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The archipelagos of Wallacea extend between the Sunda and Sahul Shelves, serving as a semipermeable two-way filter influencing

faunal exchange between Asia and Australo-Papua. Forest skinks (Genus Sphenomorphus) are widespread throughout southern

Wallacea and exhibit complex clinal, ontogenetic, sexual, and seasonal morphological variation, rendering species delimitation

difficult. We screened a mitochondrial marker for 245 Sphenomorphus specimens from this area to inform the selection of 104

samples from which we used targeted sequence capture to generate a dataset of 1154 nuclear genes (∼1.8 Mb) plus complete

mitochondrial genomes. Phylogenomic analyses recoveredmany deeply divergent lineages, three pairs ofwhich are now sympatric,

that began to diversify in the late Miocene shortly after the oldest islands are thought to have become emergent. We infer a

complex and nonstepping-stone pattern of island colonization, with the group having originated in the Sunda Arc islands before

using Sumba as a springboard for colonization of the Banda Arcs. Estimates of population structure and gene flow across the

region suggest total isolation except between two Pleistocene Aggregate Island Complexes that become episodically land-bridged

during glacial maxima. These historical processes have resulted in at least 11 Sphenomorphus species in the region, nine of which

require formal description. This fine-scale geographic partitioning of undescribed species highlights the importance of utilizing

comprehensive genomic studies for defining biodiversity hotspots to be considered for conservation protection.

KEY WORDS: Biogeography, genomics, islands, lizards, phylogeography, reptiles.
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Oceanic archipelagos are ideal systems for studying evolution

and diversification because their remoteness produces endur-

ing isolation of colonizing populations while intensifying the

effects of genetic drift and new selective forces that promote

speciation (Whittaker and Fernández-Palacios, 2007; Losos and

Ricklefs 2009). Some of the most influential islands that helped

shape our understanding of these processes include the Hawai-

ian and Galapagos archipelagos, both of which are quite isolated

from the nearest continental landmass and were formed by the

relatively simple sequential process of hotspot volcanogenesis

(Whittaker and Fernández-Palacios, 2007). These archipelagos

represent simplified natural experiments in evolution relative to

mainland communities, thereby allowing for new insights into

fundamental processes driving speciation. In contrast with these

hotspot island chains are archipelagos or clustered sets of

archipelagos, such as the Philippines or Wallacea, which reside

closer to continental source populations and were generated by

combinations of more complex tectonic processes, including vol-

canic activity, subduction-driven uplift, accretionary build-up,

and extensional processes (Hall 2009). Because these archipela-

gos are closer to mainland sources, they are expected to have a

higher frequency of successful colonization events, resulting in

richer biotas shaped by more dynamic processes of species accu-

mulation and sorting. Thus, investigations of these archipelagos

offer the potential to provide new insights into complex historical

biogeographic scenarios and the resulting effects on species for-

mation (Jones and Kennedy 2008; Esselstyn et al. 2010; Brown

et al. 2013; Jønsson et al. 2017; Ali and Heaney 2021).

Southern Wallacea is a vast area containing hundreds of

oceanic islands, including both volcanic and nonvolcanic is-

lands, ranging in age from ∼10–12 Ma to <1 Ma (Hall 2009,

2011). Four main geological components are present, including

the Sunda Arc, Sumba Island, the Inner Banda Arc, and the Outer

Banda Arc (Fig. 1). The Lesser Sunda Archipelago extends east-

ward from the Sunda Shelf before the Inner and Outer Banda

Arcs curl first northward and then back toward the west (Hall,

2011). Despite recent phylogenetic and population genetic stud-

ies revealing substantial undescribed species-level diversity in the

region (Reilly et al. 2019a; Reilly et al. 2022a; Reilly et al. 2022b;

Blom et al. 2019; Grismer et al. 2021), it is nevertheless true

that for many groups of terrestrial animals, the Lesser Sunda Is-

lands are relatively species-poor when compared to the extremely

species-rich Sunda and Sahul continental shelves. Whereas the

islands comprising the Greater Sunda and Sahul Shelves have

each periodically become land-bridged with one another and with

adjacent mainland areas when sea levels dropped during glacial

maxima (Simpson 1977; Monk et al. 1997), the islands of Wal-

lacea remained separated from the unified shelves by a series of

deep marine barriers. This, along with other factors such as island

size, relatively young island ages, and more variable climates

(Van Welzen et al. 2011), may explain the relative paucity of

species within Wallacea because every naturally occurring Wal-

lacean lineage either arrived by “sweepstakes” overwater disper-

sal or diversified in situ following overwater colonization by an

ancestral lineage. Notably, the biotic assemblages on islands in

the interior of the archipelago reflect the biogeographic equiv-

alent of “serial passaging” with the ancestors of these species

each having successfully completed a series of overwater disper-

sal events to reach these islands. While the Wallacean fauna has

been characterized as having a high dispersal ability, they appear

to be at a competitive disadvantage in continental biota commu-

nities (Oliver et al. 2018; White et al. 2021).

Some of the larger volcanic islands (e.g., Sumbawa, Flores)

may be composites formed when once-separated volcanic paleo-

islands enlarged and became amalgamated over time (Muraoka

et al. 2005). Other groups of islands are thought to have episod-

ically merged, forming Pleistocene Aggregate Island Complexes

(PAICs), such as Lombok + Sumbawa, and a large conglomer-

ate known as “greater Flores”, which is thought to have included

Komodo, Rinca, Flores, Adonara, Solor, and Lembata. Finally,

in other cases, the channels separating islands are of such great

depth that it is highly unlikely that they were ever connected

during recent intraglacials, although the dynamic nature of the

tectonics of this region cannot preclude prior connections during

earlier intraglacial low-stands (R. Hall pers. comm.). These sets

of PAIC islands set up testable hypotheses regarding the relation-

ships and levels of divergence between populations within and

among PAICs.

The herpetofauna of southern and eastern Wallacea has

been touted as a textbook example of a two-way filter zone,

as evidenced by the opposing clinal patterns of Asian and

Australo-Papuan species as one moves eastward or west-

ward through the archipelago (Darlington 1957; Whittaker and

Fernández-Palacios, 2007). Indeed, given the configuration of the

archipelago, the stepping-stone model makes sense for recent ar-

rivals (Reilly et al. 2017; Reilly et al. 2019b; Jones et al. 2019).

However, given the tectonic complexity of the archipelago, this

model appears to be an oversimplification when applied to taxa

that colonized the archipelago early (such as in the late Miocene

(∼5.3–12 Ma) before the Banda Arcs and Sumba had become

emergent). Indeed, phylogenetically informed biogeographical

analyses for several taxa suggest that more complex patterns of

dispersal and vicariance are prevalent (Tänzler et al. 2016; Gwee

et al. 2017; Morinaka et al. 2017; Pedersen et al. 2018; Reilly

et al. 2019a; Reilly et al., 2021; Reilly et al. 2022a; Reilly et al.

2022b; Toussaint et al. 2020).

Skinks of the genus Sphenomorphus are a diverse assem-

blage that occurs throughout Southeast Asia, Wallacea, Australo-

Papua, and the Solomon Islands. However, the genus has not dis-

persed beyond the Solomon Islands, as have some other skink
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Figure 1. Map of the study area in southeastern Indonesia. Yellow circles represent exon-capture sampling localities for Sphenomorphus

melanopogon complex samples, the half-green circle represents S. striolatus, and the red circles represent an undescribed species referred

to as S. sp. “Lombok”. Localities with half colors represent sites where either sp. “Lombok” or striolatuswere collected sympatrically with

one of the S. melanopogon complex candidate species. Photos of S. melanopogon complex lizards from (clockwise from top left) Lombok,

Pantar, Wetar, Alor, and Southwest Sumba.

genera (e.g., Cryptoblepharus [Blom et al. 2019], Emoia [Brown

1991], and Lamprolepis [Linkem et al. 2013]), suggesting that

for skinks, Sphenomorphus may be considered to have moderate

dispersal ability. The nominate species for the genus is S. melano-

pogon (Duméril & Bibron 1839), which occurs throughout south-

ern Wallacea and on two small islands off the coast of southwest-

ern Java, with the type locality being Timor (Duméril and Bibron

1839; Shea 2012; Karin et al. 2018; Reilly et al. 2020). Most

of the Lesser Sunda Islands are inhabited by S. melanopogon,

and this region makes up the majority of their range (Fig. 1). In

the Lesser Sundas, a morphologically similar species, S. strio-

latus, occurs on Flores, but its relationship to S. melanopogon

remains unknown. Commonly known as forest sinks, these diur-

nal lizards are moderately sized (sexual maturity reached at >45

mm snout-to-vent length; Shea 2012), with a variable color pat-

tern composed primarily of shades of brown and black (Fig. 1).

They occur from sea level to approximately 1200 m elevation and

frequently occur in a variety of environments, including monsoon

forests, dry creek beds, coastal moist forests, and ecotonal areas

(Auffenberg 1980). They are primarily terrestrial but also occur in

rocky areas and in trees up to 10 m in height (Auffenberg 1980).

Until recently, S. melanopogon contained four subspecies based
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(a)

(b) (c) (d) (e)

Figure 2. Phylogenetic hypotheses. (a) Simplified description of the region where islands are ordered from west to the east based on

the longitude of their midpoint (Banda, Ai, and Kur are not shown but occur well to the east). The East Flores region is considered a

separate region fromWest Flores based on previous studies. Tree topologies that would be consistent with various hypotheses regarding

historical biogeography are presented. (b) A stepping-stone dispersal sequence fromwest to east. (c) A stepping-stone dispersal sequence

from east to west. (d) A scenario where islands are colonized immediately after they become continuously emergent, and the nearest

island serves as the source for later emerging islands. (E) A scenario mostly similar to the “Island Age” hypothesis but where islands that

become periodically connected, or Pleistocene aggregate island complexes (PAICs), contain lineages that are each other’s closest relatives.

Numbers along internal branches in panels D-E represent ancestral ranges based on island age.

on divergent color patterns and geographical restriction to cer-

tain islands. Shea (2012) revised the species and synonymized all

subspecies due to the presence of clinal variation in color patterns

and overlapping scale characteristics. He further suggested (Shea

2012) that genetic data would be needed to address any further

taxonomic division of S. melanopogon, with a special focus on

the island of Flores. Based on our own field observations of mor-

phological divergence and on preliminary mtDNA analyses, we

hypothesize that S. melanopogon, which occurs across oceanic

islands scattered over a >1000 km interval, comprises a species

complex.

By ordering the Lesser Sunda Islands based on their mid-

point longitudinal position (Fig. 2a), we are able to more clearly

set some expectations based on various hypotheses. The melano-

pogon complex is thought to be sister to S. meyeri (Shea 2012),

which occurs on the Sahul Shelf, although all other known close

relatives, such as S. indicus, occur on the Sunda Shelf, leaving

the source of southern Wallacean Sphenomorphus in question. If

a topology is recovered with the more basal lineages in the west

and more derived lineages in the east, this would be consistent

with a western origin stepping-stone hypothesis (Fig. 2b). How-

ever, if this pattern is reversed and the more basal lineages occur

in the east while derived lineages occur in the west, this would

support an eastern origin stepping-stone hypothesis (Fig. 2c). Al-

ternatively, if islands are colonized immediately after they be-

came emergent, regardless of the source, this would result in a

time-calibrated tree where lineage ages were no older than the

island age (Fig. 2d). An important aspect of this hypothesis in-

volves recent dispersal from long-colonized islands to younger

islands, which will appear to shorten the terminal branch length

of the more ancient lineage(s). Finally, as mentioned above,

some islands have become periodically land bridged, potentially

allowing enough gene flow to prevent divergence and thus uniting

the lineages on those island sets (Fig. 2e).

In this study, we screened the mitochondrial ND4 gene for

hundreds of Sphenomorphus samples from dozens of localities

across 13 islands within southern Wallacea. This screening in-

formed the selection of 104 samples from which we used targeted

2284 EVOLUTION OCTOBER 2022



PHYLOGENOMICS OF WALLACEAN FOREST SKINKS

sequence capture to generate a dataset of hundreds of orthologous

nuclear loci and complete mitochondrial genomes.

These data were used to (1) reconstruct phylogenetic rela-

tionships, (2) assess population structure and identify any gene

flow or introgression between lineages, (3) determine the level of

divergence between lineages in relation to the speciation contin-

uum, and (4) reconstruct the timing and sequence of island col-

onization. We discuss these findings in relation to the historical

geology of the region and the biogeographical similarity to other

codistributed species.

Materials and Methods
SAMPLE COLLECTION AND SCREENING

Sphenomorphus specimens were collected on the islands of Lom-

bok, Sumbawa, Flores, Lembata, Pantar, Alor, Wetar, Timor,

Jaco, Sumba, Kur, Banda, and Ai (Table S1). Specimens have

been deposited in the Museum of Vertebrate Zoology at the Uni-

versity of California at Berkeley (MVZ), the Museum of Com-

parative Zoology at Harvard University (MCZ), the United States

National Museum of Natural History, Smithsonian Institution

(USNM), and the Museum Zoologicum Bogoriense (MZB).

DNA was extracted from liver or tail tissue using stan-

dard salt extraction techniques or the DNeasy kit (Qiagen). The

ND4 gene was sequenced for 245 samples (GenBank numbers

MW291696–940) using standard PCR amplification with the

primers ND4 and LEU (Arèvalo et al., 1994). Cleaned PCR prod-

ucts were sequenced on an ABI 3730 sequencer (Applied Biosys-

tems, Foster City, California, USA), and raw sequence reads were

combined in CODONCODE ALIGNER 3.5.2 (CodonCode Corpora-

tion, Dedham, Massachusetts, USA) and aligned with MUSCLE

(Edgar, 2004). We estimated a maximum likelihood (ML) tree

from the partitioned sequence alignment of 932 bp using IQTREE

v2.1.1 (Chernomor et al. 2016; Minh et al. 2020) with automatic

model selection according to BIC scores (Kalyaanamoorthy et al.

2017). Node support was assessed with 1000 ultrafast bootstrap

replicates (UFBoot; Hoang et al. 2018) and 1000 SH-like approx-

imate likelihood ratio tests (SH-aLRT), where UFBoot probabili-

ties ≥95% and SH-aLRT values ≥80% indicate strong clade sup-

port. The single-locus species delimitation software ABGD (Puil-

landre et al. 2012) was used to identify lineages that are candidate

species under the JC69 distance metric with the relative gap width

parameter set to 1.5.

MARKER DEVELOPMENT AND EXON-CAPTURE DATA

COLLECTION

Following Bi et al. (2012), we sequenced and compared transcrip-

tomes from one S. striolatus and two S. melanopogon samples to

identify orthologous loci (Table S2). We chose 1199 exons repre-

senting 1.09 Mb of sequence data from the two S. melanopogon

transcriptomes (∼1.6% sequence divergence) to serve as refer-

ences for 3× tiling of 120 bp probes across each reference. These

probes were implemented in an in-solution exon capture and en-

richment experiment using the MYcroarray MYbaits kit (now

Arbor Scientific). We created biotinylated bait libraries for 104

samples following Meyer and Kircher (2010) with slight mod-

ifications. These samples include Tytthoscincus parvus, Sphe-

nomorphus indicus, S. maculatus, S. meyeri (Aru Island, Indone-

sia), S. striolatus (Flores Island, Indonesia), seven samples of

an undescribed species from Lombok (referred to as “sp. Lom-

bok”), and 91 S. melanopogon complex samples from Lesser

Sundas and Maluku Provinces (Table S1). The MYbaits reac-

tions were performed following recommendations in the v2.3.1

manual with minor alterations. Postcapture reactions were am-

plified and pooled to be sequenced on one lane of an Illumina

HiSeq2500 with 100 bp paired-end reads. Detailed methods con-

cerning transcriptome sequencing, marker development, sample

library preparation, the exon-capture experiment, and bioinfor-

matics processing of the data can be found in the Supplementary

Methods.

MITOGENOMICS

Although mitochondrial genes were not included in our probe

design, we were able to obtain complete mitochondrial genomes

as bycatch from the nontarget reads. The cleaned Illumina reads

were mapped to the mitochondrial genome of S. huanrenen-

sis (GenBank number NC030779), assembling contigs for each

sample and aligning the assemblies in GENEIOUS PRIME ver-

sion 2019.2. After removing the control region, tRNAs, and

ribosomal RNA genes, 15,419 base pair coding gene align-

ments were obtained for 102 of the 104 samples, with two sam-

ples removed due to low coverage. This alignment was parti-

tioned by gene and codon using BIC scores in PARTITIONFINDER2

(Lanfear et al. 2017), and a phylogenetic estimate was

obtained using maximum likelihood inference with RAXML

(Stamatakis 2014). Nodal support was assessed using 1000

nonparametric bootstrap pseudoreplicates. A time-calibrated

Bayesian phylogeny was estimated using STARBEAST2 (Ogilvie

et al. 2017) using the GTR model of sequence evolu-

tion, a Yule tree prior, and an uncorrelated log-normal re-

laxed clock with a rate of 0.02 mutations per site per 106

years, which matches the mean mitochondrial genome mu-

tation rate for vertebrates (Allio et al. 2017). Two runs of

100 million generations were combined after a 10% burn-in

was removed from each, and convergence was assessed by

confirming that ESS values were greater than 200 for all parame-

ters in TRACER version 1.7 (Rambaut and Drummond 2009). Lev-

els of sequence divergence between major lineages or between

biogeographically relevant populations were calculated using the
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web server DIVEIN (Deng et al. 2010). The candidate species dis-

covery software ABGD (Puillandre et al. 2012) was run under the

JC69 model with the relative gap width parameter set to 1.0 to

compare with our ND4 ABGD analysis and to compare with phy-

logenomic results.

PHYLOGENOMICS

The partitioned alignment of all exon-capture sequence data

was analyzed with the maximum likelihood method imple-

mented in RAXML (Stamatakis 2014) under the GTRCAT model

of sequence evolution, with nodal support assessed with 1000

bootstrap pseudoreplicates. The data were partitioned by exon

plus flanking region. Species tree estimation was conducted

using three approaches: (1) a summary coalescent approach

using ASTRAL-III (Zhang et al. 2018), which estimates the

species tree from gene tree input data by maximizing the num-

ber of shared induced quartets; (2) a Bayesian multispecies

coalescent method using STARBEAST2 (Ogilvie et al. 2017);

and (3) a full multispecies coalescent (MSC) approach as

implemented in BPP version 4.2.9 (Yang and Rannala 2010;

Rannala and Yang 2013).

For the ASTRAL-III analysis, we estimated individual gene

trees for 1064/1154 genes (90 genes were not analyzed due to

higher levels of missing data) with RAXML (Stamatakis 2014) un-

der the GTR + I + G model of sequence evolution and used

these gene trees as the input data. A priori species designations

were based on biogeographically relevant clusters as identified

in the concatenated maximum likelihood phylogenetic analysis.

ASTRAL-III branch lengths are in coalescent units, and node sup-

port was assessed with local posterior probabilities computed on

the resulting species tree (Sayyari and Mirarab 2016).

Because STARBEAST2 is a computationally intensive method

for subgenomic datasets, we chose two samples from each major

lineage along with our outgroups for a total of 36 samples. We se-

lected 200 loci that contained sequences for all 36 samples in the

300–1500 bp size range to ease the computational burden. The

final dataset contained a total of 203,373 bp for an average locus

size of ∼1017 bp. A priori species designations were set based on

well-supported clusters identified in the concatenated ML analy-

sis. Four separate runs of 100 million generations sampled every

10,000 generations were carried out under the gamma site model,

the JC69 mutation model, and a strict molecular clock linked be-

tween loci with a clock rate of 0.001 (Brandley et al. 2011; Blom

et al. 2016; Allio et al. 2017). Stationarity was assessed by ex-

amining trace plots of parameters for each run to confirm conver-

gence and to identify the proportion of burn-in required for each

run. Once the burn-in samples were removed and runs were com-

bined, we confirmed that ESS values for parameters were greater

than 200 in TRACER version 1.7 (Rambaut and Drummond 2009).

We also employed BPP version 4.3.8 (Yang, 2015) to esti-

mate a multispecies coalescent time tree for this assemblage. This

version of BPP incorporates the multispecies coalescent with in-

trogression (MSCi) model, which can account for both incom-

plete sorting and gene flow while estimating effective population

sizes and time since divergence on a fixed species tree topology.

For these analyses, we included the full 1154 sequence locus

dataset for 101 individuals representing 15 a priori designated

species (a much larger number of samples and loci than were fea-

sible with STARBEAST2). All analyses were run for 1 million gen-

erations with a burnin of 16,000 generations and the following

prior settings (theta = 3 0.002 e; tau = 3 0.002; and finetune =
3 0.003 0.002 0.00002 0.005 0.9 0.001 0.001). Two sets of anal-

yses were undertaken. In the first set of runs, we employed the

MSCi model on a fixed tree topology (obtained from the STAR-

BEAST2 and ASTRAL analyses) with introgression bands that we

selected based on potential signatures of introgression observed

in STRUCTURE output. We considered three possible cases of bidi-

rectional migration, including between (1) Lombok and Sum-

bawa, (2) West Flores and S. striolatus, and (3) West Flores and

East Flores 2. For these analyses, the phi migration parameter

prior was set to “1 1”. Because these analyses suggested limited

if any actual gene flow occurred between these lineages, we fol-

lowed up with a full MSC time tree search with the MSC model

(without an introgression parameter) using the same prior settings

as outlined above with the exception of the excluded phi migra-

tion parameter.

As an additional metric of genetic divergence between lin-

eages, we calculated genealogical divergence index values (gdi;

Jackson et al. 2017). These values are on a scale of 0 to 1, with

values <0.2 considered strong support for conspecificity, values

>0.7 indicating strong support for distinctiveness at the species

level, and intermediate values indicating ambiguity (Jackson et

al. 2017; Leaché et al. 2019). We obtained gdi values using the

divergence time (τ) and population size (θ) parameters estimated

with the A00 function (see above) in the multispecies coalescent

(MSC) program BPP version 4.3.8 (Yang and Rannala 2010; Ran-

nala and Yang 2013). The gdi for each population is calculated

by summarizing the entire retained posterior distribution using

the equation from Jackson et al. (2017). Convergence for all BPP

analyses was assessed by comparing the posterior distributions

from two independent runs and by confirming that all parameter

ESS values were greater than 200 in Tracer version 1.7 (Rambaut

and Drummond 2009).

BIOGEOGRAPHICAL MODEL COMPARISON

Biogeographical models and dispersal modifiers were compared

using the software BIOGEOBEARS (Matzke 2013; Matzke 2014)

with the goal of testing different hypotheses regarding the se-

quence of island colonization (e.g., stepping-stone versus island
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connectivity), as well as the timing (e.g., correlated with island

age or not). The primary input of this analysis was the STAR-

BEAST2 time-calibrated genomic phylogeny described above.

Each sample was assigned to one of 11 regions: (1) Lombok,

(2) Sumbawa, (3) West + Central Flores, (4) East Flores, (5)

Lembata, (6) Pantar, (7) Alor, (8) Wetar, (9) Timor + Jaco, (10)

Sumba, and (11) islands in Maluku Province (Ai, Banda, Kur).

The program was run with four different dispersal modifiers: (1)

an “Equal” model where each region has an equal dispersal prob-

ability to any other region; (2) a “Distance” model (Van Dam and

Matzke 2016) where the dispersal probability between any two

regions is scaled by the minimum distance between them (in km)

as estimated using Google Earth (2020); (3) a “Stepping-Stone”

model (Table S3) where dispersal is highly favored between ad-

jacent regions (dispersal probability = 1) and discouraged be-

tween nonadjacent regions (dispersal probability = 0.00001);

and (4) a “PAIC” model (Table S3), which is a modification of

the Stepping-Stone model where the highest dispersal probabili-

ties are between regions that are currently connected or become

connected during glacial maxima (based on channel depths).

These four dispersal modifiers were run under the biogeograph-

ical models DEC, DEC + J, DIVALIKE, DIVALIKE+J, BA-

YAREALIKE, and BAYAREALIKE+J. These 24 different mod-

els (four dispersal modifiers, six models) were compared using

the log likelihood (LnL), Akaike information criteria (AIC), and

corrected AIC (AICc) scores to determine the most likely models.

POPULATION STRUCTURE

To confirm the distinctiveness of lineages identified using phylo-

genetic analyses, we utilized a nonmodel-based principal compo-

nent analysis (PCA) of genetic covariance (ADEGENET; Jombart

2008) and a model-based Bayesian clustering program (STRUC-

TURE version 2.3.2; Pritchard et al. 2000) to assign individuals

to genetic clusters. These two methods are also useful for detect-

ing hybrid individuals. For the PCA, a total of 171,751 informa-

tive SNPs (excluding singleton SNPs) served as the input to ana-

lyze four groups: (1) all Sphenomorphus from the Lesser Sundas

and Maluku, (2) a “Sunda Arc clade” of S. melanopogon, (3) a

“widespread clade” of S. melanopogon, and (4) an “eastern sub-

clade” consisting of Alor, Wetar, Timor, and Jaco in the Lesser

Sundas along with islands in Maluku Province. The results of

the top two components were plotted against each other, and bio-

geographically cohesive groups of samples were highlighted. For

clustering analyses, one informative SNP per locus served as the

input. Analyses were run without specifying prior location un-

der the admixture model with allele frequencies correlated. Ten

replicates per preset number of populations (K) were run with

250,000 burn-in and 250,000 retained generations from K = 1–7

and 350,000 burn-in and 350,000 retained generations for K >7.

The range of K explored for each group was based on hypotheses

of population structure based on phylogenomic and PCA results

(S. melanopogon = 1–12; Sunda Arc clade = 1–6; Widespread

clade = 1–10). The optimal number of K was estimated using the

delta-K analysis (Evanno et al. 2005) implemented in the STRUC-

TURE HARVESTER (Earl and vonHoldt 2012). Ancestry bar plots

for the optimal K and the largest K that returned biogeographi-

cally meaningful results were created with final runs utilizing a

1,000,000 burn-in and 1,000,000 retained generations.

To test for signatures of isolation-by-distance (IBD), which

if confirmed could support a stepping-stone dispersal pattern, we

conducted Mantel tests on matrices of Euclidean geographic dis-

tances (in km) and Edwards’ genetic distances using the man-

tel.randtest function in ADEGENET. Significance was assessed

with 100,000 permutations. Genetic distance was plotted against

geographic distance for each sample pair, and local point density

was calculated with two-dimensional kernel density estimation

to produce a colored cloud over the points with the R package

MASS (Ripley and Venables 2002). This approach was taken for

three subsets of samples: (1) S. melanopogon, (2) the Sunda Arc

clade, and (3) the widespread clade.

GENE FLOW AND INTROGRESSION

We employed two strategies to determine the level of genetic iso-

lation between lineages that were identified using phylogenetic

and population structure methods: (1) we used an isolation-

with-migration program to estimate the levels of ongoing gene

flow, and (2) we performed both four- and five-taxon tests to

detect more ancient introgression between lineages. Estimates

of population divergence times (τ) and migration rates (m)

were obtained using the program G-PHOCS (Gronau et al. 2011),

which is capable of dealing with genomic sequence data from

unlinked neutrally evolving loci. The full dataset of introns plus

exons (1154 loci) and even the full flanking dataset (1049 loci)

proved computationally unviable, and tests on multiple sets of

500 loci produced nearly identical results, so one set of 500

flanking loci was chosen for all analyses. Each analysis was run

for 1,000,000 generations and summarized after the removal of

100,000 generations of burn-in. All runs were checked in TRACER

version 1.7 (Rambaut and Drummond 2009) to assess parameter

convergence and confirm that all ESS values were greater than

200. A mutation rate (μ) of 1×10–9 mutations/site/year was used

to convert parameter estimates to real-world values (Brandley et

al. 2011; Blom et al. 2016; Allio et al. 2017). Priors for θ and τ

were set to 1 and 10,000 for alpha and beta, respectively, and mi-

gration priors were set to 0.002 and 0.00001 for alpha and beta,

respectively. We converted the output parameters into population

divergence time in years (Τ) and migrants per generation (calcu-

lated independently of mutation rate) using equations found in the

supplementary material of Gronau et al. (2011). A generation

time of 1 year was used for S. melanopogon based on other
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tropical skink species (Alcala 1966) as well as more distantly

related species with similar life histories (Vitt and Cooper 1986).

We used COMPD (Mussmann et al. 2020) to perform the

“ABBA-BABA” four-taxon test (Green et al. 2010; Durand et al.

2011) and the “Dfoil” five-taxon test (Pease and Hahn 2015),

which detect statistically significant imbalances of discordant

biallelic site patterns indicative of introgression (Martin et al.

2013; Eaton and Ree 2013). These methods have been shown to

effectively detect introgression from targeted-sequence datasets

(Pease and Hahn 2015; Lambert et al. 2019; Mussmann et al.

2020), although they cannot detect introgression between sister

taxa. The exon-capture alignment of 1,801,789 bp was converted

to biallelic site data with heterozygous sites included (Eaton et al.

2015). Individual tests were performed on one individual per

taxon, and all possible combinations of samples from each pop-

ulation were tested. A population-wide Z score and p value were

estimated from 1000 bootstrap replicates per test. A Z score >3

or <–3 and a p value <0.001 were the limits used to indicate sig-

nificant introgression (Durand et al. 2011; Pease and Hahn 2015;

Mussmann et al. 2020).

Results
SAMPLE SCREENING

The ND4 phylogeny recovered a number of well-supported, ge-

ographically defined lineages, although the support for the rela-

tionships among those lineages varies (Figs. S1 and S2). Candi-

date species analyses suggest that the dataset contains 16 species

(Fig. S2). An unexpected candidate species was identified from

Lombok Island (referred to here as “sp. Lombok”, one of two

species inferred for this island). This unexpected lineage was

found to be basal to a clade composed of S. striolatus + S.

melanopogon, although this clade has weak support (UFBoot =
9.1; SH-aLRT = 82). Individual islands that are represented by

single endemic candidate species include Sumbawa, Alor, and

Pantar. Single islands that contain multiple candidate species in-

clude Lombok (2), Flores (6), Sumba (2), and Timor (2). Can-

didate species that occur on multiple islands include one from

Wetar + Ai + Banda + Kur, one from Timor + Jaco, and one

from Flores + Lembata.

EXON-CAPTURE DATA CHARACTERISTICS

A total of 1154 out of the original 1199 targeted loci passed the

filtering stages. The total concatenated alignment consisting of

both targeted exons and flanking introns was 1,801,789 base pairs

of sequence data, averaging 1563 bp per locus. All 104 libraries

were successfully sequenced and retained for analyses. The av-

erage coverage of the targeted regions was approximately 82X

(e.g., an average of 82 unique reads aligned at any given site)

after duplicate reads were removed, although individual sample

coverage ranged from ∼25X up to ∼140X (Fig. S3). The flanking

regions had approximately 35X average coverage after duplicates

were removed, with individual sample coverages ranging from

∼10X to ∼50X (Fig. S4). More than 500 of the 1154 alignments

contained all 104 samples, and the average number of samples

per alignment was 103 (Figs. S5B and D). The number of infor-

mative sites has a relatively linear relationship with the length

of the loci with very few outlier loci (Fig. S5A), and there are

on average ∼11.5% informative sites per alignment (Fig. S5F).

There is no clear relationship between the alignment length and

the percentage size of gaps in each alignment (Fig. S5C). The

final length of the contigs ranged from 100 bp up to ∼4200 bp,

and the percentage of missing data was ≤25% after the additional

filtering step (Fig. S5E and G).

MITOGENOMICS

The partitioned Maximum Likelihood mitogenomic phylogeny

(Fig. 3B) generally has better supported nodes than the ND4 phy-

logeny, including a notable improvement for the sister taxon re-

lationship of S. striolatus and S. melanopogon (BS = 96). Some

newly recovered relationships, such as Alor + Timor, are not well

supported (BS = 8). Some notable topology differences include

the following: (1) within S. melanopogon, the Lombok lineage is

found to be sister to Sumbawa instead of West Flores, (2) the East

Sumba lineage is now recovered as sister to a Timor + Jaco +
Alor + Wetar + Maluku clade, and (3) all samples from Timor +
Jaco form a clade, although with low support (BS = 51). The can-

didate species analysis also differs from that using the ND4 data

by recovering a 17th candidate species (Banda + Ai). The can-

didate species delimitation within West Flores also differs from

the ND4 results. The uncorrected sequence divergence between

the Sphenomorphus sp. “Lombok” and S. melanopogon lineages

range from 17.7% to 18.8%, and the S. striolatus and S. melano-

pogon lineages range from 18.2% to 19.3% (Table S4). The levels

of sequence divergence within S. melanopogon ranged from 2.7%

(Kur/Wetar) to 16.5% (Sumbawa/East Sumba).

The time-calibrated Bayesian tree had moderate to high node

support in all runs with 5/16 nodes returning posterior probabil-

ity values <0.8, although it always returned a majority rule con-

sensus tree with a topology identical to the ML tree (Fig. S6).

Although mitochondrial divergence time estimates should be in-

terpreted with caution, analysis of the mitochondrial dataset sug-

gests that Sphenomorphus sp. Lombok diverged between ∼6.0

and 9.5 million years ago (mean = 7.75 million years ago) and

that S. striolatus diverged from the melanopogon complex be-

tween 5.5 and 8.0 million years ago (mean = 6.77 million years

ago). The Sunda Arc and widespread clades are estimated to have

diverged ∼4.5–6.5 million years ago (mean = 5.63 million years

ago). The youngest divergence times are between Wetar and Kur
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Figure 3. Maximum likelihood phylogenies for (a) the genomic dataset and (b) the mitochondrial genome. Numbers at nodes represent

bootstrap support, and bold numbers in the genomic phylogeny represent ASTRAL local posterior probability. Yellow circles at mitochon-

drial tree nodes delimit candidate species. Trees are rooted by the outgroup samples of Tytthoscincus parvus, Sphenomorphus indicus,

and S. maculatus. Best joint histories from the top supported biogeographical model (DIVALIKE + J) and dispersal modifiers (c = PAIC; d

= Distance). Arrows represent dispersal events, with numbers indicating their temporal sequence. It should be noted that the probability

of the best joint history is low given the uncertainty at many of the nodes (see Figure S8).
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Figure 4. Species Tree and Genealogical Divergence Index. Time-calibrated multispecies coalescent phylogeny from BPP using all 1,154

loci and genealogical divergence index (gdi) values for each ingroup lineage. The numbers above the phylogenetic nodes represent mean

node ages in millions of years (Ma), the numbers below nodes represent posterior probability support, and the node bars represent the

95% posterior density range for node age. Numbers before lineage names refer to the longitudinal ordering of islands shown in Figure 2.

Box and whisker plots for gdi are calculated from theta and tau estimates from BPP, with values above 0.7 (marked with the orange line)

indicating potential species status and values below 0.2 (markedwith the purple line) indicating potential conspecific status. Intermediate

values represent an ambiguous zone of species formation.

(mean = 0.51 million years ago) and between Lembata and East

Flores 2 (mean = 0.26 million years ago).

PHYLOGENOMICS

Bootstrap support is high across the partitioned Maximum Like-

lihood phylogeny of the exon + flanking region dataset with BS

= 100 for every major node (Fig. 3A). Most of the same clades

described for the mitogenomic phylogeny are recovered, with a

few exceptions. These include (1) a basal clade within S. melano-

pogon that includes Sumbawa and West Flores populations as sis-

ter lineages; (2) Pantar as the sister taxon of the East Flores 2 +
Lembata lineage; (3) a monophyletic East Flores 2 clade; (4) Alor

as sister to Timor + Wetar + Maluku (though with a very short

branch length); and (5) the Maluku islands of Banda, Ai, and Kur

as a monophyletic sister group of Wetar. The summary coalescent

ASTRAL-III phylogeny produces the same relationships with local

posterior probabilities of 1.0 for each node (Fig. S7A).

The time-calibrated BPP and STARBEAST2 Bayesian species

tree analyses converged on the same topology as found in the

ML and ASTRAL-III analyses (Fig. 4A; Fig. S7B). The BPP es-

timates of node ages are generally older than those from STAR-

BEAST2, which may reflect the fact that we were able to include

a substantially larger number of samples and sequence loci in the

BPP analyses (1154 sequence loci for 101 individuals vs. 200 se-

quence loci for 36 individuals). Estimates for the divergence time

of Sphenomorphus sp. “Lombok” and the rest of the Lesser Sunda

Sphenomorphus ranges from ∼11.6 million years ago (BPP) to

∼9.5 million years ago (STARBEAST2), followed by the diver-

gence of S. striolatus and the S. melanopogon complex by ∼10.4

million years ago (BPP) or ∼8.2 million years ago (STARBEAST2).

The initial split within S. melanopogon between the Lombok +
Sumbawa + West Flores lineage and all other lineages is esti-

mated to have occurred either ∼8.5 million years ago (BPP) or

∼6.2 million years ago (STARBEAST2). Some of the most recent

divergence events based on the 200-locus dataset are estimated at

∼0.18 million years ago between Lembata and East Flores 2 and

∼0.36 million years ago between the Banda Islands and Kur.

The mean estimated gdi values ranged from ∼0.36 to 0.99,

with eight lineages receiving scores above 0.7 and six lineages in

the ambiguous zone above 0.2 but less than 0.7 (Figure 4). The

highest four gdi values, all >0.99, belong to S. sp. “Lombok”, S.

striolatus, East Flores 1, and Pantar. The ambiguous values be-

long to the sister lineages Lombok and West Flores and the clade

containing the Alor, Timor+Jaco, Wetar, and Maluku lineages.

BIOGEOGRAPHY

Of the six biogeographic models, DIVALIKE + J generally pro-

vided the best fit to the data, followed by DEC + J (Table S6).

The three best-supported models were obtained under the “PAIC”

dispersal modifier, which takes into account historical and cur-

rent connectivity between regions. The best joint history of

the top supported DIVALIKE + J “PAIC” model (Fig. 3C;
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Fig. S8) estimates an initial occupation of Lombok followed by

dispersal eastward to West Flores. Subsequent dispersal from

Flores westward to Sumbawa represents the divergence between

S. striolatus and the common ancestor of S. melanopogon. Tem-

porally, the next dispersal events within S. melanopogon occur

from Sumbawa to East Flores, then from East Flores to Lembata,

followed by nearly simultaneous dispersal from Sumbawa back

to Lombok and from Lembata to Sumba. Remaining dispersal

events within the Sunda Arc involve colonization of West Flores

by Sumbawa and East Flores by Lembata. The Banda Arcs ap-

pear to have been colonized by two dispersal events, one from

Lembata to Pantar and the other from Sumba to Timor, with sub-

sequent dispersal events from Timor to Alor, from Timor to We-

tar, and from Wetar to Maluku. The DEC + J “PAIC” model has

the same best joint history as the top model, while the BAYARE-

ALIKE + J “PAIC” model (Fig. S8) differs in that it estimates the

first dispersal event to have occurred from Lombok to Sumbawa,

with a subsequent dispersal from Sumbawa to West Flores (rep-

resenting the divergence between S. striolatus and the common

ancestor of S. melanopogon). The DIVALIKE + J “Distance”

model is mostly consistent with the top model with a few excep-

tions: (1) Sumba is indicated to have been colonized by the East

Flores 1 lineage, with subsequent dispersal from Sumba back to

Lembata; and (2) the second dispersal event out of Sumba is to

Alor (rather than to Timor) followed by dispersal from Alor to

Timor (Fig. 3D).

POPULATION STRUCTURE

The first two components of the PCA for all Lesser Sunda and

Maluku samples accounted for a combined 40.7% of the variance

and recovered four distinct clusters corresponding to (1) Sphe-

nomorphus sp. “Lombok”, (2) S. striolatus, (3) a Sunda Arc clade

of S. melanopogon, and (4) a widespread clade of S. melano-

pogon (Fig. 5A). The first two components of the PCA within

the Sunda Arc clade captured 49.5% of the variance and recov-

ered three tightly packed clusters corresponding to (1) Lombok,

(2) Sumbawa, and (3) West Flores (Fig. 5B). The first two com-

ponents of the PCA for the widespread clade explained 46.8% of

the variance, with four major clusters of samples: (1) East Flores

1, (2) Southwest Sumba, (3) Pantar + East Flores 2 + Lembata,

and (4) East Sumba + Timor + Jaco + Alor + Wetar + islands in

Maluku. Pantar samples are slightly separated from East Flores 2

+ Lembata, and East Sumba and Maluku are barely distinct from

Timor + Jaco + Alor + Wetar (Fig. 5C). The first two compo-

nents of the PCA for the eastern subclade accounted for 37.8%

of the variance and separated the samples into three clusters: (1)

Timor + Jaco, (2) Alor, and (3) Wetar + Maluku islands (Fig.

S9).

Mantel tests for signatures of IBD were significant within

S. melanopogon and the Sunda Arc Clade (simulated p values

<0.00001) and less so within the widespread clade (simulated p

value = 0.00076) (Fig. S10). Visualization of the genetic vs. ge-

ographic distance plots shows distinct, patchy densities of points

for S. melanopogon and the Widespread clade, indicating geo-

graphically distant and genetically divergent populations (Fig. 5D

and F). The Sunda Arc plot also contains more than one cloud

patch but is more consistent with a continuous cline than the other

two sample groups (Fig. 5E).

STRUCTURE analyses for S. melanopogon returned an opti-

mal K value of 2 (Table S5), roughly corresponding to the re-

lationship of the Sunda Arc and widespread clades, with the

East Flores 1 clade revealing a mixed ancestry between the two

(Fig. 5G). The highest value of K to return meaningful clus-

ters was 10, mostly concordant with the already defined clades

from previous analyses, although within the eastern subclade,

this method finds Alor distinct from Timor, Jaco, Wetar, and the

Maluku islands. Within the Sunda Arc clade, the optimal K was 3

(Table S5), corresponding to Lombok, Sumbawa, and West Flo-

res, although K = 5 revealed structure within Sumbawa and West

Flores (Fig. 5H). Within the Widespread clade, the optimal K was

3, grouping (1) East Flores 1, SW Sumba, and E Sumba; (2) East

Flores 2, Lembata, and Pantar; and (3) Alor, Timor, Jaco, Wetar,

and the Maluku islands (Fig. 5I). Setting K = 7 also recovered

meaningful clusters, although in contrast to K = 10 from the S.

melanopogon analysis, it found Timor + Jaco to be distinct from

the rest of the eastern subclade.

GENE FLOW AND INTROGRESSION

Population divergence times estimated with G-PHOCS were gener-

ally older than those estimated with BPP or STARBEAST2 (though

are more similar to the BPP results), ranging from ∼1.8 Ma for

Wetar and the Maluku Islands, up to ∼12.1 million years ago

for Sphenomorphus sp. “Lombok” and Lombok (Fig. 6). Esti-

mates of migrants per generation were effectively zero for most

lineage comparisons. Three comparisons recovered nonzero mi-

gration values, including (1) between East Flores 2 and Lembata,

(2) between Wetar and the Maluku Islands, and (3) between West

Flores and Sumbawa. All migration bands exhibit fewer than 0.5

migrants per generation, a threshold that we and others have pre-

viously suggested as a species threshold (Shaffer and Thompson,

2007; Reilly et al., 2021). Asymmetric migration is found pre-

dominantly from East Flores 2 into Lembata and from Wetar into

Maluku (Fig. 6).

Four-taxon tests returned significant signals of ancient in-

trogression between the West Flores clade and the East Flores

2 clade (Z = 10.08, p <0.00001), between S. striolatus and the

West Flores clade (Z = −6.95, p <0.00001), and between the

Lombok and Sumbawa clades (Z = 6.08, p <0.0001) (Table 1;

Fig. S11A–I). A near-significant result was estimated between

the Alor and Pantar clades. None of the five-taxon tests returned
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Figure 5. Principal component analysis (PCA) of 171,751 SNPs for (A) the southernWallacean Sphenomorphus assemblage, (B) the Sunda

Arc clade of S. melanopogon, and (C) the Widespread clade of S. melanopogon. Scatterplots depict isolation-by-distance results for (D) S.

melanopogon and its two major intraspecific groups, (E) the Sunda Arc Clade and (F) the Widespread Clade, plotted as geographic versus

genetic distance, with each point representing a two-sample comparison. Point density is measured with a 2-dimensional kernel density

estimation, where blue colors represent lower densities and red colors indicate the highest densities. The lower panels depict STRUCTURE

genetic clustering results of the optimal K and the largest K that returned biogeographically meaningful results for (G) S. melanopogon,

(H) the Sunda Arc clade, and (I) the Widespread clade.

significant signals of introgression, although near-significant re-

sults were recovered for introgression between the Pantar clade

and the ancestor of the Timor and Alor clades and between the

West Flores clade and the Southwest Sumba clade (Table 2;

Fig. S11J–L).

Discussion
This study has uncovered a cryptic radiation of Sphenomorphus

forest skinks in the oceanic islands of southern Wallacea. Our

estimates of population structure, gene flow, and genealogical

divergence provide multiple lines of evidence supporting the
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Figure 6. Box and whisker plots of the posterior probability distribution of population divergence time (millions of years ago) and

migrants per generation from G-PHOCS for adjacent or overlapping regional lineages.

Table 1. Four-taxon tests for introgression with significant results and lineages in bold. N = number of sample comparisons, ABBA/BABA

= number of allelic configurations ± standard deviation, D = Patterson’s D-statistic, Z = statistical confidence score calculated from the

mean and standard deviation of the individual D-statistics, P = p value. S.me = S. meyeri, Lom1 = S. sp. “Lombok”, S.st = S. striolatus,

Lom2 = Lombok, Sw = Sumbawa, WFl = West Flores, EFl1 = East Flores 1, EFl2 = East Flores 2, Le = Lembata, Ti = Timor, We = Wetar, Al

= Alor, Pa = Pantar, SWSu = Southwest Sumba, ESu = East Sumba, Ma = Maluku.

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

450 (((EFl2, EFl1), WFl), S.st) 835.6 ± 40.2 1127.9 ± 56.8 −0.148 ± 0.015 10.08 <10E-10
630 (((EFl1, WFl), S.st), Lom1) 923.0 ± 51.2 767.0 ± 36.6 0.092 ± 0.013 −6.95 <10E-10
1260 (((WFl, Sumbawa), Lom2), S.st) 1232.2 ± 120.5 832.6 ± 64.8 0.192 ± 0.032 −6.08 1.20E-09
2352 (((Ti, We), Al), ESu) 246.2 ± 27.1 182.5 ± 20.5 0.148 ± 0.064 −2.33 0.02
98 (((Lom2, S.st), Lom1), S.me) 1377.5 ± 62.4 1288.1 ± 53.9 0.033 ± 0.025 −1.32 0.19
1050 (((Le, EFl2), EFl1), Lom2) 180.1 ± 13.4 160.4 ± 14.0 0.058 ± 0.054 −1.08 0.28
900 (((EFl2, Le), Pa), EFl1) 169.3 ± 60.5 183.6 ± 61.2 −0.047 ± 0.065 0.72 0.47
2058 (((Al, ESu), SWSu), Pa) 505.4 ± 188.9 487.9 ± 164.1 0.007 ± 0.051 −0.14 0.89
2016 (((Ma, We), Ti), Al) 70.6 ± 23.1 73.4 ± 32.7 −0.001 ± 0.140 <0.01 0.99

Table 2. Five-taxon tests for introgression with significant results (P <0.001) highlighted in bold. N = number of sample comparisons, Z

= statistical confidence score derived from the mean and standard deviation of individual D-statistics, P = p value. Lineage abbreviations

are found in the Table 1 caption.

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

1875 (((Ti, Al), (Pa, Le)), EFl1) −2.94 0.003 −2.99 0.003 −0.06 0.948 0.07 0.945
1250 (((EFl2, EFl1), (WFl, Lo2)), S.st) −1.69 0.090 −0.63 0.528 0.40 0.690 1.32 0.188
2592 (((Esu, SWSu), (WFl, Sum)), S.st) −3.11 0.002 −3.17 0.002 2.83 0.005 3.03 0.002
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recognition of these geographically structured lineages as

species. Because there is broad agreement that the tropics har-

bor high biodiversity and that oceanic archipelagos promote high

levels of endemism (e.g., Kier et al. 2009), it is not surprising that

our examination of a wide-ranging species complex across a trop-

ical oceanic archipelago revealed genetically distinct lineages,

most of which are single-island endemics. What is surprising is

the sheer number of such lineages given the overall lack of mor-

phological variation among these populations, the unexpected ge-

ographical locations of lineage boundaries, and the phylogenetic

relationships inferred for these cryptic lineages. We reveal a com-

plex biogeographical history that includes evidence of both short-

and long-distance overwater dispersal events, crossings of tem-

porary land bridges, and secondary contact of lineages following

the merger of paleo-islands. Analyses of gene flow, introgression,

and genealogical divergence levels indicate that the Sphenomor-

phus melanopogon complex is composed of at least nine species

and likely many more. Below, we discuss the issue of species de-

limitation as it pertains to island archipelagos, as well as the bio-

geographical, conservation, and taxonomic implications of our

findings.

SPECIES DELIMITATION IN AN ISLAND

ARCHIPELAGO

Given the discontinuous nature of land and sea in island

archipelagos, it is unsurprising that allopatric divergence is a key

process driving speciation in these settings. It is also true that al-

lopatric lineages serve as the primary points of contention for the

so-called “species problem” (Padial and De la Riva 2021). For

some researchers (typically proponents of the biological species

concept; Mayr 1942; Butlin and Stankowski 2020), the evolu-

tion of intrinsic reproductive isolating mechanisms is the essen-

tial feature of speciation. In our view (as proponents of the Evolu-

tionary or General Lineage Concept of Species; e.g., Wiley 1978;

De Queiroz, 1998, 2007), species are well-defined independent

lineages on their own evolutionary trajectories. Such lineages

can exist with or without intrinsic reproductive isolating mecha-

nisms, although we agree that reproductive incompatibility is the

most critical feature of the temporally extended process of spe-

ciation in that it provides fixation (de Queiroz 2007). The pres-

ence of intrinsic reproductive isolating mechanisms and lineage

independence is typically self-evident for sympatric lineages, but

for allopatric populations, we are generally left to make a judg-

ment call about morphological divergence as a proxy for either

reproductive incompatibility (in the case of “biological species”)

or lineage isolation (in the case of “evolutionary species”).

The genomics revolution makes possible an alternative ap-

proach to species delimitation for advocates of lineage-based

concepts in that the presence or absence and extent of gene flow

can be quantified directly, reducing our reliance on morphologi-

cal proxies in the assessment of lineage status (Fujita et al. 2012;

Burbrink and Ruane 2021; Leaché et al. 2021). Our approach em-

phasizes barriers to gene flow by estimating rates of migration

across putative lineage boundaries and treating those for which

population demographic analyses infer fewer than 0.5 migrants

per generation as distinct lineages. Because there can be “gray

zones” in the speciation process that render species delimitation

both challenging and somewhat subjective (Roux et al. 2016), we

emphasize that we do not consider 0.5 migrants per generation as

a fixed threshold for actual species status. Instead, we recognize

it as a suitable indicator of lineage independence because it is the

threshold migration rate above which gene flow is expected to

result in genomic homogenization under a model of genetic drift

(Wright 1931). It is important to recognize that this approach is

very much dependent on sufficient sampling, particularly around

contact zones, and could be confounded by sampling gaps (some

of which characterize our dataset, such as for Central Flores), par-

ticularly if there is a pattern of isolation by distance (see Hillis

et al. 2021). The criterion of 0.5 migrants per generation as an in-

dicator of lineage status was suggested by Shaffer and Thompson

(2007) and has been previously put into practice by Barley et al.

(2013) and Reilly et al. (2022a). While we recognize that our ap-

proach may not satisfy those focused on the evolution of intrin-

sic reproductive isolating mechanisms as the underlying rationale

for recognizing species, we note that it is simply impractical to

empirically test for reproductive isolation among large numbers

of genetically divergent allopatric populations. Our approach is

practical, tolerant of different species concepts, amenable to stud-

ies of cryptic diversification, and provides the opportunity for

producing well-reasoned taxonomic decisions.

Employing this approach and taking into account instances

of sympatry between lineages (Table 3), we present evidence for

as many as 11 Sphenonomorphus species in Lesser Sundas, in-

cluding nine cryptic lineages within S. melanopogon. Reilly et al.

(2019a, 2022a) also found elevated numbers of cryptic species

in Lesser Sunda fanged frogs (genus Limnonectes) and flying

lizards (genus Draco). In those two genera, we did not find ev-

idence of sympatry among cryptic lineages, and we thus could

not assess the presence of intrinsic barriers to gene flow that

would satisfy the biological species concept. However, in Sphe-

nomorphus, we have identified sympatric cryptic species within

S. melanopogon (the East Flores 1 and East Flores 2 lineages;

Table 3), suggesting that a full application of the BSC would sup-

port multiple species within this assemblage. This begs the ques-

tion of just how extensive intrinsic reproductive incompatibilities

may be across this species complex.

TAXONOMIC IMPLICATIONS

Our analyses confirm that the southern Wallacean Sphe-

nomorphus assemblage includes Sphenomorphus sp. “Lombok,”
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Table 3. Summary of sympatric or suspected sympatric lineages within the southern Wallacean Sphenomorphus group. Locality # refers

to the localities in Figure S1 where the lineages were collected sympatrically on our expeditions. MtDNA divergence estimates represent

uncorrected sequence divergence for the mitochondrial genome listed in Table S4. Nuclear DNA divergence estimates are taken from the

BPP tree in Figure 4. Introgression refers to significant four- or five-taxon tests, and Gene Flow refers to any detectable migration from

G-PHOCS analyses.

Lineage 1 Lineage 2 Sympatric Localitiy #
mtDNA div.

(%)
nDNA div.

(Ma)
Introgression/Gene

Flow

S. sp. “Lombok” Lombok Yes 3 18.0% 11.6 No/No
S. striolatus West Flores Yes 22 17.9% 10.4 Yes/No
East Flores 1 East Flores 2 -

Lembata
Yes 26, 27 12.9% 5.8 No/No

Southwest
Sumba

East Sumba Maybe - 11.8% 4.2 No/No

S. striolatus, and the S. melanopogon complex, the latter having

proven to be a challenge for morphology-based species delimita-

tion (Shea 2012). Within melanopogon, we interpret our suite of

results as supporting nine species (Table 4), which are discussed

here. Within the S. melanopogon Sunda Arc clade, three candi-

date species from Lombok, Sumbawa, and West Flores are sup-

ported by genomic and mitochondrial monophyly (Fig. 3), deep

divergence (>2 million years ago; Figs. 4 and 6), unambiguous

separation according to genomic PCA and population structure

plots (Fig. 5B, G, and H), and 2Nm (migrants per generation) es-

timates close to zero (<0.01) between adjacent lineages (Fig. 6).

Although four-taxon introgression tests between the Lombok

and Sumbawa lineages indicated that ancient gene flow occurred

(Table 1), and gdi values (Fig. 4) suggest that Sumbawa and West

Flores are in the ambiguous speciation zone, we find that the

Sunda Arc clade contains three species.

The Widespread clade includes six candidate species,

namely, the East Flores 1, Pantar, East Flores 2 + Lembata,

Southwest Sumba, East Sumba, and Eastern lineages. All six are

supported by genomic and mitochondrial monophyly (Fig. 3),

deep divergence times (Figs. 4, 6), separation within PCA and

population structure plots (Figs. 5C, G, and I), and 2Nm estimates

of nearly zero (Fig. 6). Our conclusion that these lineages repre-

sent species is bolstered by the fact that the two East Flores lin-

eages occur in direct syntopy (Table 3) and the lack of gene flow

between the two Sumba lineages despite their close geographical

proximity and apparent lack of dispersal barriers between them.

Even the closely related East Flores 2 and Lembata sublineages

have low gene flow (2Nm <0.5 in both directions) but a shorter

divergence time (∼0.18 million years ago), and continuing phys-

ical connectivity between the two regions suggests that we con-

servatively treat them as conspecifics.

Within the Eastern clade, a similar confounding situation

exists, with four subclades (Alor, Timor + Jaco, Wetar, and

Maluku) initially considered candidate species. Their distinctive-

ness is supported by genomic monophyly (Fig. 3) and 2Nm val-

ues <0.5 (Fig. 6) and mitochondrial monophyly for three of the

groups (but not for Maluku). However, the divergence times are

short relative to the other candidate species in the archipelago

(<1 Ma), the PCA suggests three groups (Fig. S9), population

structure plots suggest two groups (Fig. 5I), and gdi values are

ambiguous (Fig. 4). Given the lack of agreement across analyses,

we suggest that the Eastern clade be considered a single, highly

structured species, pending more comprehensive analysis.

Populations of the S. melanopogon complex that we were

unable to include in this study occur on the islands of Adonara,

Babar, Damar, Komodo, Rinca, Rote, Sumba (West Sumba),

and Timor (West Timor) and the islands of Tinjil and Deli

off of southwest Java, whose colonization by this group of

skinks is rather mysterious (Shea 2012). These areas, along with

smaller, lesser-known islets, almost certainly hold even more

species-level diversity than described in this study. Continued

surveys and a re-evaluation of morphological variation, guided by

the results of this study, will be needed to further refine species

boundaries within Wallacean Sphenomorphus. Our published mi-

togenomic dataset provides a useful resource for the identifica-

tion of newly acquired samples, as it is now possible to apply a

DNA barcoding approach to these samples using any coding mi-

tochondrial gene.

GEODYNAMICS AS A DRIVER OF DIVERSIFICATION

The term “species pump” was first used to explain how cycli-

cal forest fragmentation and connection driven by Pleistocene

climate cycles were instrumental in creating the high species

diversity of Amazonian birds (Haffer 1969). The idea of fluc-

tuating connectivity and vicariance as a driver of speciation has

also been applied to island systems that repeatedly merge and

fragment due to Pleistocene sea-level changes or to so-called

“Pleistocene Aggregate Island Complexes” (PAICs; Inger 1954;

Heaney 1985; Brown and Diesmos 2002; Brown and Diesmos
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2009). The hypothesis of PAIC-driven speciation has been

supported in some cases (Heaney 1986), determined to be only

partially responsible in some systems (Esselstyn and Brown

2009; Esselstyn et al. 2009; Brown et al. 2013; Papadopoulou

and Knowles 2015), and inferred to not be a factor in others

(Bringloe and Saunders 2018; Oaks et al. 2019; Ebdon et al.

2021; Jiang et al. 2021). Some studies have even concluded that

the oscillating connectivity of islands will result not in a species

pump but in a species vacuum, in which signatures of incipient

lineage divergence are periodically erased by lineage mergers

(Papadopoulou and Knowles 2017; Jiang et al. 2021). However,

the relative recency of sea level fluctuations within PAIC systems

may be less relevant for species formation than intermediate sea

levels associated with more long-lasting archipelago configura-

tions, such that species divergences are frequent between PAICs

and less so within them (Norder et al. 2019).

While our biogeographical model testing favored a model in-

corporating increased dispersal between PAIC islands, our results

do not support a PAIC species pump process within Wallacean

Sphenomorphus since the timing of most divergences well pre-

dates the Pleistocene and most of the shallower divergence times

(such as in the Eastern Clade) occur on islands that do not be-

come connected to one another during glacial cycles. Two exam-

ples illustrate the extremes. Within the “Greater Flores” PAIC, the

East Flores 2 and Lembata lineages are closely related and have

experienced moderate gene flow, illustrating the potential influ-

ence of temporary land bridges in preventing (rather than promot-

ing) divergence. At the other extreme, the lack of gene flow and

deep divergence between discrete S. melanopogon lineages on

Lombok and Sumbawa (which together compose the Lombok +
Sumbawa PAIC) suggest that species formation on these islands

was complete prior to the start of the Pleistocene. Close exami-

nation of other Wallacean archipelagos, such as Sulawesi and the

Philippines, suggests that precursor paleo-islands allowed early

colonizing lineages to greatly diverge in isolation in a landscape

barely resembling that of the present day (Evans et al. 2003; Jansa

et al. 2006; Blackburn et al. 2010; Setiadi et al. 2011; Stelbrink

et al. 2012; Brown and Siler 2014). This may apply to the Lesser

Sundas as well, as continuous subduction-driven volcanism and

uplift over the past 10+ million years in the Sunda Arc portion

of the archipelago suggests that the current island configuration

may not accurately reflect the distribution of land and sea 10, 5,

or even 2 million years ago. Thus, the contemporary distance be-

tween islands and/or their inferred connectivity based on channel

depths may have little explanatory power regarding diversifica-

tion patterns of early colonizing lineages that predate the Pleis-

tocene, as seen in other lizard radiations in the region (Barley

et al. 2013; Tallowin et al. 2018; Oaks et al. 2019).
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CONSERVATION OF WALLACEAN ENDEMISM

HOTSPOTS

The natural habitats of the Indo-Australian Archipelago, includ-

ing those of Wallacea, are among the most threatened in the

world (Bickford et al., 2007; Lohman et al. 2011). These habi-

tats buffered many terrestrial taxa against extreme environmen-

tal perturbations during glacial periods, contributing to insular

species formation and maintenance by reducing the extinction of

geographically isolated populations (Fordham and Brook 2010).

However, these historically stable and ecologically reliable natu-

ral habitats and their species are highly vulnerable to nonnatural

human impacts. Because terrestrial vertebrate island endemism is

over eight times greater than mainland endemism, ongoing habi-

tat loss on islands promotes the extinction of island endemics,

which already comprise the majority of human-caused extinc-

tions (Kier et al. 2009; Fordham and Brook 2010; Whittaker et al.

2017). Just to the southwest of Lesser Sundas lies Christmas Is-

land, where both recognized and unrecognized species or insular

lineages have either gone extinct or are now threatened, highlight-

ing the vulnerability of the region’s insular herpetofauna (Smith

et al., 2012; Oliver et al. 2018)

Biodiversity and endemism patterns, commonly used to as-

sess conservation priorities and action plans, are dependent upon

the taxonomic recognition of relevant groups and the spatial scale

of biodiversity sampling (Daru et al. 2020). Recent fine-scale

studies of widespread lineages within Lesser Sundas have re-

vealed endemism hotspots that were not previously known. For

example, eastern Flores, which may have existed as a separate is-

land in the past, is a previously unrecognized endemism hotspot

(Reilly et al. 2019a; Reilly et al. 2022a; this study). Future work

should integrate data from across as many taxa as possible across

the Lesser Sundas to identify and clarify areas of endemism and

shared evolutionary history (Rosauer et al. 2009; Leaché et al.

2020), and these areas should be prioritized when new protected

areas are planned. Additionally, many of the smaller unsampled

islands in southern Wallacea surely have undocumented or unde-

scribed small-range endemic species, and knowledge of their ex-

istence could be used to bolster the argument for designating new

protected areas. In the case of Sphenomorphus, whether names

are given to each distinct lineage, they are all clearly evolution-

arily significant units (ESUs; Moritz 1994) that should be con-

served.

Conclusions
This study has revealed the existence of multiple deeply di-

vergent lineages of Sphenomorphus skinks in the Lesser Sunda

Archipelago, including single-island endemics, lineages that span

multiple islands, and lineages apparently restricted to segments

of individual islands. The most likely colonization scenarios

indicate a steady stream of dispersal events throughout the

archipelago over the past 10–12 million years, with some lin-

eages having come back into secondary contact after long pe-

riods of isolation. In some cases, these lineages appear to form

narrow contact zones, while in others, the lineages have become

syntopic, confirming pre- or postzygotic reproductive isolation

and suggesting that other similarly divergent lineages may also

be both reproductively and ecologically distinct. The assemblage

is composed of as many as 11 species (and perhaps more), most

of which have relatively limited distributions, but with one wide-

ranging species occurring on most of the Banda Arc islands and

having a distribution spanning nearly 1000 km. Our results sug-

gest that the islands of Lesser Sundas may have not only been

arranged differently in the past but may also have more het-

erogeneous temporal histories than currently understood. This

applies most notably to Sumbawa, Flores, and Sumba, all of

which have biogeographical signatures suggesting that they were

formed via the merger of distinct palaeo-islands. Southern Wal-

lacea has a diverse and endemic fauna, much of which is not

yet recognized taxonomically. Phylogenomic and population ge-

nomic analyses of Lesser Sundas species complexes, such as

Sphenomorphus, identify not only new species but also regional

endemism hotspots that lack conservation protection.
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