Syst. Biol. XX(XX):XX-XX, 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of the Society of Systematic Biologists.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

https://doi.org/10.1093/sysbio/syad020

Advance Access Publication April 19, 2023

Species Delimitation, Phylogenomics, and Biogeography of Sulawesi Flying
Lizards: A Diversification History Complicated by Ancient Hybridization, Cryptic
Species, and Arrested Speciation

Jimmy A. McGUIRE"> "2, XT1AOTING HUANG?, SEAN B. REILLY#'Y, DjoKO T. ISKANDARS,

CynTHIA Y. WANG-CLAYPOOL?, SARAH WERNING?, REBECCA A. CHONG”'2), SHOBI Z. S. LAWALATA™*8,
ALEXANDER L. STUBBS™?, JEFFREY H. FREDERICK"?, RAFE M. BROWN?, BEN J. EvANS™, UMILAELA ARIFIN'5",
AwaL RivanTo'?, AMIR HAMIDY™?, EvY ARIDA™>, MICHELLE S. KOO?, JATNA SUPRIATNA™,

NoOVIAR ANDAYANT', AND ROBERT HALL"

"Museum of Vertebrate Zoology, University of California, Berkeley, CA 94720, USA,
*Department of Integrative Biology, University of California, Berkeley, CA 94720, USA,
3College of Marine Life Sciences, Ocean University of China, No. 5 Yushan Road, Qindao, Shandong, 266003, PR China,
*Department of Ecology and Evolutionary Biology, University of California, Santa Cruz, CA 95060, USA,
School of Life Sciences and Technology, Institut Teknologi Bandung, Bandung, Indonesia,
*Department of Anatomy, Des Moines University, 3200 Grand Avenue, Des Moines, IA 50312-4198, USA,
"Department of Biology, University of Hawaii at Manoa, Honolulu, HI 96822, USA,
8United in Diversity Foundation, Jalan Hayam Wuruk, Jakarta, Indonesia,
“Biodiversity Institute and Department of Ecology and Evolutionary Biology, 1345 Jayhawk Blvd., University of Kansas, Lawrence, KS 66045,
USA,
1"Biology Department, McMaster University, Hamilton, Ontario, Canada,
HCenter for Taxonony and Morphology, Zoologisches Museun Hamburg, Leibniz Institute for the Analysis of Biodiversity Change, Martin-
Luther-King-Platz 3, R230 20146 Hamburg, Germany,
2Laboratory of Herpetology, Museum Zoologicum Bogoriense, Research Center for Biosystematics and Evolution, National Research and
Innovation Agency of Indonesia (BRIN), Cibinong 16911, Indonesia,
3Research Center for Applied Zoology, National Research and Innovation Agency of Indonesia (BRIN), Cibinong 16911, Indonesia,
"“Department of Biology, Institute for Sustainable Earth and Resources (I-SER), Gedung Laboratorium Multidisiplin, and Research Center
for Climate Change (RCCC-UI), Gedung Laboratorium Multidisiplin, Faculty of Mathematics and Natural Sciences, Universitas Indonesia,
Depok 16424, Indonesia, and
5SE Asia Research Group (SEARG), Department of Earth Sciences, Royal Holloway University of London, Egham, Surrey TW20 0EX, UK
*Correspondence to be sent to: Jimmy A. McGuire, Museum of Vertebrate Zoology and Department of Integrative Biology, University of
California, Berkeley, CA 94720, USA; E-mail: mcguirej@berkeley.edu.

Received 16 July 2022; reviews returned 14 March 2023; accepted 13 April 2023
Associate editor: Michael Landis

Abstract—The biota of Sulawesi is noted for its high degree of endemism and for its substantial levels of in situ biological
diversification. While the island’s long period of isolation and dynamic tectonic history have been implicated as drivers
of the regional diversification, this has rarely been tested in the context of an explicit geological framework. Here, we
provide a tectonically informed biogeographical framework that we use to explore the diversification history of Sulawesi
flying lizards (the Draco lineatus Group), a radiation that is endemic to Sulawesi and its surrounding islands. We employ
a framework for inferring cryptic speciation that involves phylogeographic and genetic clustering analyses as a means
of identifying potential species followed by population demographic assessment of divergence-timing and rates of
bi-directional migration as means of confirming lineage independence (and thus species status). Using this approach,
phylogenetic and population genetic analyses of mitochondrial sequence data obtained for 613 samples, a 50-SNP data set
for 370 samples, and a 1249-locus exon-capture data set for 106 samples indicate that the current taxonomy substantially
understates the true number of Sulawesi Draco species, that both cryptic and arrested speciations have taken place, and
that ancient hybridization confounds phylogenetic analyses that do not explicitly account for reticulation. The Draco
lineatus Group appears to comprise 15 species—9 on Sulawesi proper and 6 on peripheral islands. The common ancestor
of this group colonized Sulawesi ~11 Ma when proto-Sulawesi was likely composed of two ancestral islands, and began
to radiate ~6 Ma as new islands formed and were colonized via overwater dispersal. The enlargement and amalgamation
of many of these proto-islands into modern Sulawesi, especially during the past 3 Ma, set in motion dynamic species
interactions as once-isolated lineages came into secondary contact, some of which resulted in lineage merger, and others
surviving to the present. [Genomics; Indonesia; introgression; mitochondria; phylogenetics; phylogeography; population
genetics; reptiles.]
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Graphical Abstract

We now come to the island of Celebes, in many respects the
most remarkable and interesting in the whole region, or per-
haps on the globe, since no other island seems to present so
many curious problems for solution.

Alfred Russel Wallace (1876) on the biogeography of
Sulawesi.

At the interface between the Asian and Australo-
Papuan realms, the Indonesian island of Sulawesi
has long captivated researchers focused on biological
diversification (Wallace 1860, 1869, 1876, 1880; Mayr
1944; Carlquist 1965; Lohman et al. 2011; Stelbrink et al.
2012). Whereas some islands provide simplified natural

biological laboratories insulated from the evolution-
ary and ecological complexities of mainland systems,
thereby offering opportunities to hone in on processes
driving diversification (see MacArthur and Wilson
1967; Shaw and Gillespie 2016), Sulawesi resides on
the opposite side of the insular complexity spectrum.
In contrast with important model island archipelagos
such as the Hawaiian, Galapagos, and Canary Islands
that originated via the relatively straightforward pro-
cess of hotspot island formation (Huppert et al. 2020),
Sulawesi arose through an exceedingly complex com-
bination of geological processes involving rifting, col-
lision, subduction, and extension at the triple junction
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of the Australian, Sunda, and Philippine Sea plates
(Hamilton 1979). Indeed, the dynamic tectonic pro-
cesses that produced Sulawesi and its surrounding
islands are considered to be among the most complex
on Earth (Hall 1998; Leo et al. 2012). The complexity of
Sulawesi’s tectonic setting suggests the potential for
similarly complex processes underpinning biological
diversification on this island and presents a daunting
challenge to the biogeographer.

With the advent of High-Throughput Sequencing
(HTS) and the collection of genome-scale data sets, it
is now possible to interrogate in detail the processes
underpinning even the complex biological diversifica-
tion scenarios likely to be at play with Sulawesi. Such
data are essential when the evolutionary processes
responsible for the generation and maintenance of con-
temporary species diversity are a poor match to the
simplifying assumptions of phylogenetic and popula-
tion genetic analyses. For example, clades characterized
by large effective population sizes and short internal
branch lengths are notoriously difficult for phylogenetic
inference and are expected to require large multi-locus
data sets and coalescent-based inference methods to
obtain reliable phylogenetic estimates (Edwards et al.
2007; Degnan and Rosenberg 2009; Xu and Yang 2016).
A history involving interspecific hybridization further
complicates matters because, until recently, the primary
methods that have been developed to perform multi-
species coalescent (MSC) phylogenetic analyses (e.g.,
Bouckaert et al. 2014; Mirabab et al. 2014; Yang 2015;
Ogilvie et al. 2017) assumed that gene tree disagree-
ment results strictly from incomplete lineage sorting
and not from reticulation. New methods have appeared
recently that account for both incomplete lineage sort-
ing and gene flow in an MSC framework (e.g., Solis-
Lemus et al. 2017; Wen et al. 2018; Jones 2019; Flouri et
al. 2020), but these exciting approaches remain in their
infancy and are computationally intensive. Cryptic spe-
ciation (Stuart et al. 2006; Bickford et al. 2007; Barley
et al. 2013) and arrested speciation (lineage merger fol-
lowing substantial initial divergence) are additional
complicating factors that may need to be accounted
for in phylogenomic and population genomic analy-
ses. Cryptic speciation is challenging to infer because
there is substantial disagreement among researchers in
terms of what constitutes sufficient evidence that genet-
ically structured yet phenotypically homogeneous pop-
ulations actually represent independent species (e.g.,
Jackson et al. 2017; Sukumaran and Knowles 2017;
Leaché et al. 2019) which, of course, stems from the
substantial disagreement regarding how species should
be defined in the first place (see Coyne and Orr 2004;
de Queiroz 2007 for discussion). Although not often
discussed in the phylogenetics and biogeography liter-
ature, we argue here that arrested speciation events can
also complicate matters, particularly when it comes to
understanding the full complexity of the biogeograph-
ical story for a focal group, as well as for generating an
accounting of the species diversity represented by the
taxon in question.

In the present study, we explore the diversification
history of the Draco lineatus Group of flying lizards of
Sulawesi and adjacent islands in order to assess the
biogeographical history of Sulawesi. A full under-
standing of the evolution of this assemblage required
addressing the challenges outlined above. This study
showcases an integrative multi-scale approach includ-
ing 1) a densely sampled phylogeographic analysis, 2)
multi-locus species delimitation based on exon-capture
data, 3) population genomic analyses to further eval-
uate delimited species, 4) multispecies coalescent phy-
logenomic analyses that account for introgression, and
5) quantitative biogeographical evaluation. These anal-
yses show that species diversity within the D. lineatus
Group is underestimated, that successful and arrested
cryptic speciation has occurred, that past hybridization
confounds standard MSC phylogenetic analysis meth-
ods for this group, and that diversification within this
clade has been driven by the dynamic tectonic history
of Sulawesi.

History of Sulawesi Biogeography

Alfred Russel Wallace (1876, 1880) identified the mas-
sive tropical Southeast Asian island of Sulawesi (the 11th
largest island in the world) as one of the most biogeo-
graphically interesting and perplexing islands on the
planet based on its highly unusual and endemic fauna.
Wallace (1859) recognized that Sulawesi was separated
from Borneo and the contiguous Sunda Shelf by a deep
channel, the Makassar Strait, and that this water barrier
demarcated a major faunal transition that would come
to be known as Wallace’s Line (Huxley 1868). An early
appreciation of Sulawesi biogeography stemming from
Wallace’s seminal work was largely focused on the fauna
1) being highly endemic, and 2) containing elements
of both the Asian and Australo-Papuan biotas despite
its close proximity to the Sunda Shelf island of Borneo
(e.g., Mayr 1944; Darlington 1957). However, Sulawesi
biogeography is more interesting than even Wallace
and other early investigators appreciated, because sub-
stantial regional in situ diversification also character-
izes the Sulawesi biota. Many studies have identified
examples of regional in situ diversification among ter-
restrial taxa including cicadas (Duffels 1990; de Boer
and Duffels 1996), Chitaura grasshoppers (Walton et al.
1997; Butlin et al. 1998; Bridle et al. 2001), cockroaches
(Maekawa et al. 2001), Limnonectes fanged frogs (Evans et
al. 2003a, Setiadi et al. 2011), Celebes toads (Evans et al.
2003c, 2008), Lamprolepis emerald skinks (Linkem et al.
2013), phalangers (Ruedas and Morales 2005), shrews
(Esselstyn et al. 2009, 2021; Eldridge et al. 2018), rodents
(Esselstyn et al. 2012; Achmadi et al. 2013; Rowe et
al. 2016a, 2019; Giarla et al. 2018; Handika et al. 2021;
Rowe et al. 2016b), tarsiers (Merker et al. 2009; Shekelle
et al. 2010; Driller et al. 2015), anoas (Schreiber et al.
1999; Frantz et al. 2018), and forest pigs and babirusas
(Frantz et al. 2018). In addition, there are impressive
examples of in situ diversification in freshwater aquatic
environments (von Rintelen et al. 2012), including in
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streams and the ancient deep-water rift lakes of central
Sulawesi, as revealed by studies of aquatic snails (von
Rintelen and Glaubrecht 2005; von Rintelen et al. 2007a,
b, ¢; Glaubrecht and von Rintelen 2008), crabs (Schubart
and Ng 2008), shrimps (von Rintelen et al. 2007a,
2010b), and fishes (Takehana et al. 2005; Mokodongan
and Yamahira 2015; Mandagi et al. 2021; Utama et al.
2022).

The dominant biogeographical paradigm for in situ
diversification of terrestrial organisms on Sulawesi
involves seven areas of regional endemism (AOEs).
This framework was established primarily via studies
of Sulawesi’s endemic radiation of macaque monkeys,
and on the general congruence of the monkey spe-
cies boundaries with mitochondrial genetic breaks in
the Celebes toad, Ingerophrynus celebensis (see Fooden
1969; Ciani et al. 1989; Evans et al. 1999, 2003a, 2003b;
Evans 2012;). Many subsequent studies have found
varying degrees of agreement with the macaque-based
AOEs, suggesting a common underlying mechanism
for Sulawesi regional diversification. Researchers have
long suspected that the island’s dynamic tectonic his-
tory has likely played a pivotal role in this process, and
recent studies have attempted to test this hypothesis
more directly (e.g., Driller et al. 2015; Giarla et al. 2018;
Frantz et al. 2018). These biogeographical studies have
benefited from the ever more refined tectonic models
describing Sulawesi’s complex paleo-island history,
particularly those that have attempted to illustrate the
presence of land and sea in the region over the past 25
million years (e.g., Hall 2009, 2012, 2013). Although
progress has been made in recent years in generating
and testing biogeographical hypotheses with reference
to Sulawesi’s tectonic history, our goal was to formulate
a more geologically and temporally explicit framework
for Sulawesi biogeography and test it using phyloge-
nomic and population genomic data obtained for the
flying lizards of the Draco lineatus Group.

Geological and Biogeographic Framework

From a biogeographical standpoint, Sulawesi is effec-
tively an isolated oceanic island. Since the Eocene for-
mation of the Makassar Strait, Sulawesi had no land
connections to the Sunda Shelf (Borneo, Java, Sumatra,
and Malay Peninsula), nor to the more distant Sahul
Shelf (New Guinea and Australia). Stelbrink et al.
(2012) largely supported this argument using dated
time trees in a reanalysis of 27 published phylogenetic
data sets. Their analysis strongly rejected the hypothe-
sis that Asian elements of the Sulawesi biota originated
via trans-Makassar Strait vicariance, as the opening of
the strait dates to ~45 Ma and the constituent Sulawesi
fauna was demonstrably much younger in all but one
case (mite harvestmen, Clouse and Giribet [2010]).
Furthermore, despite a strong Asian signature, the com-
position of Sulawesi’s herpetofauna is very much con-
sistent with the Makassar Strait having served as a very
stringent barrier, with at least 98 Bornean amphibian

and reptile genera absent from the Sulawesi fauna
(Supplemental Material Appendix A). Stelbrink et al.
(2012) were less definitive regarding the possibility
that the eastern terranes might have served as vehicles
for “tectonic dispersal” (Michaux 2010) from the Sahul
Shelf. However, tectonic dispersal from the east also
appears unlikely. The composition of the herpetofauna
is nearly entirely Asian in origin, which is unlikely if
the Asian representation arrived strictly via overwater
dispersal while Australo-Papuan elements arrived as
intact faunas on one or more paleo-islands. Thus, there
is strong evidence supporting the view that the entirety
of the native Sulawesi biota arrived via overwater dis-
persal rather than through vicariance.

Sulawesi is an ancient island, with land possibly
present since West Sulawesi rifted from the Sunda Shelf
margin in the Eocene (about 45 Ma) resulting in the
formation of the Makassar Strait (Stelbrink et al. 2012).
Whether the land was continuously present between 45
and 23 Ma is subject to debate (as discussed above), but
the land has certainly been present at least since the col-
lision of the Sula Spur micro-continent (an Australian
continental promontory) with the North Sulawesi vol-
canic arc beginning approximately 23 Ma (Hall 2011;
Nugraha and Hall 2018). The Sula Spur originated far to
the southeast of West Sulawesi near the Bird’s Head of
New Guinea and migrated a substantial distance with
the Australian continent, of which it was part, prior
to collision (Hall 2011). The Sula Spur collision and
later subduction resulted in uplift and exhumation in
Sulawesi’s Central Core, as well as the ultimate emer-
gence of the Eastern and SE Peninsulas. Note that we
use the term “Central Core” here in the biogeographi-
cal sense— as a convenient reference to the large land
area in central Sulawesi from which the four peninsu-
las emanate—and not as an indication of the geological
processes (such as metamorphic core complex forma-
tion) that may have contributed to the origin of that
land area (see Fig. 1).

Several islands were likely present within the cur-
rent footprint of modern Sulawesi by 20 Ma, but some
of these islands may have been submerged by 15 Ma
according to paleo-island reconstructions of Nugraha
and Hall (2018). Their reconstructions suggest the
occurrence of two emergent land areas at 15 Ma, one
in the Central Core and one spanning parts of the cur-
rent Eastern and SE Peninsulas. Beginning at about
this time, the conformation of modern Sulawesi was
determined largely by extensional processes driven
by rollback of the Banda subduction zone (Spakman
and Hall 2010). Extension resulted in mountain build-
ing in emergent land areas of the developing Sulawesi
archipelago, as well as in the formation of extremely
deep inter-arm embayments, particularly during
the relatively recent time interval of the past 1-2 Ma.
From 10-2 Ma, the number of islands in the region is
inferred to have increased systematically with three
islands present at 10 Ma and as many as 13 present
by 2 Ma. Perhaps more importantly, between 10 Ma
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Ficure 1. Biogeographic framework for Sulawesi biogeography based on the paleo-island reconstructions of Nugraha and Hall (2018).
Dashed lines represent potential contact points of the amalgamated paleo-islands, with the dates indicating the temporal duration of the paleo-
island boundary. Gray shading indicates the Tempe Depression. Potentially biogeographically important fault zones (solid lines) overlay the
map. The inset map color-codes the Central Core and four peninsulas of Sulawesi for ease of discussion in the text and demarcates with black

lines the AOE boundaries as defined by Evans et al. (2003c).

and 4 Ma, the inferred process involves the sequen-
tial accumulation of additional relatively small islands
within Sulawesi’s current geographical footprint, but
beginning at 3 Ma these islands became progressively
larger and began to amalgamate. By 1 Ma, Sulawesi
had nearly achieved its current form with just the SW
Peninsula separated from the remainder of the island
by a submerged Tempe Depression (which would not
become emergent until as recently as 4600 years ago;
Gremmen 1990).

The key feature of the Nugraha and Hall (2018) model
involves a series of relatively stationary paleo-islands
that originated much closer to the Sunda Shelf than
to the Sahul Shelf, existed for a considerable period

of time as a disjunct archipelago, and then ultimately
merged over the past 4 million years as additional uplift
and exhumation filled the intervening inter-island gaps
(Nugraha and Hall 2018). This model provides a poten-
tial explanation for Sulawesi’s regional endemism as
early colonizing lineages may have initiated diversifica-
tion on different paleo-islands prior to Sulawesi’s rela-
tively recent unification. Notably, the tectonic history of
Sulawesi suggests a biogeographical framework repre-
senting the inverse of typical vicariance biogeography
scenarios. Rather than a once-unified land area frag-
menting over time to produce allopatrically distributed
descendent lineages, the history of Sulawesi reflects the
relatively recent merger of once-isolated paleo-islands
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that apparently were never in prior contact with one
another (Nugraha and Hall 2018). Thus, as was recently
argued for Lesser Sundas fanged frogs and flying lizards
(Reilly et al. 2019, 2022), a process involving dispersal to
and among independent paleo-islands and subsequent
diversification of these lineages in allopatry, followed
by a merger of the paleo-islands bringing once-allopat-
ric lineages into dynamic secondary contact is likely at
the heart of the Sulawesi in situ diversification story.
Sulawesi also has several major faults of unknown
biogeographical importance (Fig. 1), which could add
layers of complexity upon the paleo-island model pro-
posed by Nugraha and Hall (2018). Several of these
faults once appeared to represent potential paleo-is-
land boundaries (see reconstructions in Moss and
Wilson 1998; Hall 2009, 2012; Spakman and Hall 2010).
However, there is no clear evidence that the faults rep-
resent boundaries between once-separated land areas
despite that, in some instances, the faults serve as junc-
tions between geological units with distinct soil and
rock features (such as the Lawanopo Fault [see Fig. 1],
a left-lateral strike-slip fault that separates ultramafic
rocks to the north and metamorphic rocks to the south;
Sukamto 1978, 1990; Natawidjaja and Daryono 2015).
Some of these faults correlate closely with lineage/
species boundaries detected via biogeographical anal-
yses. For example, two species of tarsiers meet and
form a narrow hybrid zone precisely at the Palu-Koro
left-lateral strike-slip transform fault in the Palu Valley
(Merker et al. 2009). In addition, many species exhibit
morphological and/or genetic breaks at the position of
the Gorontalo strike-slip fault, including macaque mon-
keys, Celebes toads, anoas, Sulawesi warty pigs, babi-
rusas, and shrews (Evans et al. 2003¢; Frantz et al. 2018;
Esselstyn et al. 2021). Another example is provided by
toads, monkeys, and shrews, all of which exhibit mor-
phological and/or genetic breaks in close proximity
to the geothermally active Kotomobagu Fault on the
Northern Peninsula (Evans et al. 2003c; Esselstyn et al.
2021). Given these empirical findings, we believe that
geological faults might be biogeographically important
for Sulawesi even if the underlying mechanisms under-
pinning their functional significance in driving specia-
tion are not yet understood. Therefore, our framework
describing potentially important biogeographical
boundaries on Sulawesi includes major faults as well
as the inferred paleo-islands of Nugraha and Hall
(2018). We summarize the biogeographical implications
of the Nugraha and Hall (2018) model in Figure 1. We
superimpose on a map of contemporary Sulawesi the
geographical positions of biogeographical boundaries
implied by the Nugraha and Hall (2018) reconstructions
(with specific placements of the boundaries informed
by the Sulawesi AOE framework of Evans et al. 2003c),
as well as the temporal durations during which these
boundaries may have existed. For example, the tec-
tonic model suggests that two separate paleo-islands
were present on either side of the Gorontalo boundary
(which may coincide with the Gorontalo Fault) begin-
ning 8 Ma and that this barrier ceased to exist about 1

Ma when this section of the Northern Peninsula became
unified, and so on.

Species Delimitation—A phylogenetically informed anal-
ysis of the biogeographical history of Sulawesi flying
lizards first requires an assessment of species bound-
aries in this assemblage. However, species delimita-
tion is a controversial topic because researchers often
disagree over what constitutes a species (Coyne and
Orr 2004; de Queiroz 2007; Sukumaran and Knowles
2017; Leaché et al. 2019), and this is especially true for
so-called “cryptic species” that differ little or not at all
in external morphology. In our view, a species is a lin-
eage on its own unique evolutionary trajectory, which
can be identified as a temporally extended metapopu-
lation lineage independent or largely independent from
other such lineages. In other words, we advocate for the
General Lineage Concept of species (de Queiroz 1998,
1999). When considering sympatric or parapatrically
distributed lineages, our thinking also aligns well with
the relaxed version of the Biological Species Concept
advocated by Coyne and Orr (2004), a concept that
emphasizes the evolution of reproductive isolating bar-
riers but permits hybridization with limited gene flow.
As Coyne and Orr (2004) have argued, this criterion
results in a continuous distribution of possible degrees
of reproductive isolation with no clear threshold to
discretely demarcate the species boundary, thereby
leaving the possibility of cases “where species status is
more or less irresolvable.” In principle, we agree with
this view, but in practice, we also see value in providing
a testable taxonomic framework that can be reassessed
with improved data or analytical methods. Therefore,
to assess species status at putative Draco lineage bound-
aries, we have opted to assess lineage (and thus species)
status by estimating bi-directional migration rates from
a genomic data set, using as the threshold for lineage
status a rate of 0.5 effective migrants per generation
(see Shaffer and Thompson 2007; Burbrink and Ruane
2021; Reilly et al. 2022), the theoretical threshold rate
expected to represent the tipping point between future
genomic admixture versus ongoing genetic divergence
under a pure drift model (Wright 1931; Slatkin 1987).
We selected 0.5 migrants per generation as a conser-
vative rule of thumb, suggesting a very limited rate of
gene flow commensurate with lineage independence.
We are not suggesting that such a value represents a
discrete threshold separating species from non-spe-
cies, and we furthermore appreciate the challenges of
estimating migration rates with precision (Campbell et
al. 2018). Despite these challenges, we suggest that tak-
ing migration into consideration in this manner is key
to integrative taxonomic approaches (e.g., Fujita et al.
2012) that aim to delimit cryptic species using genetic
data alone, as direct measurements inferring lack (or
extreme limitation) of gene flow should be incorpo-
rated into species delimitation and taken as compelling
evidence of lineage independence—just as traditional
morphological character differences have been utilized
in standard species descriptions.
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The Draco lineatus Group—The flying lizards of the
genus Draco are widespread across SE Asia and the
Western Ghats region of southwestern India. Notably,
this assemblage has crossed many oceanic barriers to
independently colonize SE Asian archipelagos, includ-
ing the Philippines (McGuire and Alacala 2000), the
Lesser Sundas (Reilly et al. 2022), as well as Sulawesi
and Maluku (McGuire et al. 2007). These arboreal liz-
ards are famous for their wing-like patagial membranes
supported by elongated thoracic ribs, which they utilize
both for display and for gliding between trees (McGuire
2003; McGuire and Dudley 2005, 2011). The Draco lin-
eatus Group (McGuire and Heang 2001; McGuire et al.
2007) is a monophyletic assemblage comprising nine
described species inhabiting Sulawesi and its surround-
ing islands, reaching as far east as the Malukan island
of Seram (McGuire et al. 2007). These are the only Draco
species that occur on Sulawesi or on the Malukan islands
that extend eastward from this island. Three of these
species are parapatrically distributed Sulawesi endem-
ics: 1) Draco beccarii on the Eastern and Southeastern
Peninsulas and extreme eastern margin of the island’s
Central Core, 2) D. spilonotus on the Northern Peninsula
and western margin of the Central Core, and 3) D. walk-
eri on the remaining majority of the Central Core and on
the Southwest Peninsula (Fig. 2 inset). The remaining
six taxa are perhaps best characterized as “peripheral
isolates” species (Mayr 1963), and five of these are con-
fined to single islands or localized contiguous, offshore
island archipelagos. The latter five species include three
in the Sangir-Talaud Island Group, a string of volca-
noes that lie between Sulawesi’s Northern Peninsula
and the Philippine island of Mindanao (Morrice et al.
1983): the small-island Sangir-Talaud endemics include
Draco biaro on Biaro Island, D. iskandari on Tahulandang
Island, and D. caerulhians on Sangir Besar (McGuire
et al. 2007). A fourth small-island endemic, D. supri-
atnai, is restricted to the Togian Islands, which are in
Teluk Tomini (Tomini Bay) north of Sulawesi’s Eastern
Peninsula. A fifth species, D. rhytisma, occurs on the
Banggai Islands off the southeast coast of the Eastern
Peninsula. Finally, a sixth peripheral isolates species,
D. lineatus, has a much wider range than the other five
non-Sulawesi members of the D. lineatus complex, and
is known from the Sula Islands, Buru, and the cluster of
islands that includes Ambon and Seram (Musters 1983;
McGuire et al. 2007). These species are diagnosed pri-
marily by differences in coloration among males. Given
the complex tectonic history of Sulawesi and prior find-
ings of substantial regional genetic divergence among
otherwise morphologically homogeneous species (e.g.,
Evans et al. 2003c; Esselstyn et al. 2021), we assessed
lineage boundaries and phylogenetic relationships of
the Draco lineatus Group using a large-scale genetic data
set. This effort showed that ancient hybridization, cryp-
tic species, and arrested speciation must be accounted
for to obtain a robust estimate of both the diversity and
phylogenetic history of the Draco lineatus Group, and
to provide a suitable framework for biogeographical
inference.

MATERIALS AND METHODS
Sampling

All but 3 of the 613 Draco samples employed in
this study were obtained by JAM and co-authors
over the course of nearly two decades of fieldwork
under Indonesian and Philippine research permits
granted by LIPI and RISTEKDIKTI (now BRIN) and
by the Philippine Department of the Environment and
Natural Resources, Biodiversity Management Bureau
(see Supplemental Materials Appendix B for a list of
specimen voucher numbers and localities).

Genetic Data

The genetic data obtained for this study are nested in
scope and were collected over two decades (see Table 1
for a summary of all genetic data sets analyzed for this
study). We first generated a mitochondrial sequence
data set which we have continued to add to over a
20-year interval. This data set now includes 593 indi-
viduals representing the nine currently recognized spe-
cies in the Draco lineatus Group (McGuire et al. 2007)
plus 20 additional individuals representing this clade’s
sister taxon, Draco bimaculatus, from the Philippines
(see McGuire and Alcala 2000). This approach allowed
for many individuals to be screened for each species
with particularly dense coverage of Sulawesi proper.
Our mitochondrial data set is composed of three mito-
chondrial genes (ND2 and flanking tRNAs, 125 rRNA,
and 16S rRNA). Standard Sanger sequencing labora-
tory methods were used and details can be found in
Supplemental Materials Appendix C.

Second, we generated a 50-SNP dataset using the
Sequenom platform for a subset of 370 Draco lineatus
Group individuals informed by the mitochondrial
results available at the time (2011) that again provides
fine-scale geographic coverage but for a larger number
of loci (see Fig. S1 for sampling map and Supplemental
Appendix B for specimen information). We identified
SNPs by first sequencing a reduced representation of the
complete genome for the three Sulawesi Draco species
on an Illumina sequencer. Enrichment for a subset of
the genome was accomplished via restriction digestion
of pooled genomic DNA for nine individuals prior to
sequencing. The nine pooled individuals were not indi-
vidually barcoded, so the SNPs selected for inclusion in
the study were not known to be diagnostic for any one
lineage or species. We initially identified 100 random
SNPs that were surrounded by relatively invariant base
positions that could serve as multiplex priming sites
for screening (Gabriel et al. 2009). Sequenom then used
their bioinformatics pipeline to identify batches of 30
and 20 SNPs, respectively, which were simultaneously
screened in two successive runs.

Finally, we obtained a more comprehensive
multi-locus data set comprising 1089 sequence loci
for 104 individual Draco lineatus Group samples (see
Fig. 52 for sampling map and Supplemental Appendix
B for specimen information) plus two D. bimaculatus
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TaBLE 1. Analyses undertaken with data characteristics.

Analysis Sample # # Loci Base pairs
Bayesian phylogenetic analysis of mtDNA sequence data 613 1 2337

TESS analysis of Sequenom SNP data 370 50 50
STRUCTURE analysis of Draco beccarii 29 1020 1020/23,313
STRUCTURE analysis of D. spilonotus 23 848 848/19,414
STRUCTURE analysis of D. walkeri 33 908 908/22,696
STRUCTURE analysis of D. walkeri CC1-CC2 9 530 530/3761
STRUCTURE analysis of D. walkeri CC3-CC4-SW 24 858 858/18,356
BFD* analysis of D. beccarii 29 1020 1020

BFD* analysis of D. spilonotus 23 848 848

BFD* analysis of D. walkeri 33 908 908

BPP version 3 analysis of D. beccarii 29 500 696,314
BPP version 3 analysis of D. spilonotus 23 500 696,314
BPP version 3 analysis of D. walkeri 33 500 696,314
Isolation-By-Distance Mantel test for D. beccarii 29 1020 60,662
Isolation-By-Distance Mantel test for D. spilonotus 23 848 52,030
Isolation-By-Distance Mantel test for D. walkeri 33 908 60,840
Isolation-By-Distance Mantel test for D. walkeri CC1-CC2 9 530 3761
Isolation-By-Distance Mantel test for D. walkeri CC3-CC4-SW 24 858 18,356
G-PHOCS demographic analyses - D. beccarii EP 10 667 696,314
G-PHOCS demographic analyses - D. beccarii ECC 11 667 696,314
G-PHOCS demographic analyses - D. beccarii SEP 8 667 696,314
G-PHOCS demographic analysis of D. spilonotus NNP 6 667 696,314
G-PHOCS demographic analysis of D. spilonotus CNP 2 667 696,314
G-PHOCS demographic analysis of D. spilonotus WNP 11 667 696,314
G-PHOCS demographic analysis of D. spilonotus WCC 4 667 696,314
G-PHOCS demographic analysis of D. walkeri CC1 5 667 696,314
G-PHOCS demographic analysis of D. walkeri CC2 4 667 696,314
G-PHOCS demographic analysis of D. walkeri CC3 10 667 696,314
G-PHOCS demographic analysis of D. walkeri CC4 6 667 696,314
G-PHOCS demographic analysis of D. walkeri SW 8 667 696,314
Concatenated ML analysis of exome-capture and UCE sequence data 108 1089 916,052
ASTRAL-III summary MSC phylogenetic analysis 108 1089 916,052
StarBEAST2 MSC phylogenetic analysis all taxa included 41 612 755,518
StarBEAST2 MSC phylogenetic analysis w/out D. spilonotus WCC & WNP 35 612 755,518
StarBEAST2 MSC phylogenetic analysis w/out D. walkeri CC1-CC2 38 612 755,518
ABBA-BABA (number of loci informative for ABBA-BABA comparison) 28 1041 (267) N/A
SNaQ summary MSci phylogenetic analysis 41 999 737,452
BPP version 4.3.8 full MSci phylogenetic analysis 97 683 765,923

samples via exon-capture (Bi et al. 2012, 2013; Jones
and Good 2016; Blom et al. 2017). Transcriptome-based
exon-capture methods provide datasets ideal for phy-
logenetic and demographic inference, as they can
screen hundreds to thousands of independent loci that
can be quite long (>1000 bp) with approximately equal
capture efficiency across samples characterized by
considerable nuclear sequence divergence (Bragg et al.
2016; Portik et al. 2016). Targeted loci were identified
initially via transcriptome sequencing of four individ-
ual Draco samples (representing two Draco boschmai,
one D. timoriensis, and one D. beccarii/D. walkeri hybrid
individual; see Reilly et al. 2022). Following the align-
ment of the transcriptome sequence data, genes that
could be annotated via reference to the Anolis carolin-
ensis genome (Alfoldi et al. 2011) were considered for
inclusion in our study. An initial chip-based sequence
capture experiment undertaken for 95 Draco boschmai
and D. timoriensis samples plus individual D. walk-
eri, D. volans, D. sumatranus, and D. modigliani sam-
ples (Reilly et al. 2022) had poor capture efficiency,
inspiring a switch to the MYBaits in-solution capture
approach (now Arbor Scientific; see Reilly et al. 2022).
This transition improved our data set by allowing for

the addition of flanking intronic and UTR sequences
to the original exon targets. The transition to in-solu-
tion capture also allowed us to expand the scope of
our capture array, and we added 540 lizard-specific
UCE markers (Leaché et al. 2015), bringing the total
number of targeted regions to 2040 and the number of
targeted loci to 1249. Additional details describing lab-
oratory methods for library preparation, capture reac-
tions, and our bioinformatics pipeline are provided in
Supplemental Appendix D.

Phylogenetic Analysis of Mitochondrial Data

The mitochondrial data set was subjected to parti-
tioned Bayesian phylogenetic analysis using MrBayes
3.2.7 (Ronquist et al. 2012), with 5 a priori designated par-
titions (ND2 codon positions 1,2, and 3, 12S rRNA+ND2
flanking tRNAs, and 16S rRNA). The most appropriate
nucleotide substitution model for each partition was
selected using likelihood ratio-tests implemented in
MrModelTest (Nylander 2004). Four separate analyses
were undertaken, each with Metropolis-coupling (four
chains), and 50 million generations. Convergence was
assessed by confirming that all four analyses settled
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on the same tree topology and parameter estimates
and that all model parameters had ESS values over 200
using Tracer v1.7.2 (Rambaut et al. 2018). The tree was
rooted using the outgroup Draco bimaculatus.

Population Structure

We first evaluated population structure using a
Bayesian ancestry estimation clustering procedure
implemented in TESS 2.3.1 (Chen et al. 2007), analyzing
the Sequenom 50-SNP data set for 370 individual Draco
lineatus Group samples with the goal of maximizing
geographic coverage. Separate analyses with admixture
were run for each of three groups of species (D. beccarii;
D. walkeri; and D. spilonotus, D. biaro, D. iskandari, and D.
caerulhians). Sample selection for these analyses reflects
that we were mostly concerned about testing whether
cryptic species might occur in the three Sulawesi spe-
cies and the fact that the Sangir-Talaud species (D. biaro,
D. caerulhians, and D. iskandari are deeply nested in the
D. spilonotus clade). Each TESS analysis was undertaken
with 100 replicates per K value, 25,000 burn-in cycles,
and 50,000 post-burn-in cycles. The optimal K value was
assessed by plotting the mean Deviation Information
Criterion (DIC) outputs across the 100 runs performed
for each K value and then visually inspecting the graph
to identify the inflection point at which additional K
increments did not improve the DIC as suggested in the
program manual.

We then evaluated population structuring using a
more extensive exon-capture data set for each of the
three currently recognized Draco species on Sulawesi
using a combination of approaches including the pro-
gram STRUCTURE (Pritchard et al. 2000), BFD* (Bayes
Factor Delimitation of Species (*with genomic data);
Leaché et al. 2014a, b), and BPP (Bayesian Phylogenetics
and Phylogeography) version 3 (Yang 2015). These anal-
yses were undertaken as part of an integrative assess-
ment of potential cryptic species implicated by the
phylogeographic analyses of the mitochondrial data set.

Separate STRUCTURE analyses were undertaken
using: 1) the linkage model with all informative SNPs
and 2) using one SNP per locus. For D. beccarii, this cor-
responded to 23,313 informative SNPs and 1020 SNPs
with one per locus, for D. spilonotus we analyzed 19,414
informative SNPs and 848 SNPs with one per locus, and
for D. walkeri we analyzed 22,696 informative SNPs and
908 SNPs with one SNP per locus. For each data set,
the program was run for 100,000 generations as burnin,
followed by 100,000 generations for K = 2 through K =5
populations with 10 replicates per K.

We performed a species delimitation analysis using
BFD* (Leaché et al. 2014a, b), a program that makes use
of the SNAPP (SNP and AFLP Package for Phylogenetic
analysis) phylogenetic analysis computational machin-
ery (Bryant et al 2012). As with SNAPP, the BFD*
machinery requires SNP data, so we randomly selected
one informative SNP per locus for analysis and default
priors. The data sets were composed of 1020, 848, and
908 SNPs for D. beccarii, D. spilonotus, and D. walkeri,

respectively, again reflecting the number of loci for
which informative SNPs were detected for each spe-
cies. We used the mitochondrial tree as a user-speci-
fied guide-tree to establish a priori species delimitation
models, with up to three species compared for D. bec-
carii, up to four species for D. spilonotus, and up to five
species for D. walkeri.

We also performed a species delimitation analysis
using BPP version 3, a species delimitation/population
structuring approach based on the multispecies coales-
cent (Rannala and yang 2003). The program allows for
the analysis of aligned sequence data, and we ran a
series of analyses for each species culminating in 500-
locus analyses with all loci selected from the transcrip-
tome-based exon capture fraction of our data set. Due to
computational constraints, 500 was the largest number
of loci for which we could efficiently run analyses, and
we opted to use the top 500 loci ranked first by length
and second by having the lowest percentage of missing
data. Although BPP can simultaneously estimate the
species tree and delimit species, we opted to fix the spe-
cies tree so as to reduce the computational burden on
the species delimitation component (thereby allowing
inclusion of more loci). Ten separate 20,000-cycle analy-
ses were run for each of the three focal species.

Isolation-By-Distance

We tested for IBD employing Mantel tests on matrices
of Edwards’ genetic distances (Nei 1972) and Euclidean
geographic distances (calculated in km using the
PBSmapping R package; Schnute et al. 2003). Edwards’
genetic distances were calculated from data sets com-
posed of all informative SNPs drawn from the exome
and UCE data sets, with separate input files generated
independently for each of five sample sets—1) D. beccarii
(n =29, number of SNPs = 60,662), 2) D. spilonotus (n =23,
number of SNPs = 52,030), 3) D. walkeri (n = 33, number
of SNPs = 60,840), 4) D. walkeri CC1 and CC2 (Central
Core 1, Central Core 2; 1 =9, number of SNPs=3761), and
5) D. walkeri CC3, CC4, and SW (Central Core 3, Central
Core 4, Southwest Peninsula; n = 24, number of SNPs =
18,356). Separate analyses were run for D. walkeri CC1
and CC2 and for D. walkeri CC3, CC4, and SW because
of the substantial genetic divergence between these
groups. Genetic distances were calculated for all possi-
ble two-sample comparisons using the mantel.randtest
function in ADEGENET (Jombart 2008; Jombart and Ahmed
2011). We ran 100,000 permutations to assess the signif-
icance of each plot and to obtain p values. Geographic
and genetic distances were then plotted against each
other for each sample pair. Two-dimensional kernel den-
sity estimation of local point density was utilized to pro-
duce a color scale over the points using the R package
MASS (Ripley and Venables 2002).

Demographic Analyses

We performed a series of demographic analyses to
assess effective population sizes of extant and ancestral

€20 dunp Gz uo Jasn salelqi] sesuey Jo Aysioniun Aq €460E L 2/0Z0PeAS/0IGSAS/E601L 0 L/I0p/a|01Ee-80UBAPE/0IgSAS/WO02°dno olwapede//:sdjy woly papeojumoq



10 SYSTEMATIC BIOLOGY

populations, timing of divergences, and rates of migra-
tion between putatively distinct lineages. These anal-
yses were undertaken using the program G-pHOCS
(Gronau et al. 2011), which is an isolation-with-migra-
tion program that can accommodate unphased genomic
sequence data from unlinked neutrally evolving loci.
We performed analyses on two different subsets of our
larger genomic data set. For the first set of analyses, we
utilized flanking sequences from each locus because
these regions are more likely neutral and expected to
be similarly influenced by the evolutionary history and
demography of Draco populations (Luikart et al. 2003).
After filtering, 518 flanking region (non-coding) loci
were retained for analysis. We also performed analyses
on a second data set composed of exons plus flanking
sequences for 667 loci (the “allExons” data). We ran
the second set of analyses despite likely violations of
neutrality specifically for scaling the Theta, Tau, and
migration estimates because we used a genome-wide
mutation rate to convert unscaled parameter estimates
to real-world values for the “allExons” markers (see
below) and we had no firm basis for estimating the
mutation rate for the flanking sequences. We performed
test analyses using several priors for Theta and Tau
parameters and because these had little impact on the
resulting estimates settled on the broad prior of 1,10,000
for the tau-theta-alpha and tau-theta-beta gamma distri-
bution attributes in the final analyses. Each population
comparison was run for 500,000 generations discarding
10% as burnin after visually checking the parameter
traces for convergence. Run outputs were visualized in
TRACER (Rambaut et al. 2018) to assess the posterior dis-
tributions of the parameters.

Demographic parameter estimates were converted
to rough estimates of real-world values by applying
a mutation rate of 1 x 107 (see Time Calibration below
for justification). Estimates of effective population sizes
(individuals) were obtained by dividing the Theta esti-
mate by the mutation rate, then dividing that value by
4. The population divergence time in years was calcu-
lated by dividing the Tau estimate by the mutation rate.
Migration rate estimates were converted to migrants
per generation (2Nm) by multiplying the migration esti-
mate by Theta and dividing by 4 (Gronau et al. 2011).
Based on life history data from the related species Draco
spilopterus (Alcala 1967), a generation time of one year
was assumed for these conversions.

Phylogenomic Analyses

A concatenated alignment (916,052 bp) of exon-cap-
ture and UCE sequence data (683 exon-capture loci and
406 UCE loci that passed filtering) was subjected to an
unpartitioned Maximum Likelihood phylogenetic anal-
ysis using IQ-TREE under the GTR + F + G4 model of
sequence evolution (Minh et al. 2013). Nodal support
was assessed with 1000 nonparametric bootstrap rep-
licates. Individual gene trees for each of the 1089 loci
were estimated using RAxML (Stamatakis 2014) to serve
as input files for the summary multispecies coalescent

species tree approach implemented in ASTRAL-III
(Mirarab et al. 2014). We opted to use ASTRAL-III for
these analyses rather than an alternative summary
method based on its good performance even with sub-
stantial incomplete lineage sorting in simulation stud-
ies (Shi and Yang 2018). For the AsTRAL-III analysis, a
priori species were designated based on the results of
population demographic analyses (see below).

We sought to obtain a calibrated time-tree estimate
using full multispecies coalescent phylogenetic anal-
yses, which can glean more signal from genomic data
than can summary methods (Xu and Yang 2016; Jiao
et al. 2021). We, therefore, performed exploratory 100-
locus, time-calibrated species tree estimation on fixed
species trees using BPP version 4. The results of these
analyses (not shown) brought a number of important
issues to our attention, including that two lineages
included in these analyses were behaving as “rogue
taxa” (Wilkinson 1996; Aberer et al. 2013) in a manner
suggesting that ancient hybridization was confounding
any analysis that simultaneously included both lin-
eages. This result inspired several additional analyses,
including full multispecies coalescent calibrated time-
tree analyses of 612-locus data sets using StarBEAST2
version 2.5.2 (Ogilvie et al. 2017). The 612-locus data
sets included all transcriptome-derived loci greater
than 250 bp in length (but did not include any of the
406 retained UCE loci). We preferentially selected the
transcriptome-derived markers over the UCE markers
because they are on average ~3 times longer (1121 bp
versus 367 bp) and substantially more variable (440
versus 52 SNPs per locus) in a dataset that includes
all Draco species plus agamid outgroups (McGuire
unpublished data). Because these analyses are com-
putationally expensive, we reduced the scope of our
data set to include 2 or 3 individuals per lineage (35,
38, and 40 exemplars in total depending on the analy-
sis). StarBEAST2 analyses were based on the HKY+G
nucleotide substitution model and an uncorrelated
lognormal clock model with the clock rate set to 0.001
substitution/site/MY (Brandley et al. 2011; Blom et al.
2017; Allio et al. 2017).

To test for a signature of ancient hybridization we
performed four sets of analyses. First, to test if includ-
ing the “rogue” lineages discussed above influenced the
overall structure of the inferred tree, we performed sep-
arate StarBEAST?2 analyses with all species included, as
well as with each of the two rogue lineages excluded.
Second, we calculated D statistics (ABBA-BABA; Green
et al. 2010; Durand et al. 2011) using modified versions
of the scripts Pattern_By-Site.R and CalcD.R (Streicher
et al. 2014; Blackmon and Adams 2015; scripts avail-
able here: https://github.com/libbybeckman/ABBA-
BABA) and 10,000 bootstrap replicates for estimation
of Z statistics and P values. ABBA-BABA analyses were
run four times, each with a different set of individuals
representing the species Draco spilonotus WCC (Western
Central Core, popl), D. spilonotus WNP (Western por-
tion of Northern Peninsula, pop2), D. walkeri CC1+CC2
(pop3), and D. beccarii ECC-SEP (Eastern Central Core
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+ SE Peninsula, pop4), with the D. spilonotus lineages
(pops 1 and 2) representing sister lineages, and D. walk-
eri CC1+CC2 (pop3) the test lineage, and D. beccarii
ECC-SEP (pop4) the outgroup. Third, we used SNaQ—a
summary multispecies coalescent with introgression
(MSci) method implemented in the PhyloNetworks
package (Solis-Lemus et al. 2017)—to simultaneously
estimate the species tree while detecting signatures of
past hybridization. For this analysis, we first estimated
41-sample gene trees using RAXML for 999 sequence loci
(639 exome and 360 UCE sequence loci that met RAXML
requirements for the presence of outgroup sequences).
ASTRAL-III was then used to calculate concordance
factors for 101,271 species-level quartets obtained from
the 999 gene trees. Finally, the concordance factors and
mapping file indicating the a priori designated species
for each of the 41 samples included in the analysis were
analyzed using SNaQ (50 independent runs) to pro-
duce a species tree with an inferred hybridization band.
Fourth, we used BPP version 4.3.8 (Flouri et al. 2020) to
implement the full MSci model using a 683-locus tran-
scriptome-derived data set for 97 individuals (excluding
13 individuals collected at or near a narrow D. walker—D.
beccarii hybrid zone). These analyses were run with the
species tree fixed to match the StarBEAST2 spliced tree
(see Results below) and with three a priori designated
alternative hybridization bands (one hybridization band
per analysis; with one band connecting D. walkeri CC1
+ CC2 and D. spilonotus WCC, one band connecting D.
walkeri CC1 + CC2 and D. spilonotus WNP, and one band
connecting D. walkeri CC1+CC2 and the common ances-
tor of D. spilonotus WCC + D. spilonotus WNP). The BPP
4.3.8 MSci analysis is a full (rather than summary) imple-
mentation of the MSci and provides time calibration of
the a priori designated species tree with estimates of
both the timing and extent of gene flow during the past
hybridization event, as well as ancestral theta estimates
for all nodes. These analyses were run under the HKY
nucleotide substitution model, with two sets of priors.
Two analyses were run for each of four prior combina-
tions (BPP settings: thetaprior = 3 0.002 e and 3 0.004 e;
tauprior = 3 0.002 and 3 0.004; phiprior = 1 1). Individual
analyses were run for 1,000,000 generations with a sam-
ple frequency of 2 and a burn-in of 100,000 generations.

Time Calibration

Time calibration is often a thorny issue for both phy-
logenetic and population genetic analyses, particularly
when appropriate fossils for calibration purposes are
lacking (e.g., Schenk 2016). Unfortunately, this chal-
lenge applies to the present study as fossil calibrations
are unavailable for the draconine agamids (the major
clade that encompasses most of the diverse radiation of
SE Asian agamids, including Draco). We first attempted
to calibrate our time trees using secondary calibrations
derived from a study of iguanian lizard phylogenetics
by Townsend et al. (2011), a study which estimated an
iguanian time tree using 29 nuclear loci and 11 fossil
lizards for calibration purposes. Townsend et al. (2011)

included a selection of agamids including Physignathus
cocincinus, Pogona vitticeps, Chlamydosaurus kingi, and
Ctenophorus isolepis, providing node age estimates for
this assemblage. Consequently, we collected exon-cap-
ture data for these same taxa for inclusion as outgroups
in our analyses. Initial 612-locus StarBEAST2 analyses
fit truncated lognormal distributions with median node
ages for this four-taxon outgroup assemblage as follows:
31.9 Ma, 18.7 Ma, and 15.0 Ma (taken from Townsend
et al. 2011). However, the time-calibrated species trees
inferred using these secondary calibrations returned
trees with what appeared to be highly compressed
branch lengths that were at odds with the inferred
branch lengths obtained from uncalibrated analyses
of the same data. Speculating that our analysis might
have been confounded by interspecific gene flow, we
next performed a similar set of analyses using a set of
17 Draco species that mostly reside outside of the Draco
lineatus Group (just two D. lineatus Group species were
included) which we deemed unlikely to be impacted
by gene flow and for which phylogenetic estimation
appears more straightforward (based on the observation
that a diversity of analytical methods settle on the same
topology, McGuire unpublished data). These analyses
returned similarly compressed branch lengths that were
again at odds with branch length estimates obtained
in uncalibrated analyses of the same data. Finally, we
opted to estimate a mutation rate for 612 exon-capture
loci by calculating the mutation rate that would return
the Townsend et al. (2011) node ages given the unscaled
ultrametric StarBEAST? tree. Utilizing a mutation rate
to calibrate species time-tree estimates has the added
benefit of also being suitable for converting unscaled
effective population size and time-since-divergence
estimates obtained in population demographic analy-
ses into approximate real-world values. Separate muta-
tion rates were estimated for each of the three nodes
shared between our analysis and the Townsend et al.
(2011) study, which returned median mutation rates of
0.867 x 10, 1.121 x 10, and 0.932 x 10~ substitutions/
site/year, respectively, with an average of the three
equaling 0.973 x 107 substitutions/site/year, an esti-
mate that is close to the nuclear DNA mutation rate of
1.0 x 107 substitutions/site/year used in a number of
recent studies of squamate diversification (see Brandley
et al. 2011; Allio et al. 2017; Blom et al. 2019; Reilly et al.
2022). Acknowledging the imprecision inherent in time
calibration, we opted to calibrate time-tree and popula-
tion demographic analyses using the standard mutation
rate of 1.0 x 10 substitutions/site/year.

Biogeographic Model Comparison

We employed a Bayesian model-testing approach
using the R package BioGeoBEARS (Matzke 2013) to
select among alternative biogeographical inference
models for Sulawesi and surrounding islands across a
12-million-year time window. The BPP time-tree was
used for these analyses, which compared the DEC (dis-
persal, extinction, cladogenesis), DEC + ] (dispersal,
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extinction, cladogenesis, plusjump dispersal), DIVA-like
and DIVA-like +], BAYAREA, and BAYAREA + ] mod-
els. The analyses were time-stratified, with six included
time slices (12, 6, 4, 3, 2, 1 Ma), and a series of areas-al-
lowed matrices (one for each time slice) that indicated
the presence or absence of available land that could be
occupied by each species during that time window. We
compared likelihoods for the different dispersal models
using the AIC test implemented in BioGeoBEARS.

REsuLTs

Phylogeographic Analysis of Mitochondrial Sequence Data

The complete mitochondrial sequence alignment
included 2337 bp for 613 samples. Bayesian phylogenetic

wallkeri GG (n=26)
caerulhians (n=2)
iskandari (n=2)
biaro (n=2)
spilonotus ENP (n=37) b
spilonotus CNP (n=20)
spilonotus WNP (n=50)
spilonotus WCC (n=24)
supriatnai (n=2)
beccarii ECG (n=110)
beccarii EP (n=38)
[}— lineatus (n=14)
— rhytisma (n=7)
L—— beccarii SEP (n=82)
o055 = Walkeri SW (n=68)

{ walkeri CC4 (n=26)
L walkeri GC3 (n=63)
— walkeri CC2 (n=9)

analysis of these data returned a well-resolved and
supported phylogenetic estimate for the Draco lineatus
Group (Figs. 2 and S3). Several features of this phyloge-
netic estimate are noteworthy. First, whereas there are
9 currently recognized species in the D. lineatus Group,
18 well-supported geographically cohesive clades were
recovered in the phylogenetic analysis (Figs. 2 and S3).
All nine additional clades reflect geographic structuring
within the three Sulawesi species, with D. beccarii com-
posed of three deeply divergent clades, D. spilonotus
composed of four, and D. walkeri composed of five. Each
of these groupings is quite distinct, with uncorrected
ND2 sequence divergences ranging from 5.4% between
D. spilonotus CNP (Central Northern Peninsula) and D.
spilonotus ENP (Eastern Northern Peninsula) to 15.8%
between D. walkeri CC1 and D. walkeri CC4 (Central
Core 4). Furthermore, each of the three described

FIGURE 2. Bayesian phylogenetic estimate obtained via analysis of three mitochondrial genes (ND2, 12S ribosomal RNA, and 16S ribosomal
RNA) for 593 Draco lineatus Group samples and 20 D. bimaculatus outgroup samples (D. bimaculatus not shown). The branches on the tree
represent collapsed clades with the numbers following the clade names indicating the number of samples included in the analysis for that
mitochondrial lineage. Posterior probabilities for all nodes including the 18 named clades are 1.0 unless otherwise indicated. Sulawesi sample
localities (dots) are color-coded to reflect mitochondrial genetic structure. ENP = Eastern Northern Peninsula, CNP = Central Northern
Peninsula, WNP = Western Northern Peninsula, WCC = Western Central Core, EP = Eastern Peninsula, SEP = Southeastern Peninsula, ECC =
Eastern Central Core, SW = Southwestern Peninsula, CC1-CC4 = Central Core regions 1-4. The inset map shows the sampling localities color-
coded to reflect the current taxonomy of the three Sulawesi Draco species (black dots for D. walkeri, orange dots for D. spilonotus, green dots for

D. beccarii).
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Sulawesi species are found to be paraphyletic relative
to other species. For example, the three Sangir-Talaud
species (D. biaro, D. caerulhians, and D. iskandari) were
found to be nested within D. spilonotus; D. rhytisma and
D. lineatus were nested within D. beccarii; and the D.
walkeri CC1 clade is more closely related to D. supriat-
nai, D. spilonotus, and the Sangir-Talaud species than it
is to the other four D. walkeri clades (Figs. 2 and S3). The
combination of relatively deep genetic sub-structuring
and lack of species monophyly indicated the possibility
that one or more of these intraspecific clades represent
cryptic species.

Sequenom

Our TESS analysis of the 50-SNP Sequenom data
set for 370 Draco lineatus Group samples recovered
most, but not all, of the mtDNA structure, while indi-
cating some ancestral admixture near points of con-
tact between genetically distinct clusters (Fig. S4). For
example, whereas the mitochondrial data set suggests
that Draco walkeri represents five divergent clades,
the 50-SNP data set did not discriminate between the
walkeri CC1 and CC2 groups. Furthermore, the sam-
ples comprising the CC3 cluster showed a signature of
admixture in the easternmost samples in the vicinity of
a known D. walkeri-D. beccarii hybrid zone (McGuire,
unpublished). In the case of Draco beccarii, the mito-
chondrial tree includes three divergent clades but the
50-SNP data set did not differentiate the ECC (Eastern
Central Core) and SEP (Southeastern Peninsula) clades,
and admixture was detected in samples closest to the
ECC-SEP versus EP (Eastern Peninsula) boundary.
Both the mitochondrial and 50-SNP data sets agree that
there are four D. spilonotus genetic clusters but with dis-
agreement on the precise position of the CNP grouping.
Furthermore, admixture was detected between the D.
spilonotus WNP and ENP clusters.

Population Structure

Our STRUCTURE, BFD*, and BPP analyses of the
exon-capture data are concordant in inferring that each
of the three Sulawesi Draco lineatus Group species exhib-
its intraspecific genetic structuring. However, results
were not entirely consistent across the three methods.
BFD* returned the maximum number of clusters in
each analysis (D. beccarii = 3 clusters, D. spilonotus = 4
clusters, D. walkeri = 5 clusters) and thus matched phy-
logeographic results obtained with the mitochondrial
sequence data (Table S1). BPP v3 also found the maxi-
mum number of clusters in all 10 replicate runs for both
D. spilonotus (4 clusters) and D. walkeri (5 clusters), and
found the maximum number of clusters (3) in five of the
10 replicate runs for D. beccarii, with the remaining five
runs supporting two clusters for this species (D. beccarii
EP and D. beccarii ECC-SEP). Finally, STRUCTURE pro-
vided the most conservative results of the three meth-
odologies (Fig. 3), returning K = 2 clusters for D. beccarii
(D. beccarii EP and D. beccarii ECC-SEP), K = 2 clusters

for D. spilonotus (D. spilonotus WNP + WCC [Western
Central Core] and D. spilonotus CNP + ENP), and K =
3 or K = 4 clusters for D. walkeri (depending on inter-
pretation). The first D. walkeri STRUCTURE run found
strong support for K = 2 clusters, dividing the full set
of samples into a D. walkeri CC1 + CC2 cluster and a D.
walkeri CC3 + CC4 + SW [Southwest Peninsula] cluster.
This reflected a very deep split in the genetic data and,
therefore, independent analyses were run for D. walk-
eri CC1 + CC2 and for D. walkeri CC3+CC4+SW. The
D. walkeri CC1 + CC2 analyses returned two well-sup-
ported clusters but the composition of the clusters did
not match the mitochondrial CC1 and CC2 groupings.
Draco walkeri CC3 + CC4 + SW analyses clearly identify
D. walkeri SW as a distinct cluster, but return somewhat
ambiguous results for CC3 and CC4 that are consistent
with two clusters experiencing extensive admixture
(Fig. 3).

Isolation-By-Distance

Analyses of IBD showed mixed evidence of isola-
tion-by-distance and population structure, indicating
that IBD predominates within otherwise structured
lineages (see Fig. S5). When all five D. walkeri mito-
chondrial groupings were analyzed together (Fig. S5
panel A), there was a little signature of IBD (p = 0.317),
but the analysis restricted to D. walkeri CC1 and CC2
shows a signature of IBD (Fig. S5 panel B, p = 0.011)
and the analysis restricted to D. walkeri CC3, CC4, and
SW is indicative of two distinct clusters each with IBD
(Fig. S5 panel C, p < 0.001). The results for D. spilonotus
suggest IBD over shorter distances, and less IBD over
longer distances consistent with the linear nature of the
geographic distribution of this species that is divided
into 2—4 distinct clusters (Fig. S5 panel D, p < 0.001). The
results for D. beccarii are consistent with two distinct
clusters each exhibiting limited internal IBD (Fig. S5
panel E, p < 0.001).

Population Demography

The G-PHOCS analyses returned results consistent with
extensive intraspecific structuring of the three Sulawesi
species, but do not support the maximum number of
geographic clusters (Fig. 3). For Draco walkeri, we inter-
pret the G-PHOCS results to be consistent with three dis-
tinct lineages (D. walkeri CC1-CC2, D. walkeri CC3-CC4,
and D. walkeri SW). For D. spilonotus, the G-PHOCS results
are consistent with four distinct lineages that match the
mitochondrial groupings (D. spilonotus WCC, WNP,
CNP, and ENP). For D. beccarii, the G-PHOCS results are
consistent with two distinct lineages (D. beccarii EP and
D. beccarii ECC-SEP). Our interpretation is based on the
inferred migration rates between putative lineages and
their times since divergence. For comparisons between
each inferred distinct lineage, G-PHOCS detected limited
gene flow representing less than one migrant per gener-
ation and divergence dates ranged from ~250,000 years
(between D. biaro and D. iskandari) to 7.7 million years
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FiGure 3. Maps depicting population demographic structure in (A) Draco spilonotus, (B) D. walkeri, and (C) D. beccarii with sampling
localities color-coded by mitochondrial haplotype. The bar graphs reflect genetic clustering based on STRUCTURE analysis of the exon-capture
data set under the linkage model (based on 19414, 22696, and 23313 SNPs, respectively). At putative cryptic species boundaries, bi-directional
migration rates and time since divergence estimates based on G-PHocS demographic analyses are presented. The lines extending from the bar
graphs to the sampling locations indicate which samples were included in both the STRUCTURE and G-PHocS analyses. Gray lines indicate
samples that show little to no admixture and black lines point to more extensively admixed samples.
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(between D. walkeri CC1-CC2 and D. walkeri CC3-CC4).
The inferred effective population sizes are notably large
for each lineage as well as for shared common ancestors
(see Table S2).

Phylogenomic Analyses

Maximum likelihood phylogenetic analysis of the
concatenated 1089-locus data set using IQ-TREE
returned a well-supported, fully resolved tree topol-
ogy (Fig. S6) that disagrees in several respects from
the mitochondrial phylogenetic estimate. For exam-
ple, the well-supported, highly divergent, non-sister
Draco walkeri CC1 and CC2 clades obtained with the
mitochondrial data set were recovered as sister clades
in the concatenated ML tree. Similarly, the well-sup-
ported non-sister D. beccarii ECC and D. beccarii SEP
clades recovered in analyses of the mitochondrial data
set were not returned in the concatenated RAXML
analyses of the phylogenomic data set, and D. bec-
carii ECC and SEP samples instead formed a single
well-supported clade with limited internal structure.
Although the RAXxML phylogenetic estimate dis-
agreed with the estimate obtained using mitochon-
drial data in these ways, D. walkeri and D. spilonotus
were each found to be paraphyletic as was the case
with the mitochondrial data, with the Sangir-Talaud
species nested within D. spilonotus, and D. walkeri
CC1-CC2 found to be more closely related to D. supri-
atnai, D. spilonotus, and the Sangir-Talaud species than
to the other D. walkeri clades. The ASTRAL-III sum-
mary MSC analysis of the 1089-locus data set, which
included a priori species designations for all samples,
returned a species tree topology (Fig. S7) that agreed
broadly with the RAXML tree. Notably, the ASTRAL-
III species designations assumed D. walkeri CC1-CC2,
D. walkeri CC3-CC4, and D. beccarii ECC-SEP as single
lineages as indicated by the RAxML, STRUCTURE,
and G-PHOCS analyses.

A series of BPP v. 3 phylogenetic analyses were
undertaken with 100-locus subsets of the exon capture
data on fixed tree topologies (beginning initially with
the ASTRAL-III topology). These analyses, which were
intended to provide the final divergence-dating esti-
mates for this study, returned species tree estimates
that exhibited peculiar “compressed” internal branches
that we interpreted as reflecting possible disagreement
between the phylogenetic signal in the data and the
ASTRAL-III fixed tree topologies we were enforcing.
Further exploration of the data using BPP indicated that
the removal of select taxa (either Draco walkeri CC1-CC2
or D. spilonotus WCC) resulted in species tree estimates
with regular (non-compressed) internodes. We sus-
pected this reflected ancient hybridization between the
geographically adjacent D. walkeri CC1-CC2 and D. spi-
lonotus WCC lineages (see Fig. 3), which motivated a
series of additional analyses. These analyses included
application of the ABBA-BABA test, and analyses
using SNaQ, which can accommodate both incomplete

lineage sorting and reticulation. The ABBA-BABA
tests showed a strong signature of past introgression
between D. walkeri CC1-CC2 and D. spilonotus WCC
with all four sets of samples (D statistics ranged from
0.21 to 0.35; Z scores ranged from 4.0 to 28.3; P values
<< 0.001). Analyses using SNaQ also inferred that the
reticulation event to be between D. walkeri CC1-CC2
and D. spilonotus WCC (Fig. S8).

Full MSC StarBEAST? analyses of our 612-locus data
set were employed to infer the Draco lineatus Group
species time tree. Given the inferred past hybridization
between D. walkeri CC1-CC2 and D. spilonotus WCC
(and possibly D. spilonotus WNP), we performed these
analyses with three alternative sampling regimes: (1)
complete lineage representation, (2) with D. walkeri
CC1-CC2 excluded, and (3) with D. spilonotus WCC and
D. spilonotus WNP excluded. The analysis with com-
plete sampling returned a topology similar/identical
to the concatenated RAxML and ASTRAL-III topol-
ogies, with the three D. walkeri lineages not forming
a monophyletic group and D. supriatnai embedded
within the D. spilonotus-Sangir-Talaud island group
cluster of lineages. However, when D. walkeri CC1-CC2
was excluded from consideration, D. spilonotus WCC
and WNP were returned as sister taxa with D. supri-
atnai placed at the base of the clade that includes the
four D. spilonotus lineages plus the three species in the
Sangir-Talaud island chain. When D. spilonotus WCC
and WNP were excluded, the three D. walkeri lineages
were placed as a monophyletic grouping for the first
time, and together were placed as the sister group of
the clade composed of the two D. beccarii lineages, plus
D. lineatus and D. rhytisma.

Having identified a preferred species tree topology
by splicing the results of the StarBEAST?2 analyses that
iteratively excluded Draco walkeri CC1-CC2 and D. spi-
lonotus WCC and WNP, we then fixed this topology in
an analysis employing BPP version 4.3.8 and the MSci
framework (which requires an a priori fixed topol-
ogy). BPP v 4.3.8 can provide an optimized species tree
estimate with coalescent branch lengths and effective
population sizes while also allowing a single a priori
designated hybridization band. The program provides
estimates of the timing and extent of bi-directional
gene flow. We performed analyses with three alterna-
tive hybridization bands under a variety of prior set-
tings, each of which involved a band connecting D.
walkeri CC1-CC2 to another lineage (to D. spilonotus
WCC, to D. spilonotus WNP, and to the branch sub-
tending D. spilonotus WCC and WNP). All three sets
of analyses suggested that ancient hybridization was
primarily or exclusively between D. walkeri CC1-CC2
and D. spilonotus WCC. The hybridization band involv-
ing D. spilonotus WNP was placed immediately above
the node representing the common ancestor of D.
spilonotus WNP and D. spilonotus WCC, whereas the
hybridization band involving the common ancestor
of D. spilonotus WCC + D. spilonotus WNP was placed
immediately below the node—in each case the inferred
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placement of the band was as close to the D. spilono-
tus WCC lineage as permitted by the constraints of the
analysis). The preferred Draco lineatus Group time-tree
estimate is presented in Figure 4. In this species tree
estimate, hybridization between D. walkeri CC1-CC2
and D. spilonotus WCC is estimated to have taken place
1.85 Ma, with 37% of the alleles present in D. spilonotus
WCC derived from D. walkeri CC1-CC2 and 26% of the
alleles present in D. walkeri CC1-CC2 derived from D.
spilonotus WCC.

Biogeographic Model Comparison

Time-stratified BioGeoBears analyses strongly pre-
ferred the three models that included a jump-dispersal
parameter (DEC + ], DIVA-like + J, BAYAREA +]) over
those that did not. The three top models had very sim-
ilar likelihood scores (LnL = —44.51, —44.18, and —44.99,
respectively), and returned virtually identical disper-
sal histories (differing only in the state inferred for the
root node). Figure 5 illustrates the sequence of disper-
sal and vicariance events inferred via BioGeoBears on
the paleo-island reconstructions of Nugraha and Hall
(2018). The timing of the inferred dispersal events is
quite consistent with the hypothesized availability
of land according to the paleo-island ages, with two
exceptions. One exception is that the Togian Islands
endemic, Draco supriatnai, is inferred to be older (~4.35
Ma; 95% HPD interval 4.24-4.47 Ma) than the Togian
Islands (~3 Ma). The second exception is the split
between D. beccarii EP and D. beccarii ECC-SEP, which
is found to be slightly younger (2.5 Ma) than expected
given the 3-8 Ma temporal extent of the hypothesized
oceanic barrier.

Discussion

The Draco lineatus complex of Sulawesi and surround-
ing islands exemplifies the manifold challenges that can
impact species delimitation and phylogenomic analysis.
Species delimitation efforts are likely to be controver-
sial when cryptic species are involved (Chan et al. 2020,
2022), and this becomes even more problematic for cases
such as this one in which independent, cryptic lineages
may have subsequently merged or may be in the process
of merging following secondary contact. Phylogenomic
analyses are rendered suspect when hybridization has
occurred (Leaché et al. 2014a, b) and it is clear that some
lineages within the D. lineatus Group are not only expe-
riencing contemporary gene flow (at a narrow hybrid
zone between D. walkeri CC3-CC4 and D. beccarii ECC-
SEP, McGuire unpublished) but also show signatures
of ancient hybridization between non-sister lineages as
well (e.g., between D. walkeri CC1-CC2 and D. spilono-
tus WCC). Untangling the diversification history under
such a scenario is challenging. This study confronts each
of these challenges by attempting to delimit species,
estimate a time-calibrated phylogenomic tree under

the MSci model that accommodates both incomplete
lineage sorting and gene flow and using the recovered
estimate to infer the biogeographical history of a clade
occupying one of the most tectonically complex regions
on Earth—Sulawesi and its surrounding islands.

Species Delimitation—Inferring Cryptic and Arrested
Speciation

In this study, we first identified possible species using
a phylogeographic analysis of a three-gene, mitochon-
drial sequence data set with dense sampling across the
Draco lineatus Group. Whereas the current taxonomy
includes 9 morphologically distinct species (McGuire et
al. 2007), the mitochondrial phylogenetic estimate indi-
cates that the D. lineatus Group is actually composed of
18 deeply divergent clades, including the 6 peripheral
isolates Draco species on islands surrounding Sulawesi,
along with 12 mitochondrial lineages divided among
the 3 recognized Draco species on Sulawesi proper.
Notably, none of the three currently recognized spe-
cies on Sulawesi were found to be monophyletic in
that analysis. This lack of monophyly along with deep
divergences among the 12 Sulawesi clades (uncorrected
patristic distances for the ND2 gene range from 5.4%
to 15.8%) suggested that each could represent a sepa-
rate species, with D. walkeri composed of as many as
five cryptic species, D. spilonotus composed of as many
as four cryptic species, and D. beccarii composed of as
many as three cryptic species. Evaluation of the lineage
status of these putative cryptic species in the context of
our 50-SNP and (up to) 1089 locus genomic data sets
using a combination of genetic structure, species delim-
itation, and population demographic analyses (and
applying a 0.5 migrants per generation lineage bound-
ary threshold) surprisingly indicated that most, but not
all, of these mitochondrially distinct clades do appear
to represent legitimate evolutionary species. Indeed,
all six morphologically distinct “peripheral isolates”
species (Mayr 1963) are supported as independent lin-
eages, as are nine lineages on Sulawesi proper (six of
which are inferred to be cryptic species).

Perhaps more interesting than the documentation
that several cryptic Draco species exist on Sulawesi is
our finding that three highly divergent mitochondrial
boundaries do not seem to reflect cryptic species bound-
aries (i.e., the mitochondrial breaks between D. beccarii
ECC and SEP, D. walkeri CC3 and CC4, and D. walkeri
CC1 and CC2). What mechanisms might be responsible
for deep mitochondrial divergences that are not indic-
ative of lineage independence? One possibility is that
these mitochondrial barriers simply appeared randomly,
which has been shown to be plausible via simulation,
particularly when migration distances and effective
population sizes are small (Irwin 2002). Another pos-
sibility is sex-biased dispersal. Extreme female philo-
patry—a scenario in which females remain within their
natal group while males disperse at reproductive matu-
rity to join other groups—has been suggested as the
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a) StarBEAST2 species time tree estimate with all lineages included (612 loci), b) a spliced StarBEAST2 tree combining the

relationships inferred from two analyses, one with Draco walkeri CC1-CC2 excluded and one with D. spilonotus WCC excluded (612 loci), c) BPP
v 4.3.8 MSci species time tree based on 683 exon-capture loci. The analysis includes a single a priori hybridization band that BPP inferred to

have occurred 1.85 Ma. Photo credits: D. beccarii (Robin Moore), D. walkeri (Heidi Rockney), D. spilonotus (Coke Smith).
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FiGURE 5. Results of the BioGeoBEARS analysis superimposed on the paleo-island reconstructions from Nugraha and Hall (2018). The
inferred biogeographical events are reported in temporal sequence across the six panels beginning in the upper left. Arrows represent dispersal
events. Dashed bars represent diversification events that could involve either dispersal or vicariance. Numbers adjacent to arrows and dashed
bars reflect the temporal order of the dispersal and/or vicariance events.
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most plausible explanation for mitochondrial breaks
within rhesus and pig-tailed macaques (Tosi et al. 2003;
Evans et al. 2021). We find both of these mechanisms
to be implausible explanations for at least two of the
three Draco intraspecific mitochondrial boundaries
based on key deviations from model expectations. Both
the random- and sex-biased dispersal models predict
that mitochondrial breaks will occur in geographically
random locations. However, the 10.6% mitochondrial
boundary for D. beccarii ECC and SEP is tightly cor-
related with the Lawonopo Fault, which seems unlikely
to be coincidental. Both models also predict that genetic
divergence will be restricted to specific regions of the
genome—to the mitochondrion for the random model,
and to the mitochondrion plus sex chromosomes with
a female-biased mode of inheritance (i.e., X or W chro-
mosomes). However, the discrete mitochondrial break
between Draco walkeri CC3 and CC4 is accompanied by
a clear genomic signature of admixture consistent with
two once-distinct lineages now in the process of merg-
ing (see Fig. 3). The STRUCTURE analysis, in particular,
suggests a broad genomic cline at the junction of two
once-separated lineages, with distinct, non-admixed
samples remaining at the western and eastern limits
of their joint range (Fig. 3). In addition, the remarkably
large effective population sizes that we have estimated
for all of these Draco lineatus Group lineages (Table S2)
are inconsistent with the random model, and there is
little ecological evidence for extreme female philopatry
in flying lizards (though males may be more dispersive
than females, see Alcala 1967; Mori and Hikida 1993).
Assuming the random- and sex-biased dispersal
models are unlikely explanations for at least two of
the three intraspecific mitochondrial breaks, we here
propose a third possible mechanism that is consistent
with all three, that of arrested speciation—the (perhaps
temporary) merger of once-isolated lineages following
secondary contact that nevertheless results in some
genes being locked up at the point of secondary con-
tact (e.g., those encoded on the mitochondrial genome).
Mitochondrial divergences may have evolved in allo-
patry and then could be maintained following second-
ary contact and species merger through the formation
and retention of mito-nuclear Dobzhansky-Muller
Incompatibilities (DMls; Dobzhansky 1936; Muller
1942; Orr and Turelli 2001; Burton et al. 2013) involving
the mitochondrial genome plus one or a few genes in
the nuclear genome that interact with mitochondrially
encoded genes (e.g., genes involved in cellular respira-
tion such as those composing the OXPHOS pathway;
Rand et al. 2004; Lamb et al. 2018). Mito-nuclear DMIs
have been increasingly implicated as a mechanism
driving speciation (Burton and Barreto 2012; Burton
et al. 2013; Hill 2017), but less stringent incompatibil-
ities could also result in semi-permeable mito-nuclear
boundaries where gene flow is limited but not entirely
prevented, thereby resulting in the retention of deep
mitochondrial boundaries within species (Lima et
al. 2019). This hypothesis is testable, for example by
assessing the fitness of offspring generated by crossing

experiments involving individuals from opposite sides
of the mitochondrial boundary, and is a promising direc-
tion for future work. We term this hypothetical process
“arrested speciation” because the speciation process,
which was initiated while the lineages were diverging
in allopatry, was terminated when the lineages came
back into secondary contact and experienced gene
flow but could recommence since the mitochondrial
genomes continue to diverge on either side of the zone
of secondary contact and could ultimately spawn more
DMIs that complete the speciation process.

Taken together, our species delimitation analyses sug-
gest that the Draco lineatus Group is composed of 15 spe-
cies, including the six currently recognized “peripheral
isolates” species on Sulawesi’s surrounding islands, as
well as nine species on Sulawesi proper. Two of the cur-
rently recognized Sulawesi species, D. beccarii and D.
walkeri, are now shown to be morphologically diagnos-
able monophyletic assemblages composed of two and
three cryptic species, respectively. The third currently
recognized species, D. spilonotus, is also composed of
multiple cryptic species (1 = 4) but these four species
do not form a monophyletic group. Rather, the two
northernmost cryptic lineages, D. spilonotus CNP and
ENP together form the sister clade of the Sangir-Talaud
assemblage composed of the morphologically distinct
D. biaro, D. iskandari, and D. caerulhians.

Phylogenomic Analyses and Ancient Hybridization

We performed a series of phylogenomic analyses
of the Draco lineatus complex, which were ultimately
geared toward estimating a time-calibrated species
tree for the 15 species supported herein. These analyses
included Maximum Likelihood inference of the concat-
enated data set using RAXxML, summary multispecies
coalescent analyses of the full data set using ASTRAL
III, BPP v3 analyses of 100 and 500-locus subsets of the
full data, and StarBEAST?2 analyses of 612 exon-capture
loci. Each of these analyses served its own purpose,
with the RAXML analyses aimed at identifying phy-
logenomic structure across all samples, the ASTRAL-III
analyses aimed at providing a summary MSC phylog-
enomic estimate that included all 105 samples in our
exon-capture data set but with species designated a
priori, and BPP v3 and StarBEAST?2 analyses aimed at
utilizing the power of a full MSC approach to estimate a
time-calibrated species tree. By performing this diverse
series of analyses, we were able to identify an under-
lying confounding process—ancient hybridization
between D. walkeri CC1-CC2 and D. spilonotus WCC—
that could have been easily overlooked and which we
believe resulted in highly inaccurate phylogenomic
estimates in all of the above analyses. Estimating a
reliable multispecies coalescent time-tree under these
circumstances is challenging. We opted for a two-stage
approach involving first estimating two independent
species trees using StarBEAST?2, each with one of the
two lineages involved in ancient hybridization deleted,
followed by splicing these trees together. This provided
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a robust topology but with unreliable branch lengths.
We then fixed this topology and employed BPP v 4.3.8 to
obtain a more reliable time-tree estimate while account-
ing for, and indeed quantifying, the scale and timing of
ancient hybridization between D. walkeri CC1-CC2 and
D. spilonotus WCC. We believe that similar underlying
processes could be at play when rogue taxa are found
to be confounding phylogenomic analyses in other sys-
tems. The discovery that ancient hybridization between
non-sister lineages could so dramatically alter the out-
comes of our initial phylogenomic analyses using essen-
tially any phylogenetic approach that could not account
for that gene flow should serve as a cautionary tale for
others engaged in species-level phylogenomic analyses.

Historical Biogeography

The comprehensive phylogenomic time tree for the
Draco lineatus Group allows for a detailed biogeograph-
ical analysis of Sulawesi taking into consideration the
complex tectonic history of the island and its immedi-
ate surroundings (Fig. 5). Our analysis indicates that
the clade composed of D. bimaculatus and the D. linea-
tus Group split ~11.4 million years ago. Based on our
analysis, it is not possible to infer whether the com-
mon ancestor of D. bimaculatus + the D. lineatus Group
reached the southern Philippines first and then colo-
nized Proto-Sulawesi or the reverse—either possibil-
ity is consistent with our phylogenetic estimate. After
an apparent period of stasis, the crown Draco lineatus
Group began to diversify ~6.3 Ma, and the series of
subsequent branching events are very much consistent
with the biogeographic framework that we proposed
based on the Nugraha and Hall (2018) paleo-island
reconstructions with superimposed fault zones. Indeed,
we find that eight of the paleo-island boundaries are
geographically concordant with species boundaries,
and all but two of the inferred speciation events are
temporally concordant as well (Fig. 6). The first tempo-
rally incongruent split involves Draco supriatnai on the
Togian Islands, a species that appears to be older (~4.4
Ma + 0.12 Ma) than the islands on which it resides today
(~3 Ma), suggesting either that the Togian Islands are
older than indicated by their model or that the time tree
overestimates the age of this lineage. The second tem-
porally incongruent split occurs between D. beccarii EP
and ECC-SE, which is estimated to be slightly younger
(2.5 + 0.07 Ma) than the age of the barrier (~3 Ma). We
further find that the arrested speciation event involving
the D. beccarii ECC and SEP mitochondrial groups very
closely corresponds to the position of the Lawanopo
Fault, a fault that separates ultramafic rocks to the north
and metamorphic rocks to the south (Sukamto 1978,
1990; Natawidjaja and Daryono 2015) and may there-
fore represent a habitat boundary:. It is difficult to assess
whether there is a temporal congruence for that split
because the mechanism by which the fault may have
promoted divergence (and thus any assessment of tim-
ing) remains unknown. However, the 10.6% uncorrected
ND2 divergence between the D. beccarii SEP and ECC

mitochondrial haplotypes, and the mitochondrial gene
tree estimate places D. beccarii SEP as the sister lineage
of a clade composed of D. beccarii ECC, D. beccarii EP, D.
rhytisma, and D. lineatus, together strongly suggest that
whatever role the Lawanopo Fault may have played in
the arrested speciation event between D. beccarii SEP
and D. beccarii ECC must have been at least 3.8 million
years ago (the node age for D. beccarii EP, D. beccarii
ECC-SEP, D. rhytisma, and D. lineatus common ances-
tor). Notably, although the Lawanopo Fault has likely
been inactive since the late Pleistocene, it appears to be
an old system, with 120-250 km of movement along this
fault and the parallel Matano-Palu-Koro fault system,
which is estimated to have occurred over a duration of
3-8 million years (Natawidjaja and Daryono 2015).

The framework that we have proposed here can
also explain why lineage boundaries are often not per-
fectly geographically congruent across diverse taxa.
For example, the boundaries between Draco spilonotus
WNP and D. walkeri CC1-CC2, Macaca tonkeana and
M. hecki, and the mitochondrial break in Ingerophrynus
celebensis each occur near the base of the Northern
Peninsula but are offset from one another (see Evans et
al. 2003c). If lineages that began diverging in isolation
following stepping-stone colonization of paleo-islands
were brought into secondary contact following island
merger, there are multiple possible outcomes includ-
ing genetic homogenization, sympatric co-occurrence,
and the formation of hybrid zones (including tension
zones). In the case of tension zones, theory predicts
that they are likely to settle in density troughs (Barton
and Hewitt 1985), and the nature and position of such
density troughs can vary between taxa and across time
(Wielstra 2019). Given Sulawesi’s tectonic history, we
suspect that a substantial component of in situ specia-
tion on Sulawesi occurred on the paleo-islands, and
that tension zone formation following paleo-island
merger explains similar, but not entirely geographically
congruent, parapatric species boundaries such as those
that we see in Sulawesi flying lizards and macaque
monkeys.

Although our geological model appears to explain
many Draco lineatus Group divergence events, there
nevertheless are several speciation events within this
clade that remain unexplained. For example, the geo-
graphic distribution of D. spilonotus CNP corresponds
on its western margin to the Gorontalo Fault and
depression, but this lineage’s small range to the east
of the Gorontalo Fault and its boundary with D. spi-
lonotus ENP has no obvious geological explanation of
which we are aware. The most prominent unexplained
divergences are within Sulawesi’s Central Core, where
we presently cannot offer geological explanations for
the splits between D. spilonotus WCC and D. walkeri
CC1-CC2, or between D. spilonotus WCC and D. walkeri
CC3-CC4 (D. walkeri CC1-CC2 and D. walkeri CC3-CC4
are separated by a continuous mountainous ridge that is
1800 m or more in elevation for nearly its entire length).
Furthermore, we cannot explain the initial divergences
that resulted in the mitochondrially distinct D. walkeri
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FIGURE 6. Biogeographical framework for Sulawesi based on paleo-island history, with temporally congruent Draco speciation events
denoted with red dashed bars and the temporally incongruent speciation events represented by green dashed bars. Black arrows denote species

boundaries not explained by the paleo-island model.

CC1 and CC2 populations that merged or the D. walk-
eri CC3 and CC4 populations that are in the process
of merging now. The biogeographical processes driv-
ing divergence in the Central Core remain enigmatic,
and we consider it quite possible that the extremely
dynamic tectonic processes that have driven extensive
uplift and erosion in the Central Core have erased the
geological signatures required to reconstruct the events
that might have contributed to lineage divergences.
Nevertheless, in this first analysis linking a well-sup-
ported phylogenomic time tree to an explicit geological
model describing the paleo-island history of Sulawesi,
we find it reassuring that there is substantial congru-
ence between inferred speciation events and the tec-
tonic history of Wallace’s “remarkable island.”

CONCLUSIONS

This study highlights many of the challenges likely
to be faced when conducting species delimitation and
phylogenetic analysis at and below the species level,
particularly for complex assemblages likely to be char-
acterized by secondary contact, gene flow, and cryptic
speciation. Such studies are likely to require an inte-
grative approach such as the one utilized here. Cryptic
speciation is a controversial topic in part because of
disagreement over what constitutes a species. But even
among researchers who are like-minded in terms of their
preferred species concept—for example, devotees of the
Evolutionary or General Lineage Species Concepts—
there is still plenty of room for disagreement in terms
of what constitutes sufficient evidence of lineage
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status (e.g., Burbrink and Ruane 2021; Hillis et al. 2021;
Burbrink et al. 2022; Chambers et al. in press). Here, we
present evidence of potential cryptic lineages from phy-
logenetic analyses of mitochondrial and exome-capture
sequence data and then attempt to test for lineage status
using a combination of genetic clustering and popula-
tion demographic analyses. We argue here that if a mor-
phological character difference diagnosing two lineages
can be assumed to be evidence of a barrier to gene flow,
as is routinely assumed in traditional species descrip-
tions, then a direct analysis of migration indicating a
strong barrier to gene flow should also suffice. Based on
population genetic theory, we opted for a threshold of
0.5 effective migrants per generation as providing suffi-
cient evidence for a lineage boundary. Although others
may opt for different threshold criteria, we believe that
quantifying gene flow—even while acknowledging
that obtaining reliable estimates of migration is chal-
lenging—is a path forward in resolving the cryptic spe-
cies problem.

In this study, we not only found evidence of lim-
ited gene flow between contemporary cryptic species
but also found evidence of ancient hybridization that
severely confounded our phylogenomic estimates. The
underlying problem was not an easy one to identify or
recognize, but its effect on our phylogenomic analyses
brought to mind the effect of so-called “rogue taxa”
(Wilkinson 1996; Aberer et al. 2013), as removal of either
D. walkeri CC1-CC2 or D. spilonotus WCC radically
altered the recovered topology. Because multispecies
coalescent analyses are computationally challenging,
it is perhaps unreasonable to expect researchers to per-
form a thorough set of analyses in which individual taxa
are systematically deleted in an effort to root out the
phenomenon uncovered here, but a signature of ancient
hybridization is certainly an appropriate thing to look
for when the inferred tree provides surprising results—
such as when Draco walkeri CC1-CC2 was returned as
distantly related to D. walkeri CC3-CC4 and D. walkeri
SW despite being morphologically indistinguishable.

Finally, this study provides the first biogeograph-
ical analysis of Sulawesi using phylogenomic and
population genomic data sets paired with a tectoni-
cally explicit biogeographical framework. Our anal-
yses found strong congruence between Draco lineatus
Group diversification on Sulawesi and its surrounding
islands with the paleo-island history of Sulawesi, and
also found additional evidence that faults on Sulawesi
are likely important in the history of Sulawesi biolog-
ical diversification as did Merker et al. (2009) in their
study of tarsiers. The framework we have proposed is
likely to explain patterns of speciation more generally
on Sulawesi—an island characterized by substantial
in situ diversification. We note, however, that future
researchers should expect general agreement with the
framework even if species contact zones are not per-
fectly congruent. The paleo-island history of Sulawesi is
such that many lineages likely diverged in allopatry fol-
lowing stepping-stone colonization of what was once

an archipelago of islands, and the subsequent amalga-
mation of those paleo-islands initiated dynamic species
interactions. Only those lineages that failed to achieve
sympatry and avoided a process of competitive replace-
ment following contact are likely to show the parapa-
tric species distribution pattern seen in flying lizards,
monkeys, and numerous other lineages. These parapa-
tric lineage boundaries are likely to represent tension
zones which are expected to settle in density troughs,
the geographic positions of which may very well dif-
fer between species based on their ecological character-
istics. Thus, we predict that many species boundaries
across diverse taxa will be found in the same region, but
they are unlikely to be perfectly congruent because the
mechanism that drove initial diversification likely has
long since ceased to exist.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
http:/ /dx.doi.org/10.6078 /dryad.D1S99X.
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