.

In this study, we utilized transcriptome-based
exon-capture data from hundreds of orthologous
loci to study the biogeographical history of Lesser
Sunda flying lizards. Because inadequate sampling
across a taxon’s range can lead to over-splitting of
species (Hillis 2019), we started with newly acquired
mtDNA data from hundreds of Draco individuals
densely sampled across every major island (along
with sequences from McGuire and Heang 2001),
which guided the selection of 100 samples for
subsequent exon-capture data collection. Using both
mitogenomic and genomic phylogenies we were able
to delimit major lineage boundaries and assess the
prevalence of any mitonuclear discordance, indicative
of introgression. Using a time-calibrated genomic
phylogeny, we then tested biogeographic hypotheses
to determine whether the distance between regions,
the arrangement of regions, prevalent oceanographic
currents, or historical island connectivity best explained
our results. Finally, we assessed the taxonomic diversity
by corroborating species delimitation methods with
estimates of population structure and gene flow.

MATERIALS AND METHODS

Sample Collection and mtDNA Screening
Flying lizard specimens were field collected on

Java and Bali (Draco volans), on Lombok, Sumbawa,
Flores, Lembata, and Sumba (D. boschmai), and on
Timor, Rote, Pantar, Alor, and Wetar (D. timoriensis;

Supplementary Table S1 available on Dryad at
https://dx.doi.org/10.5061/dryad.gqnk98skg). Liver
tissue was obtained from euthanized lizards and
either stored in RNALater, 95% ethanol, or flash
frozen in liquid nitrogen. Tissues and specimens were
deposited in the Museum of Vertebrate Zoology at
the University of California, Berkeley, the Museum
Zoologicum Bogoriense in Cibinong, Indonesia, and in
the United States National Museum of Natural History
(Timor-Leste material).

DNA was extracted using standard salt extraction
techniques or using the DNeasy Blood and Tissue
kit (Qiagen). The ND2 gene was PCR-amplified and
sequenced for 362 Draco samples (GenBank numbers
MT134466–134827) using standard conditions with
the primers METf.1 and ALAr.2m (Macey et al.
1997). Raw sequence reads along with ten sequences
previously deposited in GenBank (Supplementary
Table S1 available on Dryad) were combined in GENEIOUS
PRIME v2019.2 (www.geneious.com) and aligned with
MUSCLE (Edgar 2004). The sequence alignment of 1092 bp
was imported into JMODELTEST v2.1.4 (Darriba et al. 2012)
to determine the best-fit model of sequence evolution
(HKY + I + G). A maximum likelihood (ML) analysis
was performed using RAXML (Stamatakis 2014) with
1000 bootstrap replicates and rooted using Draco beccarii
(LSUMZ 81223) as the outgroup. Candidate species
discovery was performed using the sequence-based
program ABGD (Puillandre et al. 2012) and the phylogeny-
based program MPTP (Zhang et al. 2013). Details on the
settings and rationale for these analyses are found in
the Supplementary methods available on Dryad. These
candidate species were then validated using multilocus
species delimitation and gene flow analyses in the
“Population Structure and Species Delimitation” and
“Inter-Island Demographics” sections below (see Hillis
2019; Chan et al. 2020).

Development of Exon-Capture Experiment
Genomic sequence data were obtained using

transcriptome-based exon-capture methods (Bi et al.
2012, 2013). Orthologous exonic targets were derived
from four Draco transcriptomes (Supplementary
Table S2 available on Dryad), two of which were
used to design 120-bp, 3X-tiled probes (44,964 unique
probes) for an in-solution targeted capture experiment
(MYbaits) targeting ∼1 Mb of sequence data from 1634
exons representing 709 independent genes (sequence
loci). The selection of 100 samples for genomic library
preparation was guided by the ND2 phylogeny with
the goal of maximizing genetic diversity and unique
localities (Supplementary Table S1 available on Dryad;
Supplementary Fig. S1 available on Dryad). Sampling
includes 90 Lesser Sunda samples, six D. volans
samples, and four outgroup samples for rooting
phylogenetic trees (D. becarii, D. walkeri, D. sumatranus,
and D. modiglianii). Detailed methods describing the
development of loci, sample library preparation, an

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/71/1/221/6297230 by TC

S_M
em

ber_Access user on 19 D
ecem

ber 2021

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://dx.doi.org/10.5061/dryad.gqnk98skg
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data


Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[13:40 1/12/2021 Sysbio-OP-SYSB210043.tex] Page: 224 221–241

224 SYSTEMATIC BIOLOGY VOL. 71

initial array-chip experiment, a follow-up targeted
exon-capture experiment, and bioinformatics pipelines
are available in Supplementary methods available on
Dryad. Sequence reads are deposited in the NCBI
sequence read archive (SRA) under BioProject accession
PRJNA612457.

Mitogenomics
Mitochondrial genomes were assembled by mapping

cleaned Illumina sequencing reads to the mitochondrial
genome of Draco maculatus (GenBank number KY073263)
and aligning individual assemblies in GENEIOUS PRIME
v2019.2. Most reads were derived from the initial array-
chip experiment, and thus this data set is missing 5/6
Timor-Leste samples that were only sequenced with
the follow-up target capture experiment. Enough low
coverage reads were recovered and supplemented with
Sanger sequenced ND2 data to include one Timor-Leste
sample (USNM 579490). The control region was removed
due to poor coverage and alignment gaps resulting
in a 15,767 base pair alignment that was analyzed
with 1) ML estimation using RAXML (Stamatakis 2014)
under the GTRCAT model of sequence evolution with
node support assessed by 1000 nonparametric bootstrap
replicates, 2) Bayesian estimation using MRBAYES v3.2
(Ronquist et al. 2012) run for 20 million generations,
sampled every 2000 generations, with convergence
assessed (ESS > 1000) using TRACER v1.7 (Rambaut
et al. 2018), and 3) a reduced sampling version of the
alignment containing 17 samples (see Supplementary
methods available on Dryad) chosen to date key
nodes was analyzed with BEAST v2.4.8 (Bouckaert
et al. 2014). Runs were set up under a Yule birth
rate prior, the HKY mutation model, and a relaxed
clock log-normal distribution with a clock rate of 0.02
substitutions/site/MY which is estimated as the mean
mitochondrial mutation rate across vertebrates (Allio
et al. 2017). After convergence was assessed (ESS > 200)
using TRACER v1.7, a 25% burn-in was removed from
each of two 100 million generation runs sampled every
10,000 generations and the remaining 15,000 trees were
combined to create a 50% majority rule consensus tree.
Candidate species were inferred using ABGD (Puillandre
et al. 2012) and MPTP (Zhang et al. 2013), and levels of
sequence divergence between lineages were estimated
using DIVEIN (Deng et al. 2010).

Phylogenomics
The concatenated alignment consisting of both target

and flanking regions was analyzed under ML estimation
with RAXML (Stamatakis 2014) under the GTRCAT
model of sequence evolution with 1000 bootstrap
replicates. A summary multispecies coalescent analysis
was undertaken using ASTRAL-III v5.7.5 (Zhang et al.
2018) where individual gene trees estimated for each
locus served as input files. This analysis was run with
1) each individual treated as a “species” to allow a direct

comparison with the topology of the mitogenomic and
phylogenomic tree topologies and 2) a species tree with
individual species designations for biogeographically
relevant clades identified in the ML analysis. We
estimated maximum likelihood gene trees for each locus
(690 after filtering) using IQTREE v2.1.1 (Minh et al. 2020)
with automatic model selection (Kalyaanamoorthy et al.
2017) and 1000 ultrafast bootstrap replicates (Hoang et al.
2018). Nodes with less than 10% bootstrap support were
collapsed using NEWICK UTILITIES (Junier and Zdobnov
2010), as this has been shown to improve species tree
inference (Zhang et al. 2018). Branch lengths and local
posterior probabilities of nodes were computed on
the resulting species tree (Sayyari and Mirarab 2016).
Individual gene trees also served as the input for an
alternative species tree method MP-EST v2.0 (Liu et al.
2010), which uses a pseudo-likelihood function to search
for the maximum likelihood tree.

The concatenated alignment was analyzed using BEAST
v2.4.8 (Bouckaert et al. 2014) to produce a time-calibrated
tree for subsequent use in biogeographical model testing
analyses. This analysis utilized the same 17 samples as
the mitogenomic BEAST analysis and was run using the
Yule birth rate prior, the JC69 mutation model, and a
relaxed clock log-normal distribution with a clock rate
of 0.001 substitutions/site/MY (Brandley et al. 2011;
Blom et al. 2016; Allio et al. 2017). After confirmation
of convergence (ESS > 200) using TRACER v1.7 a 10%
burn-in was removed from each of two 100 million
generation runs sampled every 10,000 generations, and
the remaining 18,000 trees were combined to create a
50% majority rule consensus tree which also serves as
the guide tree for all BIOGEOBEARS analyses (see below).

Population Structure and Species Delimitation
All SNPs from the targeted-capture data set (107,689

SNPs) served as the input for a principal component
analysis (PCA) of genetic covariance using the ADEGENET
package for R (Jombart 2008). The results of the top
two components were plotted against one another to
visualize spatial clustering of individual samples. A
further PCA was conducted on the 34 D. timoriensis
samples that clustered together in the initial PCA, as well
as the Flores + Lembata group. A Mantel test was run
on matrices of Edwards’ genetic distances and Euclidean
geographic distances to test for signatures of isolation-
by-distance (IBD) using the mantel.randtest function
in ADEGENET with significance assessed using 100,000
permutations. Geographic distance was plotted against
genetic distance to visualize if IBD occurs as a continuous
cline or as patches of geographically distant, divergent
populations. Local point density was measured by 2D
kernel density estimation with the kde2d function in the
R package “MASS” (Ripley and Venables 2002) to overlay
a colored cloud over the points. This IBD approach was
applied to the following subsets of samples: 1) all Lesser
Sundas, 2) Sunda Arc islands (Lombok, Sumbawa,
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Flores, Lembata), 3) Flores + Lembata, 4) Timor + Rote,
and 5) Timor.

Genetic structure was analyzed with STRUCTURE v2.3.2
(Pritchard et al. 2000), which uses a Bayesian algorithm
to assign individuals to genetic clusters. The program
was initially run on the two major groups identified
from the PCA: 1) Sunda Arc populations and 2) Sumba
+ D. timoriensis. The program was also run on groups
where admixed individuals were detected: 1) Sumbawa,
2) Flores + Lembata, 3) Timor + Rote, and 4) Pantar
+ Alor. One informative SNP per locus (excluding
singleton SNPs) from within each group of interest was
utilized and three alternative SNP sets were analyzed for
each group to ensure that SNP selection did not overly
influence the results (Supplementary Table S4 available
on Dryad). All analyses were run without specifying
prior location information under the admixture model
with correlated allele frequencies. Ten replicates per
K were performed with 200,000 burn-in and 200,000
retained generations over a range of K based on group
size and previous hypotheses of population structure
(Sunda Arc K =1–10; Sumba + D. timoriensis K =1–10;
Sumbawa K =1–5; Flores + Lembata K =1–6; Timor +
Rote K =1–6; Pantar + Alor K =1–5). The optimal K was
determined by the delta-K analysis (Evanno et al. 2005) in
STRUCTURE HARVESTER (Earl and vonHoldt 2012). Ancestry
bar plots for the optimal K and any other supported
values of K within each group were generated from
subsequent runs on all three alternative SNP data sets
with 500,000 burn-in and 1,000,000 retained generations.

The software BPP v4.3.8 was used to test species
boundaries on a fixed guide tree using model A10
(Yang and Rannala 2010; Flouri et al. 2018). Individual
sequence alignments for all loci served as the input.
The analysis was run separately for D. boschmai and
D. timoriensis with tree topologies inferred from the
RAXML and ASTRAL analyses of the exon data set. The
lineages tested within D. boschmai include Lombok, West
Sumbawa, East Sumbawa, Flores, Lembata, and Sumba,
and the lineages tested within D. timoriensis include
Timor, Rote, Wetar, Alor, and Pantar. Strict phylogenomic
lineages within the Flores + Lembata clade were tested
as a way to assess the prevalence of over splitting. The
program was run with a 50,000 generation burn-in and
a 500,000-generation run with inverse-gamma priors
of theta ∼ (2, 0.001) and tau ∼ (2, 0.001) ensuring an
acceptance rate between 20 and 80%. The program was
also run with alternate priors (2, 2000; 1, 10).

Lineage status was further assessed by calculating
gdi (genealogical divergence index) scores from the
multispecies coalescent model (MSC) output in BPP
following the recommendations of Jackson et al. (2017)
and Leaché et al. (2019). Jackson et al. (2017) suggested
that the gdi provides a more conservative (and thus
putatively more reliable) assessment of species status
than does the A10 model implemented in BPP. The
index is based on the relationship between the effective
population size (�) and time since divergence (�), with
gdi=1–e−2�/�A. The gdi score indicates the probability
that two sequences from population A will coalesce

before species divergence (�) when the genealogy
is traced backward in time (Leaché et al. 2019).
The gdi score thus approaches 1 when a candidate
species is characterized by a longer branch length
relative to its effective population size, with gdi>
0.7 suggested to indicate discrete species, gdi<0.2
indicating conspecific status, and intermediate values
representing an ambiguous zone. The gdi posterior
distribution can be similarly obtained by summarizing
the gdi across the posterior distributions obtained for
these parameters.

The multispecies coalescent model with introgression
in BPP 4.3.8 (MSci; Jiao and Yang 2021) provides
a full likelihood implementation to estimate �, �,
and migration while also accommodating gene flow.
Obtaining gdi under the MSci model requires a
simulation approach using the extended Newick tree
format to reflect both a fixed tree topology and one
unidirectional or bidirectional migration band. The
output from the analysis is then used to parameterize a
simulation using BPP’s MCcoal functionality to generate
three sequences representing two lineages, a and b (if
the candidate species is lineage a, two sequences (a1
and a2) are generated for that putative lineage and
one sequence (b) is generated for the putative sister
lineage). The frequency that the two candidate species
samples (a1 and a2) are returned as monophyletic
represents P1 in the equation gdi= (3×P1−1)/2. For
our analyses we simulated 1 million trees for each
comparison, which allowed for the calculation of a gdi
point estimate under the MSci. We did not attempt
to generate posterior distributions of gdi under the
MSci given the computational burden. For all of these
analyses, the program was run with a 16,000 generation
burn-in and a 500,000-generation run with inverse-
gamma priors of theta ∼ (3, 0.004), tau ∼ (3, 0.002), and
phi ∼ (1,1).

Interisland Demographics
We performed demographic analyses using G-PHOCS

(Gronau et al. 2011) to estimate effective population
sizes (�) of the extant and ancestral populations,
population divergence times (�), and bidirectional
migration rates (m) between extant populations.
Flanking and intronic sequences from 690 of the
709 loci were retained for analysis after filtering for
missing data. We limited these analyses to flanking
and intronic sequences because these regions are less
likely to be under selection. Because of computational
and software limitations, analyses were set up as
pairwise comparisons for adjacently distributed lineages
identified by the phylogenomic analysis with gene flow
allowed in both directions. This simplified approach
was also justified because demographic models with
large numbers of migration bands can result in spurious
inference of migration estimates (Freedman et al. 2014).

An initial run of 200,000 generations was used to
assess convergence of the parameters, followed by one or
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more runs of 500,000–1,000,000 generations depending
on when ESS values reached 200 or greater. After
removing 50,000–150,000 generations as burn-in based
on parameter ESS values as well as visual confirmation
of convergence by trace plots in TRACER, the remaining
generations were summarized to assess the posterior
distribution of the demographic parameters. A mutation
rate (�) of 1×10−9 mutations/site/year was used to
convert unscaled parameter estimates into real world
values (Brandley et al. 2011; Blom et al. 2019). We fixed
�=1 and �=10,000 for the gamma distribution set for
priors on the � and � parameters, and �=0.002 and �=
0.00001 for the gamma distribution set for priors on the
migration rate (m) parameters. Parameter estimates were
converted to estimates of absolute effective population
sizes (Ne), population divergence time in years (T), and
migrants per generation from the source to target (Mst)
(see supplementary materials in Gronau et al. 2011).
These migration rate estimates are independent of our
mutation rate assumption but do rely on an estimate
of generation time (Gronau et al. 2011). Based on life
history data from the closely related Draco spilopterus a
generation time of 1 year was used to convert migration
rates (Alcala 1967).

Cases where the 95% highest posterior density (HPD)
of the total migration rate includes zero and the 95%
HPD high estimate is less than 0.05 are considered to
have experienced effectively no gene flow (see Freedman
et al. 2014). Cases where M<0.1 in either direction but
do not meet the requirements for no gene flow will
constitute “negligible” gene flow. When 0.1≤M<0.5
in either direction it will be considered “moderate”
gene flow, and M≥0.5 in either direction represents
“substantial” gene flow such that those lineages are
expected to eventually merge (Shaffer and Thompson
2007). Cases where M is effectively zero or negligible
in one direction and moderate to substantial in the
other direction will be considered “unidirectional gene
flow.” While asymmetric migration has been used to
describe opposing migration ratios around 1:1.5 (Wares
et al. 2001), we take a more conservative approach
and consider “bidirectional asymmetric gene flow” to
constitute cases where the migration ratio is 1:5 or greater
with no overlap in 95% HPDs.

Introgression Tests
We used the “ABBA-BABA” (Green et al. 2010; Durand

et al. 2011) and DFOIL tests (Pease and Hahn 2015)
implemented in COMPD (Mussmann et al. 2020) to
detect statistically significant imbalances of discordant
biallelic site patterns across asymmetric four-taxon
and symmetric five-taxon species tree hypotheses,
respectively (Eaton and Ree 2013; Martin et al. 2013).
These methods are effective at detecting introgression
in targeted-sequence type data sets that summarize
the genomic landscape (Pease and Hahn 2015; Lambert
et al. 2019; Mussmann et al. 2020), though neither test

can detect introgression between sister taxa. The four-
taxon method assumes three ingroup taxa (P) and one
outgroup taxon (O) with the topology (((P1,P2),P3),O)
where introgression can be inferred between P3 and
either P1 or P2, though directionality is not given.
The five-taxon DFOIL method assumes four ingroup
taxa with the topology (((P1,P2),(P3,P4)),O) where
introgression and its directionality can be detected both
between groups (P1+P2, P3+P4) and their ancestors
(P12, P34). Pruned tree hypotheses used in the four-
and five-taxon tests can be found in Supplementary
Figures S16 and S17 available on Dryad, respectively.
An alignment of the exon-capture data set (967,361
bp) was converted to biallelic site data and run as
SNP frequencies where heterozygous sites are included
(Eaton et al. 2015). Tests are performed on one individual
per taxon and all possible combinations of individuals
from each taxon were tested with 1000 bootstrap
replicates per test used to estimate a population-wide
Z-score and P-value. A Z-score above 3 or below -3
along with a P-value <0.001 indicates that significant
introgression has occurred (Durand et al. 2011; Pease and
Hahn 2015; Mussmann et al. 2020). For the purposes of
this study 1.5< Z <3 or −3< Z <−1.5 are considered
nonsignificant signals of introgression and −1.5< Z
<1.5 is considered a signal of no introgression.

Biogeographical Model Comparison
Dispersal models were compared using the software

BIOGEOBEARS to estimate ancestral ranges (Matzke
2013, 2014). If a population was monophyletic in
the phylogenomic analyses it was represented by
a single sample (e.g., Lombok), while paraphyletic
regions were represented as multiple samples (e.g.,
Alor). We designated 12 regions (the maximum
number allowed by the software) to which samples
were assigned corresponding to the following regions:
Sunda Shelf, Lombok, West Sumbawa, East Sumbawa,
Flores, Lembata, Sumba, Rote, Timor, Wetar, Alor, and
Pantar. The program was initially run with an equal
dispersal probability between all regions. Then we ran a
“Distance” model (+X) where the minimum distances
(in km) between regions is used to scale dispersal
probability (Van Dam and Matzke 2016). We then tested
four manual dispersal multipliers (see Supplementary
Methods available on Dryad) to explore factors that
may help explain the current biogeographical patterns:
1) a “Stepping-Stone” model where dispersal is
highly favored between adjacent islands/regions, 2) a
“Stepping-Stone +1 Leap” model where dispersals are
also favored between two regions that are separated
by one region, (3) an “Ocean Current” model where
dispersal is favored between both adjacent regions as
well as unidirectional dispersals following prevalent
oceanic currents (Godfrey 1996; Gordon and Fine 1996;
Kuhnt et al. 2004), and (4) a “Land-Bridge” model that
gives the highest dispersal likelihood between connected
regions (e.g., West and East Sumbawa) and regions that
become periodically connected during glacial maxima
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(e.g., Lombok + Sumbawa), an intermediate likelihood
for adjacent regions that do not become connected, and
the lowest likelihood between all other regions. These six
analyses were run under the DEC, DEC + J, DIVALIKE,
DIVALIKE + J, BAYAREALIKE, and BAYAREALIKE + J
biogeographic models implemented in BIOGEOBEARS and
the log likelihoods (LnL), Akaike information criterion
(AIC), and corrected AIC (AICc) scores were compared
to identify the most probable models.

RESULTS

Mitochondrial Screening
ML analysis of the ND2 gene recovered multiple

well-supported lineages that are either allopatric or
parapatric (Supplementary Fig. S2 available on Dryad).
Many relationships between major lineages are not well
supported. The larger islands of Sumbawa, Flores, and
Timor contain two or more parapatric nonsister lineages.
Individual sample relationships and localities can be
viewed in the supplementary materials (Supplementary
Figs. S3–S6 available on Dryad). Preliminary ND2
species delimitation analyses suggest as many as
19 species using the sequence-based program ABGD
(Supplementary Fig. S7a–c available on Dryad) or
23 species with the phylogeny-based program MPTP
(Supplementary Figs. S3–S6 available on Dryad).

Exon-Capture Data Characteristics
The concatenated alignment of both the targeted

and flanking regions from all 709 loci is 967,361 bp,
for an average locus length of 1364 bp. One library
failed to sequence, resulting in ten outgroup and 89
ingroup samples composed of 34 D. timoriensis from
five islands, and 55 D. boschmai from five islands. The
average coverage for the targeted regions was >150×,
while the flanking regions had approximately 100×
coverage (Supplementary Fig. S8 available on Dryad).
The average coverage for each individual library was
variable (Supplementary Figs. S9 and S10 available on
Dryad). The average number of samples per alignment
was 98/99 (Supplementary Figs. S11a and S12a available
on Dryad). Individual locus length varied from 60–5335
bp (F Supplementary Fig. S12b available on Dryad).
The number of informative sites has a relatively linear
relationship with the length of the loci, with very
few outlier loci (Supplementary Fig. S11b available on
Dryad), and on average the level of informative sites per
alignment is ∼5% (Supplementary Fig. S12c available
on Dryad). There is no clear relationship between the
alignment length and the percentage of gaps in each
alignment (Supplementary Fig. S11c available on Dryad),
and the percentage of missing data for any one locus was
never higher than 25% after filtering (Supplementary
Fig. S12d available on Dryad).

Mitogenomics
ML estimation of the mitogenomic alignment

produced a better-resolved phylogeny than the ND2
gene alone (Fig. 2b). Preliminary species delimitation
analyses suggest as many as 16 (ABGD) or 19 species
(MPTP) in the Lesser Sundas (Fig. 2b, Supplementary
Figs. S7d–f and S13 available on Dryad). The initial split
within the Lesser Sundas is between a Lombok + West
Sumbawa lineage, which are sister to each other, and
all other populations. Within the remaining D. boschmai
populations there are four major lineages: 1) central
Flores + East Flores + Lembata, 2) East Sumbawa, 3)
West Flores, and 4) Sumba. All major nodes at the base
of D. boschmai lineages have bootstrap support of 100.
Draco timoriensis is recovered as monophyletic and sister
to the Sumba lineage with notable relationships that
include 1) a Rote lineage nested within West Timor
samples, 2) an Inner Banda Arc lineage sister to Timor-
Leste, and 3) a weakly divergent Pantar lineage nested
within Alor. Levels of divergence between lineages
(Supplementary Table S3 available on Dryad) ranged
from 2.9% (Rote/West Timor) to ∼11% (Flores lineages
vs. Lombok or West Sumbawa). Mitogenomic divergence
estimates (which should be interpreted with caution)
suggest a Pliocene entry into the archipelago from the
Sunda Shelf (∼4.3 Ma), with divergence of D. boschmai
lineages occurring in the mid-Pleistocene to late Pliocene
(∼1.5–3.2 Ma; Fig. 3b). Draco timoriensis is estimated
to have diverged from the Sumba lineage ∼1.3 Ma
with subsequent divergence between timoriensis lineages
occurring ∼0.75–1 Ma.

Phylogenomics
The ML phylogeny of the exon-capture data

set included similar lineages as recovered in the
mitogenomic phylogeny but with important differences
in the deeper relationships between lineages and with
generally higher node support (Fig. 2a). The initial split
is again between a Lombok + West Sumbawa lineage (BP
=100) and all other populations (BP =100). However,
the next major split is between Eastern Sumbawa and
all other populations (BP =100), followed by a split
between a Flores + Lembata lineage and all other
populations (BP =100), in which Lembata is nested
within Flores and most closely related to samples from
adjacent East Flores. The remaining samples include
Sumba as sister to D. timoriensis (BP =100). Within D.
timoriensis, the major split (BP =100) is between an Inner
Banda Arc assemblage (Wetar, Alor, and Pantar) and an
Outer Banda Arc assemblage (Timor and Rote). Pantar
is nested within the Alor samples, and these two island
populations together represent a deeply divergent sister
clade to Wetar. Rote is monophyletic but nested inside
Timor.

The summary coalescent and pseudolikelihood
species tree methods converged on the same topology
as the ML tree with respect to the relationships of
the major lineages (Fig. 2c; Supplementary Fig. S14a
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FIGURE 2. Maximum Likelihood phylogenies of the a) exon-capture data set, b) the mitochondrial genome, and c) summary-coalescent species
tree of the genomic data set. Node circles in (a) correspond to bootstrap proportions of 100. Node numbers in (b) represent bootstrap/Bayesian
posterior probability values with black circles denoting 100/1 node support. Node numbers in (c) represent local posterior probability support.
Solid gray lines connect corresponding clades to highlight topological differences. Scale bars for (a) and (b) are in units of mutations and the
scale bar for (c) represents coalescent units.

and b available on Dryad)). The summary coalescent tree
without species designations includes some topological
differences from the concatenated analysis such as the
placement of Lombok nested within West Sumbawa,
the recovery of Alor and Pantar as sister lineages,

and the recovery of West Flores as monophyletic
(Supplementary Fig. S14a available on Dryad)).

The time-calibrated Bayesian phylogenomic analysis
converged on the same topology as the above methods
and was used as the guide tree for biogeographical
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FIGURE 3. Time calibrated Bayesian phylogenies estimated with the a) exon capture data set and b) mitochondrial genome. Numbers above
nodes represent posterior probability values and numbers below nodes represent node ages with 95% confidence intervals in brackets.

model testing analyses (Fig. 3a). These rough time
estimates should be cautiously interpreted. This analysis
estimated the initial entry into the archipelago around
6.7 Ma (95% CI = 4.3–9.1), with subsequent divergence
between D. boschmai lineages occurring between 2.3
and 2.8 Ma (individual node 95% CIs range between
1.8 and 3.5 Ma). Draco timoriensis is estimated to have
diverged from Sumba 1.5 Ma (95% CI = 1.1–2.0 Ma) with
subsequent intraspecific lineage divergences occurring
between 0.4 and 1.2 Ma (individual node 95% CIs range
between 0.2 and 1.5 Ma).

Population Structure and Species Delimitation
PC1 (21.0% of variance) plotted against PC2 (8.0%

of variance) recovered nine clusters with the Sunda

Arc clusters of D. boschmai arranged along PC2
in the same arrangement as they are physically
positioned longitudinally (Fig. 4a). Further PCA limited
to D. timoriensis (PC1 =22.4% of variance; PC2 =14.1% of
variance) delimits three major clusters corresponding to
Wetar, Alor + Pantar, and Timor + Rote, though there are
nonoverlapping clusters for Alor, Pantar, Timor, and Rote
(Fig. 4b). The PCA focusing on Flores + Lembata (Fig. 4c)
delimited each of the four suspected lineages with one
West Flores sample (MVZ291422) that lies closest to
the central lineage possibly representing a fifth genetic
population.

The Mantel test indicated that significant signatures
of IBD (p<0.001 in all cases) are present in each of the
subsets of samples we tested (Supplementary Fig. S15a–e
available on Dryad)). The plot of geographic versus
genetic distance for all Lesser Sunda samples reveals
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FIGURE 4. Principal component analysis of genetic covariance for the exon data set consisting of 107,689 single nucleotide polymorphisms for
a) all Lesser Sundas Draco, b) within D. timoriensis, and c) within Flores + Lembata. Plots of geographic versus genetic distance for d) all Lesser
Sundas, e) Timor, and f) Flores + Lembata samples. Each point represents a two-sample comparison and colors correspond to point density
estimation with warmer (red) colors indicating higher density. The red lines in panels e and f represent best-fit straight lines (P<0.001 for both).

two distinct swaths of points corresponding to multiple
geographically and genetically differentiated groups of
samples (Fig. 4d). The Sunda Arc (Supplementary
Fig. S15f available on Dryad), Timor + Rote
(Supplementary Fig. S15g available on Dryad),
and Flores + Lembata (Fig. 4f) plots recover point
densities with discontinuities indicating distant and
differentiated populations due to breaks in gene flow
across the range. The Timor plot displays a single
consistent cloud of points indicative of IBD due to range
expansion (Fig. 4e).

The Evanno method results can be found in
Supplementary Table S4 available on Dryad, bar plots for
optimal K and other supported values of K can be viewed
in Figure 5, and results from two alternative SNP sets are
in Supplementary Figure S16 available on Dryad. The
optimal K =2 within the Sunda Arc group corresponds
to 1) Lombok + West Sumbawa and 2) East Sumbawa +
Flores + Lembata, though K =3 and K =5 were also
supported. Within Sumba + D. timoriensis the optimal K
=5 corresponds to 1) Sumba, 2) Rote, 3) Timor, 4) Wetar,
and 5) Alor + Pantar. Closer inspection of various groups
recovered optimal K =2 for Sumbawa, K =2 for Flores
+ Lembata, K =2 for Timor + Rote, and K =2 for Pantar
+ Alor. Admixed individuals occur at contact zones
within each of the larger islands of Sumbawa, Flores,
and Timor (Fig. 5c-e) while Pantar and Alor lack admixed

individuals (Fig. 5f). Setting K =3 or 4 within Flores +
Lembata revealed further structure corresponding to the
previously described groups of West, Central, and East
Flores, and Lembata. Setting K =3 within Rote + Timor
defines the West and East Timor groups.

Species delimitation analyses using BPP software and
the A10 model for both the Draco boschmai and D.
timoriensis populations recovered each included lineage
as a distinct species with posterior probability values
of 1.0 for each node in the guide trees (Supplementary
Fig. S17a and b available on Dryad). These species
designations within D. boschmai delimit samples from
Lombok, West Sumbawa, East Sumbawa, Flores (where
West, Central, and East populations are all considered
one candidate species), Lembata, and Sumba, and within
D. timoriensis delimit samples from Timor, Rote, Wetar,
Alor, and Pantar each as distinct species. The analysis
focused on D. boschmai populations on Flores and
Lembata, which was somewhat of a test of BPP for
over splitting, recovered five species only lumping East
Flores samples with Lembata (Supplementary Fig. S17c
available on Dryad). We calculated gdi scores for 18
hypothetical species comparisons using output obtained
from BPP 4.3.8 under both the MSC and MSci models.
Jackson et al. (2017) proposed thresholds of 0.2 and 0.7,
wherein a gdi score below 0.2 indicates a firm lack of
species status, a score above 0.7 indicates solid species

D
ow

nloaded from
 https://academ

ic.oup.com
/sysbio/article/71/1/221/6297230 by TC

S_M
em

ber_Access user on 19 D
ecem

ber 2021

https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syab043#supplementary-data


Copyedited by: YS MANUSCRIPT CATEGORY: Systematic Biology

[13:40 1/12/2021 Sysbio-OP-SYSB210043.tex] Page: 231 221–241

2022 REILLY ET AL.—BIOGEOGRAPHY OF LESSER SUNDA FLYING LIZARDS 231

a) b)

c) d) e)

f)

FIGURE 5. Population structure bar plots of shared ancestry with the optimal K shown in bold for a) K =2, 3, and 5 for the Sunda Arc
populations, b) K =5 for Sumba + D. timoriensis, c) K =2 for Sumbawa, d) K =2-4 for Flores + Lembata, e) K =2-3 for Rote + Timor, and f) K
=2 for Pantar + Alor. Values on the y-axis of bar plots represent the proportion of ancestry from each population. Colored boxes above each bar
plot in panels c-e indicate the mitochondrial lineage that sample belongs to, with Central Flores subclade numbers corresponding to Figure 2b.

status, and scores between 0.2 and 0.7 represent an
ambiguous “gray zone.” Many of our comparisons fell
into this gray zone with at least one of the bidirectional
comparisons (Fig. 6). The only comparisons that scored
gdi values >0.7 under both the MSC and MSci were Bali–
Lombok (D. volans–D. boschmai) and Lembata–Pantar (D.
boschmai–D. timoriensis). The only comparison to score
gdi values <0.2 under both the MSC and MSci was West
Flores–Central Flores.

Demographic Analyses
The colonization of the Lesser Sundas from the Sunda

Shelf is estimated to have occurred ∼5.4 Ma, and a most
recent common ancestor of all extant Lesser Sundas
Draco is predicted to have existed 2.6–2.8 Ma (Fig. 7a).
Population divergence times between lineages within
D. boschmai range from 2.2 to 2.8 Ma, and between
D. timoriensis lineages from 0.5 to 1.0 Ma. Effective
population sizes are not discussed here but can be
found in Supplementary Table S5 available on Dryad.
Estimates of migrants per generation range from 0 to
2 (Fig. 7b). When considering mean migration rate
estimates the adjacent regions that appear to have
experienced moderate gene flow (0.1<M<0.5 in either
direction) since divergence include West Sumbawa/East
Sumbawa, East Sumbawa/Flores, Pantar/Alor, and,

to a much lesser extent, Timor/Rote. Adjacent regions
with substantial gene flow (M>0.5 in either direction)
include West Flores/Central Flores, Central Flores/East
Flores, East Flores/Lembata, and West Timor/East
Timor. If the 95% HPD low migration estimates are
used the Timor/Rote populations would be considered
to have effectively no migration (M<0.1), and if the
95% HPD high migration estimates are used the
Pantar/Alor populations would be considered to
have substantial gene flow (M>0.5) (Supplementary
Table S5 available on Dryad). Westward-dominant
asymmetric gene flow is detected in the Flores and
Lembata assemblage with unidirectional gene flow
from Central to Western Flores and bidirectional
asymmetric gene flow between East/Central Flores
and Lembata/East Flores. Bidirectional asymmetric
migration is detected between Pantar/Alor and
Timor/Rote and unidirectional gene flow is detected
from West to East Timor.

Introgression Tests
We detected significant signals of introgression with

Z < −3 in tests that excluded the two contact
zone individuals and only considered “pure” West
and East Sumbawa lineages (Table 1; Supplementary
Fig. S18 available on Dryad). Introgression was
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FIGURE 6. Genealogical divergence index (gdi) estimates derived from the multispecies coalescent analyses without introgression (MSC)
shown as box and whisker plots, and the multispecies coalescent analyses with introgression (MSci) shown as blue stars (point estimates). Values
below 0.2 may indicate that the two groups are conspecific, values above 0.7 may indicate that they are distinct, and intermediate values are
considered an ambiguous zone.

detected between East Sumbawa and the West
Sumbawa contact zone (Z =4.53) when treating each
contact zone individual as a population. Tests for
introgression within the Flores and Lembata lineages
were nonsignificant but suggest possible low-levels of
introgression between West and Central Flores (−3<
Z <−1.5). The five-taxon tests indicated nonsignificant
levels of introgression between the East Sumbawa
ancestor and West Sumbawa, and between the East
Sumbawa/West Flores ancestor and West Sumbawa
(Table 2; Supplementary Fig. S19 available on Dryad).
Directionality of ancestral introgression cannot be
inferred with the DFOIL analysis.

Biogeographical Model Comparison
Models including the Jump parameter (J) were

significantly preferred over models without it, with
DIVALIKE + J as the top supported biogeographic

model within each of the six dispersal modifier scenarios
(Supplementary Table S6 available on Dryad). The
top three models according to the AIC scores are
1) DIVALIKE + J under “Stepping-Stone + 1 Leap”
(LnL =−26.74; AIC =59.48; AICc =61.48), 2) DIVALIKE
+ J under “Land-Bridge”’ (LnL =−27.13; AIC =
60.26; AICc =62.26), and 3) DIVALIKE + J under
‘Distance’ (LnL =−26.18; AIC =60.35; AICc =63.99).
The DIVALIKE + J “Stepping-Stone +1 Leap” model
infers a best joint history whereby Lombok was first
colonized from the Sunda Shelf, followed by colonization
of East Sumbawa from Lombok and Flores from East
Sumbawa, followed by southward dispersal from Flores
to Sumba and eastward range expansion across Flores
to Lembata (Fig. 8a). Sequentially, the next set of
colonization events include Lombok to West Sumbawa,
and Sumba to Timor. Both Rote and Wetar would
have been colonized by the Timor population, with
subsequent westward dispersal from Wetar to Alor and
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then from Alor to Pantar. The DIVALIKE + J ‘Land-
Bridge’ model infers that the initial region colonized
from the Sunda Shelf is East Sumbawa, followed by
westward range expansion into West Sumbawa, and
dispersal from East Sumbawa to Sumba (Fig. 8b). The
next set of movements include dispersal from Sumba
north to Flores with eastward range expansion across
Flores to Lembata, and a westward dispersal from West
Sumbawa to Lombok. All colonization events of the
Banda Arc islands are the same as for the top supported
model. The DIVALIKE + J “Distance” model is nearly
identical to DIVALIKE + J “Stepping-Stone +1 Leap”
except that Sumba is colonized from East Sumbawa
followed by dispersal from Sumba to Flores (Fig. 8c).
While AICc scores place the DEC + J “Stepping-Stone
+1 Leap,” DEC + J “Land-Bridge,” and BAYAREALIKE
+ J “Stepping-Stone +1 Leap” as the third, fourth, and
fifth best supported models, respectively, the best joint
histories of these are the same as the DIVALIKE + J
scenarios for those same dispersal modifiers.

DISCUSSION

Establishing a proper accounting of regional species
diversity is a scale-dependent problem, with more
geologically, topographically, and climatologically
complex focal regions presenting ever increasing
challenges for biodiversity researchers and conservation
efforts. For this reason, relatively “simple” insular
systems have played a particularly prominent role
in establishing our understanding of speciation
mechanisms (Grant and Grant 2008; Shaw and Gillespie
2016). The Lesser Sunda Archipelago is an example of an
insular system that prior biogeographers have typically
treated as a straightforward set of stepping-stone
islands (Darlington 1957; How and Kitchener 1997;
Hisheh et al. 1998). However, closer inspection reveals
that this tropical archipelago is rich in the complexity
that makes biodiversity accounting—and thus the
downstream diversification studies dependent on that
accounting—difficult.

Because the Lesser Sundas are a large archipelago
composed of more than 500 oceanic islands, divergence
in allopatry is presumed to have been rampant.
Identifying species amongst allopatric lineages often
inspires disagreement among taxonomists because,
depending on one’s species concept, they require
subjective decisions regarding whether observed
morphological divergences are sufficient to predict
reproductive isolation (Coyne and Orr 2004). The
Lesser Sundas present an additional layer of complexity
because of the exceptionally dynamic tectonic history
of the archipelago, resulting in islands that appeared
at different times and through distinct geological
processes over the last ∼11 Myr (Hall 2009, 2011;
Spakman and Hall 2010; Rigg and Hall 2011; Audley-
Charles 2011), with some of the larger islands having
likely first existed as archipelagos of smaller islands that
later merged (Muraoka et al. 2002, 2005; Purwandono
et al. 2019). Furthermore, much of the tectonic activity

has taken place in the last 2 Myr (Roosmawati and
Harris 2009; Tate et al. 2017), suggesting the possibility
of many young lineages including morphologically
cryptic species, which poses particular challenges
both for phylogenomic inference and for species
delimitation (Shaffer and Thompson 2007; Borregaard
et al. 2017). Thus, an analysis of species diversification
and biogeography in the Lesser Sundas first requires a
fine-scale delimitation of species across a heterogeneous
archipelago wherein some lineages may have been
isolated on islands for millions of years without
experiencing subsequent gene flow, others may have
been isolated on islands but with opportunities for
some amount of migration, and still others co-occur
with other lineages on large islands where gene flow is
possible at points of secondary contact.

Phylogenetic Lineage Identification and Geographic
Structure

We attempted to identify putative Draco species in
the Lesser Sundas using phylogenetic analyses of a
well-sampled mitochondrial ND2 data set, as well as
with mitochondrial genome and exome-capture data
sets. We employed two species delimitation methods
with the ND2 data set, and these approaches inferred
unexpectedly large numbers of Draco species in the
Lesser Sundas, with ABGD and MPTP inferring 19 and 23
species, respectively. Based on phylogenetic analyses of
the complete mitochondrial genome and exome-capture
data sets, we identified a smaller number of well-
supported, deeply divergent clades for consideration
as possible species. There was substantial agreement
between these data sets in terms of putative lineages,
particularly for clades bounded by marine barriers.
Notably, the points of disagreement between the
mitogenomic and exome-capture phylogenetic analyses
regarding putative lineages reflect the interpretation
of structure present within the two largest islands in
the archipelago, Flores (plus its land-bridge neighbor,
Lembata) and Timor (plus its very close neighbor Rote),
which likely result from within-island secondary contact
and subsequent gene flow. Unlike the mitogenomic
analysis, the exome-capture analysis does not support
three discrete clades composed of Flores and Lembata
samples, but rather presents as a west-to-east comb
with as many as seven divergent subclades. A similar
east to west comb is present for Timor as well.
The nuclear phylogenetic estimate indicates a pattern
of range expansion followed by isolation-by-distance
driven divergence with gene flow, that the single locus
mitogenomic data set is ill-suited to address.

Species Delimitation Using Genomic Clustering and
Demographic Analyses

Traditional BPP species delimitation analyses returned
nearly the maximum number of species in the guide
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during glacial maxima.

TABLE 1. Four-taxon tests for introgression with significant results (Z <−3 or Z >3 and P <0.001) in bold

N (((P1, P2), P3), O) ABBA BABA D Z P Implication

1470 (((Lom, WSu), ESu), Bali) 140.1 ± 12.3 64.3 ± 7.1 0.37 ± 0.05 −7.50 <10e−13 P2 <–> P3
1260 (((WFl, ESu), WSu), Bali) 198.8 ± 20.4 92.4 ± 7.9 0.36 ± 0.06 −6.32 <10e−9 P2 <–> P3
210 (((WSu CZ, WSu), ESu), Bali) 108.9 ± 8.9 163.6 ± 11.5 −0.20 ± 0.04 4.53 <10e−5 P1 <–> P3
210 (((ESu CZ, ESu), WSu), Bali) 137.5 ± 13.6 175.1 ± 16.4 −0.12 ± 0.07 1.84 0.066 P1 <–> P3
882 (((EFl, CFl), WFl), ESu) 139.4 ± 22.7 111.4 ± 11.2 0.11 ± 0.05 −2.03 0.042 P2 <–> P3
630 (((Lem, EFl), CFl), WFl) 127.1 ± 19.3 130.8 ± 25.5 −0.01 ± 0.05 0.20 0.839 No Introgression

N = number of unique sample comparisons; ABBA/BABA = the number of allelic configurations and their standard deviation; D = Patterson’s
D-statistic; Z = statistical confidence score derived from the mean and standard deviation of all individual D-statistics; P = P-value; Lom =
Lombok; WSu = West Sumbawa “pure”; WSu CZ = West Sumbawa contact zone; ESu = East Sumbawa “pure”; ESu CZ = East Sumbawa contact
zone; WFl = West Flores; CFl = Central Flores; EFl = East Flores; Lem = Lembata.

TABLE 2. Five-taxon tests for introgression with significant results (Z <−3 or Z >3 and P<0.001) in bold

N (((P1, P2), (P3, P4)), O) Z (DFO) Z (DIL) Z (DFI) Z (DOL) Implication

210 (((ESu, ESu CZ), (WSu CZ, WSu)), Bali) 1.58 1.82 0.64 0.54 P12<–> P4
3125 (((WFl, ESu), (WSu, Lom)), Bali) −2.76 −4.02 1.54 0.77 P12 <–> P3

N = number of unique sample comparisons; Z = statistical confidence score derived from the mean and standard deviation of all individual
D-statistics for the four DFOIL statistics; Lom = Lombok; WSu = West Sumbawa “pure”; WSu CZ = West Sumbawa contact zone; ESu = East
Sumbawa “pure”; ESu CZ = East Sumbawa contact zone; WFl = West Flores; P12 = ancestor of P1 and P2.

tree, a lack of discrimination that has been shown in
a number of other studies (e.g., Jackson et al. 2017;
Leaché et al. 2019). The analyses based on gdi scores
returned a more nuanced assessment of species status
with many populations falling into the gray area between
what might be called definitely indistinct lineages (gdi<
0.2) and definitively distinct species (gdi>0.7). Indeed,
of the 18 pairwise comparisons undertaken, two were
consistent with definitive species status in both of

the bidirectional comparisons (i.e., D. volans from Bali
and D. boschmai from Lombok are distinct). The gdi
scores obtained with and without accounting for gene
flow (MSci vs. MSC, respectively) were often similar,
but sometimes exhibited substantial disagreement (e.g.,
the Sumba versus Flores + Lembata comparison).
Furthermore, our results showcase one of the concerns
noted by Leaché et al. (2019)—the possibility for
awkward scenarios in which species A is distinct at the
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FIGURE 8. Biogeographical model testing results. The phylogenies show the relative probability of each ancestral range as pie charts at nodes
and corners with colors corresponding to each range as colored on the maps. The maps display sequentially numbered dispersal sequences
following the best joint history from the models.
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species level from species B but species B is not distinct
from species A. For example, our MSci analysis of the
Alor and Timor Island populations returns a gdi of 0.72
for Alor versus Timor but 0.06 for Timor versus Alor. In
summary, these analyses—particularly when considered
in the context of our population demographic results—
provide important additional information beyond that
obtained with traditional BPP species delimitation
analyses but still require downstream confirmation with
more direct assessments of gene flow. Similarly, PCA
and STRUCTURE analyses were more congruent with the
mitogenomic and exome-capture phylogenetic analyses
in terms of inferred lineage boundaries, suggesting six-
eight (STRUCTURE) or eight (PCA) variably discrete D.
boschmai clusters and four-five D. timoriensis clusters.
While these 10–13 clusters may in fact represent cryptic
as well as noncryptic species, documentation of genetic
structure alone is insufficient evidence of a cryptic
species boundary in our view, and confirmation requires
obtaining additional evidence of a substantial barrier to
gene flow between such lineages (Shaffer and Thompson
2007; Chan et al. 2020). In this case, the STRUCTURE
analyses exhibited a clear signature of gene flow at each
of the within-island lineage boundaries, though this
appears to be restricted to zones of contact.

Population genetics theory suggests that migration
rates greater than 0.5–1.0 migrants per generation are
expected to result in lineages eventually merging when
divergence is the result of genetic drift (Wright 1931;
Slatkin 1987), and we consider this a useful threshold
for assessing cryptic species boundaries. Here we
apply the threshold of 0.5 migrants per generation
following Shaffer and Thompson (2007), which suggests
that there are ten discrete lineages within the Lesser
Sundas with moderate or effectively no gene flow
between most lineages (Fig. 7b). This threshold may
be suboptimal for lineages that experienced cyclical
bursts of gene flow followed by periods of complete
isolation, in this case driven by fluctuating island
connectivity and proximity due to sea level change
and geological processes. However, use of the 0.5
migrant per generation threshold along with gdi values,
introgression tests, and population clustering analyses
offer the most complete picture of lineage distinctiveness
in complex cases such as these.

The deep structure observed among Flores + Lembata
samples and Timor samples is more nuanced exhibiting
a strong signature of unidirectional and/or bidirectional
asymmetric gene flow between lineages (Fig. 7b).
Interestingly, the direction of migration in these cases
is opposite of the inferred direction of range expansion,
a phenomenon that warrants further explanation.
Introgression tests of the Flores/Lembata lineages,
which could only test for eastward introgression,
were nonsignificant further supporting the migration
estimates of near-zero eastward migration. Application
of the 0.5 migrants per generation criterion results
in Flores + Lembata and West + East Timor being
treated as a single structured species or as incipient

species in the process of merging or likely to merge
following secondary contact (see Garrick et al. 2019).
Given the challenges of accurately estimating rates of
migration, as well as the fact that asymmetric gene flow
between populations with different population sizes
can obscure true species boundaries (Jiao and Yang
2021), we do not consider this inference conclusive. A
fine-scaled assessment of Draco lineage boundaries on
the islands spanning “Greater Flores” (Komodo, Rinca,
Flores, Adonara, Solor, and Lembata) is both warranted
and necessary to fully elucidate species limits in this
sector of the Sunda Arc. Similarly, migration estimates
from Pantar to Alor Islands are slightly below our
threshold value of 0.5 migrants per generation (though
the 95% HPD high value is 0.6), and we tentatively
consider these insular populations to be valid cryptic
species.

Secondary Contact Due to the Merger of Paleoislands
Via Uplift

We initially considered the most surprising finding of
this study to be the discovery of deep genetic boundaries
within individual islands, as prior research on Lesser
Sundas biogeography has focused almost entirely on
marine barriers as drivers of differentiation (but see
Reilly et al. 2019a). However, in retrospect, intra-island
divergences should have been expected, particularly for
the larger islands in the volcanic Sunda Arc that must
have arisen as clusters of independent volcanoes that
only amalgamated into large, elongated but contiguous
islands after millions of years in isolation (Muraoka
et al. 2005). The initial paleo-islands would have been
colonized by overwater dispersal allowing lineages to
diverge in allopatry, with the subsequent merger of
these islands allowing for secondary contact and setting
in motion dynamic interactions between once-isolated
lineages.

The deep divergence between the Draco lineages of
West and East Sumbawa is consistent with a long period
of isolation on separate paleoislands followed by uplift
in the intervening isthmus. Uplift rates are variable
but similar across the Sunda Arc (Pirazzoli et al. 1993;
Merritts et al. 1998; Suminto et al. 2008) and the uplift
of Sumbawa is confirmed by series of coral terraces
along its coastline (Borel-Best et al. 1985). This implies
that the narrow, 60 m elevation isthmus comprising the
Sumbawa Draco contact zone was an oceanic barrier until
relatively recently (e.g., 200,000 years ago given a 0.3
mm/year rate of uplift), and long enough after their
divergence (∼2.5 Ma) to allow for allopatric speciation.
These lineages, which are not sister taxa, now experience
gene flow corresponding to approximately one migrant
every five generations in each direction. While clustering
analyses suggest that this gene flow is limited to the
contact zone, introgression tests suggest that lineage-
wide introgression has also occurred.

The tectonics of the Sunda Arc between Flores and
Lembata are extremely complex, with volcanism and
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uplift being the two dominant factors influencing the
region’s topography (Suminto et al. 2008). A subduction
zone in the west transitions to a collision zone in the east
with a major geological break occurring at the “Bajawa
Volcanic Rift Zone,” where the alignment of volcanoes
changes from a west–east orientation in West Flores to a
series of NE–SW oriented en echelon (parallel structures
formed by shearing/collision) shaped volcanic segments
in the east (Muraoka et al. 2005; Pacey et al. 2013;
Purwandono et al. 2019). Central Flores has uplifted
nearly 800 m over the last 2.5 Myr (∼0.32 mm/year),
and the elevation of a series of paleoshorelines indicates
that a marine barrier existed until recently in this
area (Muraoka et al. 2002, 2005). This happens to
be where the West and Central Flores Draco lineages
meet. Similarly, the break between the Central and East
Flores populations occurs near Maumere, a narrow
region that lies below 300 m in elevation and resides
between two en echelon volcanic segments that also
may have been submerged until recently (Muraoka
et al. 2002, 2005). The Maumere region was also
shown to be a lineage boundary in the fanged frog
Limnonectes kadarsani (Reilly et al. 2019a) and the scincid
lizard Sphenomorphus melanopogon (Reilly 2016). Lembata
represents yet another distinct en echelon volcanic
complex separate from the one in East Flores (Muraoka
et al. 2002, 2005), but here uplift in the region has
not yet created a permanent subaerial connection and
two shallow marine barriers remain when they are not
connected during glacial lowstands (Heaney 1991).

Historical Biogeography and Patterns of Colonization
Perhaps the key finding of our biogeographical

analyses is that several distinct alternative biogeo-
graphical scenarios should be considered similarly
plausible, which illustrates the complexity of biogeo-
graphical inference for this region. Unsurprisingly, the
top models include initial colonization of the archipelago
by way of the westernmost islands in the chain, Lombok
and Sumbawa. However, whereas most prior studies
have assumed a standard stepping-stone model for
the Lesser Sundas, this is the one possibility that
is not supported in our analyses. Rather, we find
support for models that include initial colonization
of Lombok followed by independent colonizations
of West and East Sumbawa from Lombok, or an
initial colonization of East Sumbawa followed first
by colonization of West Sumbawa and then Lombok.
Similarly, there is disagreement among models for the
next step in the colonization sequence, which involves
either colonization of Flores to the east (followed by
a jump from Flores to Sumba) or Sumba to the south
(followed by a jump from Sumba to Flores). All other
well-supported models support a stepping-stone route
from West Flores to Lembata and a circuitous series of
overwater dispersal events from Sumba into the Banda
Arc islands.

One instance where hypothetical island connectivity
does not match our results involves Lombok and West
Sumbawa populations, which, though separated only
by the shallow Alas Strait (depth < 120 m), are among
the most divergent Draco lineages in the Lesser Sundas
and show effectively zero gene flow since divergence,
a pattern also seen in frogs of the genus Limnonectes
(Reilly et al. 2019a). We suspect that the depth of the
Alas Strait was deeper than 120 m until recently when
uplift and/or sediment fill may have reduced its depth
to less than 120 m. Thus, this hypothetical connection
between Lombok and Sumbawa may be somewhat
inconsequential for early arriving species but more
important for the cohesion of recently arrived species
(see Reilly et al. 2019b).

Biogeographical analyses all suggest that Pantar was
colonized from Alor, a scenario supported by the fact that
Pantar is nested within Alor in most of our phylogenetic
estimates. Given the rates of uplift in Alor (∼1 mm/year;
Hantoro et al. 1994) and sea level fluctuations, Alor
and Pantar have either never been connected or may
not have become connected until the late Pleistocene
(∼40,000 years ago) depending on different geological
models (see Fig. 4 in Kealy et al. 2020). One hypothesis
is that our genomic estimate of population divergence
of ∼0.5 Ma ago may represent the initial divergence
resulting from overwater dispersal, while the much
more recent mitochondrial divergence (∼70,000 years
ago) may represent mitochondrial introgression of
the Alor haplotype into Pantar following a second
wave of migration once the channel separating these
islands narrowed or perhaps the islands even became
physically connected.

Insular Species Formation Within the Lesser Sundas
Hypotheses regarding candidate species within what

is now D. boschmai comprise five lineages, including
1) Lombok, 2) West Sumbawa, 3) East Sumbawa, 4)
Sumba, and 5) Flores + Lembata. The divergence times
estimated for these candidate species range between 2.2–
2.8 Myr based on demographic estimates and 1.9–2.8
Myr based on calibrated phylogenetic estimates, which
is similar to divergence times estimated for Limnonectes
kadarsani lineages (1.9–3.4 Myr) on the Sunda Arc islands
(Reilly et al. 2019a). Within D. timoriensis, the data
support five candidate species, corresponding to (1)
Rote, (2) Timor, (3) Wetar, (4) Alor, and (5) Pantar.
Divergence times within this complex are much younger
than within D. boschmai and range from 0.5–1.0 Myr
based on genomic demographic estimates and 0.4–
1.2 Myr based on calibrated phylogenomic estimates.
Taxonomic treatment and morphological divergence of
these Lesser Sunda Draco lineages is in progress and will
be presented elsewhere.

CONCLUSIONS

Analyses of the mitogenomic and exome-capture data
sets show that Lesser Sunda flying lizards are composed
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of multiple, deeply divergent, allopatric or parapatric
lineages. Thus, the current two-species taxonomy
substantially understates the diversity of this Lesser
Sunda endemic clade. Furthermore, our data indicate
that the lineage boundaries do not always correspond
to marine barriers, with some deeply divergent breaks
located within individual islands and likely reflecting
a once more fragmented archipelago. Draco entered the
western Sunda Arc islands during the late Miocene or
early Pliocene and subsequently dispersed east, mostly
according to stepping-stone dispersal with distance
and island connectivity during glacial maxima having
greatly influenced movement through the archipelago.
Surprisingly, rather than making the short jump from
Lembata to Pantar Draco appears to have taken the
long way around by embarking on at least 4–5 over-
water dispersals through Sumba and the Outer Banda
Arc all the way to Wetar before dispersing west again
to Pantar. Species formation in this system is driven
by overwater dispersal and subsequent isolation, and
even within-island divergences may be the consequence
of allopatric divergence followed by secondary contact
due to the coalescence of paleo-islands. Our findings
provide a model for Lesser Sundas biogeography that
can serve as an important comparative framework for
biogeographical analyses of other widespread terrestrial
organisms that have colonized this archipelago.
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