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1 | INTRODUCTION

Abstract

The Lesser Sundas Archipelago is comprised of two parallel chains of islands that
extend between the Asian continental shelf (Sundaland) and Australo-Papuan conti-
nental shelf (Sahul). These islands have served as stepping stones for taxa dispersing
between the Asian and Australo-Papuan biogeographical realms. While the oceanic
barriers have prevented many species from colonizing the archipelago, a number of
terrestrial vertebrate species have colonized the islands either by rafting/swimming
or by human introduction. Here, we examine phylogeographic structure within the
Lesser Sundas for three snake, two lizard and two frog species that each has a Sunda
Shelf origin. These species are suspected to have recently colonized the archipel-
ago, though all have inhabited the Lesser Sundas for over 100 years. We sequenced
mtDNA from 231 samples to test whether there is sufficiently deep genetic structure
within any of these taxa to reject human-mediated introduction. Additionally, we
tested for genetic signatures of population expansion consistent with recent introduc-
tion and estimated the ages of Lesser Sundas clades, if any exist. Our results show
little to no genetic structure between populations on different islands in five species
and moderate structure in two species. Nucleotide diversity is low for all species, and
the ages of the most recent common ancestor for species with monophyletic Lesser
Sundas lineages date to the Holocene or late Pleistocene. These results support the
hypothesis that these species entered the archipelago relatively recently and either
naturally colonized or were introduced by humans to most of the larger islands in the

archipelago within a short time span.
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of endemic species in part because terrestrial fauna must cross
oceanic barriers in order to reach them, making successful

The oceanic islands of Wallacea are united by their historical
isolation from the land masses of the Sunda Shelf to the west
and the Sahul Shelf to the east and south (Figure 1). While
oceanic islands tend to have lower biodiversity than adjacent
continental regions, they also tend to have a higher proportion

colonization rare and limiting subsequent gene flow between
mainland and insular populations (Whittaker & Fernindez-
Palacios, 2007). Many other factors also influence the species
diversity on oceanic islands such as their distance from con-
tinental sources, the presence or absence of stepping-stone
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islands, island size, habitat heterogeneity, elevation, latitude,
age and intervening ocean currents. (MacArthur & Wilson,
2001; Whittaker & Fernandez-Palacios, 2007). However,
since humans began maritime travel, the accumulation of
species by human-mediated introduction has had an im-
mense impact on the species diversity of islands worldwide
(see Austin, 1999; Capinha, Essl, Seebens, Moser, & Pereira,
2015). While identifying which species have been introduced
to an island or archipelago can help clarify the islands’ bio-
geographical history, it is perhaps most critical from a man-
agement perspective so that effective conservation measures
can be taken to protect sensitive native and endemic species.

The Lesser Sundas Archipelago, comprising the southern
portion of Wallacea, is composed of two parallel, linearly ar-
ranged chains of oceanic islands, the oldest of which have
been continuously emergent for 10-12 Ma (Hall, 2009). This
long period of isolation provided ample time for natural col-
onization of the islands, as well as for in situ diversification,
and the Lesser Sundas are consequently home to many en-
demic species (Orme et al., 2005). Recent studies of Lesser
Sundas amphibians and reptiles (including Limnonectes
fanged frogs, Sphenomorphus forest skinks, Draco fly-
ing lizards and Cryptoblepharus snake-eyed skinks) have
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shown that many of these endemics exhibit deep inter- and
intra-island divergences dating to ~2—10 million years be-
fore present that reflect the complex tectonic history of the
archipelago (Blom et al., 2019; Reilly, 2016; Reilly et al.,
2019). However, although much of the diversity of the Lesser
Sundas originated via natural processes, the archipelago has
been inhabited by sea-faring humans for over 40,000 years,
and these humans maintained a long tradition of pelagic fish-
ing and trade between islands (O’Connor, Ono, & Clarkson,
2011). Indonesia is currently the fourth most populous coun-
try on earth, and travelling and movement of goods between
islands are still commonly undertaken by boat (Monk, Fretes,
& Reksodiharjo-Lilley, 1997). The long period of habitation
by sea-faring humans has resulted in substantial human-
mediated dispersal of plants and animals, including many
reptile and amphibian species, throughout the archipelago
(Heinsohn, 2003; Monk et al., 1997; Reilly et al., 2017).
Many species of reptiles and amphibians have become
highly invasive due to human-mediated dispersal with major
impacts on native fauna (Kraus, 2015). In the Lesser Sundas,
this phenomenon is easily observable by simply boarding
one of the many ferries that traverse the archipelago, upon
which multiple species of house geckos can be seen crawling
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Map of the Sunda Shelf and Wallacea regions with the border of the Sunda Shelf shown as a purple line and the border

of the Sahul Shelf shown as a red line. Wallacea consists of the oceanic islands between those two shelves [Colour figure can be viewed at
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on the walls of the ship. However, there are a number of other
species of reptiles and amphibians in the Lesser Sundas with
colonization histories that remain unclear. Here, we examine
seven species of reptiles and amphibians, each occurring on
most of the major islands (Figure 2), that have either been
shown to be recently introduced into other regions or are sus-
pected of being moved between islands in the Lesser Sundas
(Heinsohn, 2003). Nevertheless, these seven species have oc-
cupied islands within the archipelago for at least 100 years
(Table S1), indicating either that they arrived via human-
mediated introduction before the early 1900s (see van Lidth
de Jeude, 1895; Boulenger, 1897; Barbour, 1912; De Rooij,
1917a, 1917b; van Kampen, 1923; Mertens, 1930) or that
they arrived via natural colonization.

To distinguish human-mediated introductions that
were not directly observed and recorded at the time of

FIGURE 2
focal taxa and their geographic range within
South-East Asia. (a) Kaloula baleata, (b)
Polypedates leucomystax, (c) Eutropis

(a—g) Photographs of

multifasciata, (d) Gekko gecko, (e) Lycodon
capucinus, (f) Lycodon subcinctus and (g)
Trimeresurus insularis [Colour figure can
be viewed at wileyonlinelibrary.com]

arrival from naturally occurring populations, it is typi-
cally necessary to employ some form of genetic analysis.
Mitochondrial (mt) DNA is well suited for this purpose be-
cause of its rapid mutation rate relative to that of nuclear
gene sequence data. If analysis of mtDNA finds well-sup-
ported monophyletic groupings consistent with geograph-
ically distinct local populations, such as samples from an
island or set of islands, this would support the hypothesis
that the species naturally colonized the archipelago long
ago and have been isolated ever since. However, if there is
a lack of phylogeographic structure (such as shared haplo-
types between islands) or an absence of genetic diversity
within the archipelago, this would suggest either a recent
colonization (natural or anthropogenic) or prolific dis-
persal between islands. This pattern could be created by
different scenarios, four of which are considered here: (a)
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natural introduction with prolific recent natural dispersals
between islands; (b) natural introduction with human-me-
diated dispersal between islands; (c) a single human-medi-
ated introduction and human-mediated dispersal between
islands; or (d) multiple human-mediated introductions and
human-mediated dispersal between islands.

Here, we utilize mtDNA sequence data from 231 newly
sequenced samples, along with previously published data,
to examine the phylogeographic structure in seven species
of reptiles and amphibians with the goal of determining if
there is sufficiently deep genetic structure within the Lesser
Sundas to reject the hypothesis that they were introduced by
humans. We pursue this goal by estimating summary sta-
tistics useful for the detection of recent population expan-
sions consistent with recent introductions, estimating the
age of monophyletic Lesser Sundas lineages and generating
phylogenies that can shed light on the biogeographical his-
tory and any possible phylogeographic structure within the
archipelago.

2 | MATERIALS AND METHODS

2.1 | Focal taxa

Lycodon capucinus (Family: Colubridae). The common wolf
snake has been shown to be invasive in many regions of
South-East Asia (Fritts, 1993; O'Shea, Kusuma, & Kaiser,
2018). Because sampling of this species within Indonesia is
sparse, it remains unclear whether L. capucinus occurs natu-
rally in the Lesser Sunda Islands.

Lycodon subcinctus (Family: Colubridae). The white-
banded wolf snake also occurs throughout the Lesser Sundas
and is similar in size and ecology to L. capucinus, suggest-
ing it may have been transported between islands by human
activity.

Trimeresurus insularis (Family: Viperidae). The venom-
ous white-lipped island pit viper is widespread throughout
the archipelago and exhibits regional colour morphs that are
consistent with long-term isolation (see de Lang, 2011; per-
sonal observation). However, limited genetic analyses have
found low divergence among island populations (David,
Vogel, & Vidal, 2003; How, Schmitt, & Suyanto, 1996;
Malhotra & Thorpe, 2004) suggesting the possibility of re-
cent colonization or recent movement between islands. This
hypothesis is also supported by a recent study (utilizing some
of the same specimens examined in this study) which found
that venom components are highly conserved between island
populations of 7. insularis, with the exception of Lombok,
which has minor differences (Jones et al., 2019).

Gekko gecko (Family: Gekkonidae). Tokay geckos occur
throughout the Indo-Australian Archipelago, and a study
based on limited sampling found minimal genetic divergence
between Timor and multiple Sunda Shelf localities including
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Sumatra, China, Malaysia and Cambodia (Roesler et al.,
2011). This species is commonly found in human settlements,
and its prey, insects and smaller geckos are abundant on boats
travelling between islands.

Eutropis multifasciata (Family: Scincidae). Sun skinks
were shown to be recently introduced to other regions
of eastern Indonesia, and even to Australia and the USA
(Ingram, 1987; Meshaka, Butterfield, & Hauge, 2004;
O’Shea et al., 2018). A study based on allozyme data
found limited divergence between islands within the Lesser
Sundas, suggesting that inter-island movement may be
prevalent (Schmitt, How, Hisheh, Goldberg, & Maryanto,
2000). Eutropis multifasciata from the nearest Sunda Shelf
island, Bali, was once considered a distinct subspecies
(Eutropis m. balinensis) from Lesser Sundas populations
(E. m. multifasciata) based on scale morphology and col-
oration, though these subspecies have since been syn-
onymized (Amarasinghe et al., 2018; Auffenberg, 1980;
Mertens, 1927, 1930). A recent genomics study utilizing
samples from mainland South-East Asia, the Philippines
and one locality in Indonesia (Sulawesi) found high lev-
els of connectivity across great distances including across
some deep-water channels (e.g., Sulawesi and Luzon is-
lands), but also found that the greatest levels of genetic
divergence were associated with populations separated
by deep-water channels (Barley, Monnahan, Thomson,
Grismer, & Brown, 2015).

Polypedates leucomystax (Family: Rhacophoridae).
The common tree frog has been shown to be introduced
to various parts of Indonesia and the Philippines (Brown
et al., 2010). However, relatively high genetic diversity on
neighbouring Java combined with limited sampling from
the Lesser Sundas has left their colonization history in the
Lesser Sunda Islands an open question (Kuraishi et al.,
2013).

Kaloula baleata (Family: Microhylidae). The smooth-fin-
gered narrow-mouthed frog is common throughout the Sunda
Shelf and the Lesser Sundas. The close relative Kaloula pul-
chra is suspected to have been introduced to multiple islands
in Wallacea including Flores, suggesting that K. baleata may
also have been introduced via human activity (Heinsohn,
2003; Whitten, Mustafa, & Henderson, 1987).

22 |

Herpetological surveys were conducted over the course of
five expeditions between 2010 and 2014 on the islands of
Bali, Nusa Penida, Lombok, Sumbawa, Flores, Lembata,
Pantar, Alor, Wetar, Sumba, Savu, Rote and Timor. Sampling
information for all newly sequenced samples can be found in
Table S2. Voucher specimens and tissue samples are housed
at either the UC Berkeley Museum of Vertebrate Zoology or
the Museum Zoologicum Bogoriense in Cibinong, Indonesia.

Sampling
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Genomic DNA was extracted from liver or tail tip tissues
using the Qiagen DNeasy Blood and Tissue Kit (Qiagen).
For T. insularis, two mitochondrial genes, ND4 (including
tRNAs’ serine, histidine and leucine) and cytochrome b
(cytb), were PCR-amplified following standard procedures
using the primers ND4 and LEU for the ND4 gene (Arévalo,
Davis, & Sites, 1994) and the primers THRSN2 and H14910
for the cytb gene (Burbrink, Lawson, & Slowinski, 2000).
The cytb gene was sequenced for both species of Lycodon
using the primers THRSN2 and H14910. The ND4 gene (in-
cluding tRNAs serine, histidine and leucine) was sequenced
for both E. multifasciata and G. gecko using the primers
ND4 and LEU. The 16S gene was sequenced for P. leuco-
mystax and K. baleata using the primers 16sc-L and 16sd-H
(Evans et al., 2003). PCRs were carried out using standard
Sanger sequencing methods and ethanol precipitation. DNA
sequence visualization was performed on an ABI 3730 auto-
mated sequencer (Applied Biosystems). Forward and reverse
sequence reads were combined in Geneious v11.1.5 (https
://[www.geneious.com). For each species, relevant DNA se-
quence data (i.e., for samples from the Lesser Sundas or other
Sunda Shelf localities) were downloaded from GenBank.
Sequence alignments were generated using MUSCLE
(Edgar, 2004) with manual corrections where necessary.

Data collection

24 |

The software jModelTest 2 (Darriba, Taboada, Doallo, &
Posada, 2012) was used to infer the appropriate models of
sequence evolution for phylogenetic analyses. Maximum
likelihood phylogenetic analysis was carried out using the
program RAxXML v8 (Stamatakis, 2014) with node support
assessed with 1,000 non-parametric bootstrap replicates.
For monophyletic Lesser Sundas clades with phyloge-
netic structure, the timing of entry into the archipelago was
roughly estimated using divergence dating analyses imple-
mented in the software BEAST v2.4.8 (Bouckaert et al.,
2014). A strict molecular clock was applied with a rate of
2% divergence/million years for all taxa, as a median rate of
1.99% divergence per million years was estimated from a
number of vertebrates (Allio, Donega, Galtier, & Nabholz,
2017). Additionally, rates more specific to each taxonomic
group and mitochondrial gene were also applied including
1.3% for K. baleata (Macey et al., 2001), 1.3% for both
E. multifasciata and G. gecko (Ceccarelli et al., 2014), 1.8%
for L. subcinctus (Nabholz, Glémin, & Galtier, 2009) and
1.7% for T. insularis (Rodriguez-Robles, Jezkova, Fujita,
Tolson, & Garcia, 2015). For BEAST analyses, a data ma-
trix composed of one sequence per unique haplotype was
subjected to two separate runs of 10 million generations
or more. Log files were viewed in Tracer v1.7 (Rambaut,

Data analysis

Drummond, Xie, Baele, & Suchard, 2018) to ensure all pa-
rameter ESS values were >200. To obtain divergence esti-
mates, the results of each pair of analyses were combined
after discarding 10% of the samples as burn-in. Trees were
viewed in FigTree.

Summary statistics including number of haplotypes, par-
simony-informative sites, haplotype diversity, nucleotide
divergence, Tajima's D (Tajima, 1989) and Fu's Fs were
calculated with the software DnaSP v5 (Librado & Rozas,
2009). Tajima's D (when significantly negative) and Fu's
Fs statistics can detect a rapid population expansion after a
genetic bottleneck. All sequences are deposited in GenBank
(see Table S2 for GenBank numbers).

3 | RESULTS

3.1 | Genetic structure

Kaloula baleata exhibits substantial genetic structure (Figure
3a). Samples from Timor are nested within samples from Java
and Bali. This “Java/Bali/Timor” clade is sister to a Lesser
Sundas clade composed of samples from Sumbawa, Sumba
and Flores. The haplotype of the Bali sample is identical to
that of two samples from Timor. Frogs from Sumbawa form
a monophyletic assemblage with high support (bootstrap pro-
portion [bp] = 94).

For P. leucomystax, the Lesser Sundas samples are most
closely related to samples from Java, Bali and Nusa Penida
(Figure 3b). A single common haplotype is shared across every
island sampled within the Lesser Sundas as well as Java and Bali.

For E. multifasciata, our single sample from Timor is sis-
ter to a Bali clade, though still highly divergent. This Bali/
Timor clade is sister to all remaining samples forming a well-
supported Lesser Sundas clade (bp = 100; Figure 3c). These
two haplotype groups are differentiated by ~4% sequence
divergence at the ND4 gene. Within the Lesser Sundas, liz-
ards from Wetar and Pantar each form monophyletic groups,
though only supported by one informative mutation for each
clade. A single common haplotype is found on Lombok,
Sumbawa, Flores and Alor.

Samples of G. gecko from the Lesser Sundas are found in
three separate clades, each comprised of a collection of sam-
ples representing multiple overlapping localities. For example,
samples from Sumbawa are present in each of the three clades.
One of the two samples from China is nested in among the
three Lesser Sundas clades, and a second sample from China is
sister to all other samples (Figure 3d). The only monophyletic
island is Bali, united by a single shared mutation. One com-
mon haplotype is found on Nusa Penida, Sumbawa, Sumba,
Sabu and Timor, while a second common haplotype is found
on Sumbawa, Flores, Pantar, Alor, Wetar, Timor and Rote.

Lycodon capucinus samples from the Lesser Sundas
include a total of three haplotypes distinguished by two
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FIGURE 3 (a-g) Maximum likelihood phylogenies and represented islands. Each box contains a map of the Lesser Sundas region (including
Bali and Nusa Penida) with sampled islands colour filled. Unsampled islands where the species is known to occur are shaded light grey. Numbers
at nodes represent bootstrap support. Text in boxes represents node age estimates for relevant splits, with 95% posterior density distribution age
ranges in parentheses. The numbers alongside islands in box (a) and (e) correspond to relevant islands: 1—Bali, 2—Nusa Penida, 3—Lombok,
4—Sumbawa, 5—Komodo, 6—Flores, 7—Adonara, 8—Lembata, 9—Pantar, 10—Alor, 11—Wetar, 12—Timor, 13—Rote, 14—Sabu and 15—

Sumba [Colour figure can be viewed at wileyonlinelibrary.com]

parsimony-informative substitutions. The most common Island (Figure 3e). A second haplotype occurs on Christmas
haplotype was found in samples from Malaysia, Sumbawa, Island and Flores, and a third haplotype occurs on Bali and
Flores, Pantar, Alor, Wetar, Timor, Rote, Sabu and Christmas Sumbawa.
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For L. subcinctus, a total of two haplotypes were recov-
ered from the eight newly sequenced samples, with only one
singleton mutation found in a Flores sample (Figure 3g).
The common haplotype was found in snakes from Lombok,
Sumbawa, Flores, Lembata and Pantar. The Lesser Sundas
samples form a strongly supported clade relative to samples
from Malaysia, Thailand and the Philippines, but we lack
samples from adjacent Java or Bali.

A total of 11 haplotypes were recovered from the 57
T. insularis samples, with only three parsimony-informative
sites present. The most common haplotype, belonging to
40/57 Lesser Sunda samples, is found on every island except
Lombok. Lombok is the only monophyletic island population
and is differentiated by a single unique mutation (Figure 3f).
A T insularis sample from eastern Java is sister to all Lesser
Sundas samples. Trimeresurus fasciatus from Tanah Jampea
Island (123 km north of Flores) was found to be the sister
taxon of T. insularis.

32 |

Within the Lesser Sundas samples, genetic variability ranged
from a low of one variable site and no parsimony-informa-
tive sites (L. subcinctus) to a high of 54 variable sites with
10 parsimony-informative sites (E. multifasciata “Lesser
Sundas” clade + Timor sample; Table S3). However, when
E. multifasciata samples from the Lesser Sundas without
Timor are considered, there are only 23 variable sites, eight

Summary statistics

of which are parsimony-informative. Haplotype diversity
within the Lesser Sundas samples ranged from 0.10 (P. leu-
comystax) to 0.91 (E. multifasciata “Lesser Sundas” clade;
Table 1). Nucleotide diversities within Lesser Sundas sam-
ples were all low and ranged from a low of 0.0002 (P. leu-
comystax and L. subcinctus) to a high of 0.0044 (G. gecko;

Table 1). Tajima's D statistics calculated from Lesser Sundas
samples were negative for all species, ranging from —0.58
(K. baleata) to —2.20 (statistically significant value for
E. multifasciata “Lesser Sundas” clade). Fu's Fs statistics
were negative for all Lesser Sundas samples, ranging from
—0.18 (L. subcinctus) to —16.52 (E. multifasciata “Lesser
Sundas” clade), whereas the clades of E. multifasciata and
K. baleata composed of samples from Timor and Bali had
positive values (2.55 and 1.02, respectively).

33 |

The ages of the most recent common ancestors (MRCA) of
each Lesser Sundas clade fell within the late Pleistocene (even
considering 95% confidence intervals) with a range of 90,000—
770,000 years (Table 1; Figure 3). Time-calibrated phylogenies
using the taxon-/gene-specific rates can be found in Figure S2.

The MRCA age was estimated for the Lesser Sundas
clade (not including Timor) of K. baleata using rates of
1.3% (0.77 Ma; 95% CI: 0.46-1.08 Ma) and 2% (0.49 Ma;
95% CI: 0.31-0.69 Ma). No estimate is given for P. leuco-
mystax due to the nested Sundaland samples from Java, Bali
and Nusa Penida. The MRCA ages were estimated for the
Lesser Sundas lineage (not including Timor) of E. multifas-
ciata using rates of 1.3% (0.64 Ma; 95% CI: 0.40-0.90 Ma)
and 2% (0.42 Ma; 95% CI: 0.26-0.60 Ma). MRCA ages
were estimated for two lineages of G. gecko: (a) a lineage
containing samples from Sumbawa, Flores, Sumba, Sabu,
Timor and Nusa Penida using a rate of 1.3% (0.25 Ma; 95%
CI: 0.10-0.42) and 2% (0.16 Ma; 95% CI: 0.06-0.27 Ma);
and (b) a lineage containing samples from Sumbawa, Flores,
Pantar, Alor, Wetar, Timor, Rote and Bali using a rate of
1.3% (0.26 Ma; 95% CI: 0.11-0.42 Ma) and 2% (0.17 Ma;
95% CI: 0.07-0.27 Ma). MRCA ages were estimated for

Ages of Lesser Sundas clades

TABLE 1 Mitochondrial marker summary statistics and divergence times within Lesser Sundas clades
Species h T Tajima's D Fu's Fs MRCA (specific rate) MRCA (2% rate)
Kaloula baleata
“Java/Bali/Timor” clade  0.60 0.0031 —1.37 (p > 0.10) 1.02 0.65 Ma (0.34-0.97) 0.42 Ma (0.22-0.62)
“Lesser Sundas” clade 0.83 0.0037 —0.58 (p > 0.10) -0.85 0.77 Ma (0.46-1.08) 0.49 Ma (0.31-0.69)
Polypedates leucomystax 0.10 0.0002 —1.49 (p > 0.10) —2.66 N/A N/A
Eutropis multifasciata
“Bali/Timor” clade 0.87 0.0117 —0.39 (p > 0.10) 2.55 1.73 Ma (1.08-2.36) 1.12 Ma (0.71-1.54)
“Lesser Sundas” clade 0.91 0.0024 -2.20(p <0.01)* -16.52 0.64 Ma (0.40-0.90) 0.42 Ma (0.26-0.60)
Gekko gecko 0.72 0.0044 —0.77 (p > 0.10) —-0.81 0.25 Ma (0.10-0.42) 0.16 Ma (0.06-0.27)
Lycodon capucinus 0.29 0.0003 -1.12 (p > 0.10) -1.15 N/A N/A
Lycodon subcinctus 0.25 0.0002 —1.05 (p > 0.10) —0.18 0.09 Ma (0.002-0.20) 0.08 Ma (0.003-0.18)
Trimeresurus insularis 0.47 0.0006 —1.36 (p > 0.10) -5.19 0.23 Ma (0.12-0.35) 0.19 Ma (0.11-0.30)

Note: Age ranges in parentheses represent the 95% posterior density distribution.

Abbreviations: i, haplotype diversity; Ma, millions of years ago; MRCA, most recent common ancestor; z, nucleotide diversity.

*Statistically significant.
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Lesser Sundas lineages of L. subcinctus using rates of 1.8%
(0.09 Ma; 95% CI: 0.002-0.20 Ma) and 2% (0.08 Ma; 95%
CI: 0.003-0.18 Ma), and for T. insularis using rates of 1.7%
(0.23 Ma; 95% CI: 0.12-0.35 Ma) and 2% (0.19 Ma; 95% CI:
0.11-0.30 Ma). No estimate is given for L. capucinus because
no monophyletic Lesser Sunda lineage was recovered.

4 | DISCUSSION

4.1 |

The mitochondrial markers we have screened are well
suited for rejecting human-mediated introductions since
deep genetic structure would indicate that their occurrence
in the region predated the arrival of humans. However, lack
of structure does not necessarily mean that these species
did not arrive via natural dispersal. We set out to deter-
mine whether there was sufficiently deep genetic structure
within these taxa to reject the hypothesis that the Lesser
Sundas populations are the result of human introductions.
However, one potential complication is that independent
introductions from structured populations outside of the
Lesser Sundas could be misinterpreted as structure within
the Lesser Sundas. Adding to this challenge is the possibil-
ity that some taxa may be composed of both native and
non-native populations. To elucidate these alternative sce-
narios, more comprehensive geographic sampling of each
species outside of the Lesser Sundas would be needed to
pinpoint the source (or sources) and more accurately esti-
mate the timings of colonization. Additionally, increased
sampling of nuclear variation (e.g., RADSeq data) would
produce a more robust phylogeny and allow for demo-
graphic and biogeographical model-testing analyses to bet-
ter estimate the timing and sequence of island colonization.
Even if a phylogenetic signal is obtained that is predicted
under a human-mediated dispersal scenario, differentiating
between natural and human-mediated dispersal is not al-
ways possible (see Hamilton, Zug, & Austin, 2010).

If any of these species had been long-established in the
Lesser Sundas, we would expect each island population, or
at least sets of islands, to have unique mutations resulting in
phylogeographic structure. The results of our mitochondrial
phylogenetic estimates and summary statistics have shown
that each of the seven focal species has little to moderate ge-
netic differentiation and little to no phylogeographic structure
across the oceanic islands of the Lesser Sundas. It should be
noted that the methods used in this study to estimate diver-
gence dates tend to be biased towards older dates, suggest-
ing that colonization and expansion through the archipelago
occurred more recently (see Herman & Searle, 2011). Our
MRCA ages, though only rough estimates, do suggest that
some species may have occurred within the Lesser Sundas
on the order of hundreds of thousands of years, and the

General patterns

negative Tajima's D values estimated for Lesser Sundas sam-
ples within each species are consistent with recent popula-
tion expansions. Given that each of these species is known
to have occurred throughout the majority of their currently
known Lesser Sundas range for over 100 years (Table S1),
any human-mediated introductions into the archipelago or
specific islands would have occurred before the 20th century.
While a primary goal of this study was to search for evidence
of a natural invasion for these taxa, we can reject human-
mediated introduction to the archipelago for only K. baleata,
E. multifasciata and T. insularis. Even for these taxa, the gen-
eral absence of phylogeographic structure within the Lesser
Sundas indicates that we cannot reject human-mediated inter-
island dispersal following natural colonization.

4.2 | Candidates for natural introduction
with possible human-mediated dispersal

The white-lipped island pitviper has very low genetic diver-
sity with a common haplotype found on every island except
Lombok. However, 7. insularis does contain some phylo-
geographic structure with Lombok island samples forming a
monophyletic group (though only supported by a single mu-
tation), which is in agreement with a recent venom study that
showed venom differences between Lombok and the rest of
the archipelago (Jones et al., 2019). Although the topology of
our tree places samples from Wetar plus Pantar as basal within
the Lesser Sundas, support for this branching pattern is very
weak and it is more appropriate to interpret the tree as a large
polytomy or star phylogeny. Trimeresurus insularis diverged
from its sister species, the Tanah Jampea endemic 7. fasciatus,
~2.9 Ma. It is unclear whether the ancestor of these two spe-
cies dispersed from Tanah Jampea to the Lesser Sundas, or from
the Lesser Sundas to Tanah Jampea, but the prevailing north-
to-south oceanic currents in the Flores Sea suggest that a dis-
persal from Tanah Jampea to the Lesser Sundas is more likely
(Gordon, 2005). If this is the case, then East Java may have been
colonized by T. insularis from the Lesser Sundas. While it ap-
pears that this species has naturally occurred in the archipelago
for some time, we note that both the high densities of 7. insula-
ris and the movement of large quantities of agricultural goods
by boat could have transported these pit vipers between islands.

Both K. baleata and E. multifasciata have moderate phy-
logeographic structure and genetic diversity within the Lesser
Sundas, suggesting that they have inhabited the archipelago
for some time. Interestingly, for both species, our data indicate
that samples from Timor are more closely related to samples
from Bali (and Java in the case of Kaloula) than to samples
representing the remainder of the Lesser Sundas. An import-
ant difference between these species is that the K. baleata
sample from Bali had an identical haplotype to some Timor
samples, whereas the E. multifasciata sample from Timor is
clearly divergent and quite genetically distinct from samples
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from Bali. This suggests that K. baleata likely arrived on
Timor via human-mediated introduction from Bali, whereas
E. multifasciata on Timor may very well represent a separate
natural introduction from Bali or elsewhere. Regarding the
non-Timor populations of Kaloula in the Lesser Sundas, our
limited data set exhibits phylogeographic structure, suggest-
ing that these frogs are naturally occurring on the islands of
Sumbawa, Sumba, Flores and likely others as well.

Eutropis multifasciata populations on Bali, Pantar and
Wetar are each monophyletic, suggesting isolation on those
islands, whereas Lombok, Sumbawa, Flores, Sumba and
Alor share either a common haplotype or very closely related
haplotypes, suggesting either recent or continued movement
between those islands. Eutropis multifasciata has likely oc-
curred in the Lesser Sundas for a significant amount of time,
but it is unclear whether they have been moved between
islands by people or whether they are such prolific natural
dispersers that they remain genetically unstructured. Future
sampling of both genes and localities throughout their range
will certainly shed light on this unresolved question.

4.3 | Candidates for human-mediated
introduction and dispersal

There is low phylogeographic structure within P. leucomys-
tax, with one common haplotype found throughout the Lesser
Sundas, as well as on Java and Bali. The extremely low nu-
cleotide diversity (0.0002) suggests a recent and rapid spread
through the Lesser Sundas. Though not yet proven, it has long
been suspected that P. leucomystax has been moved around
much of South-East Asia by people, a finding supported by
Brown et al. (2010) and Kuraishi et al. (2013). Our findings sup-
port the hypotheses that P. leucomystax has either been recently
introduced into and throughout the Lesser Sundas Archipelago
or that it has naturally invaded the archipelago very recently
followed by rapid colonization of nearly every major island.
Analyses of the snake fauna within the Lesser Sundas
suggest that the archipelago's long-standing isolation from
other islands in the region have influenced both their spe-
cies composition and levels of variation between island
populations (How & Kitchener, 1997). However, we find
that both species of Lycodon wolf snakes have very little
genetic diversity, no phylogeographic structure and nega-
tive Tajima's D values, suggesting that they have recently
expanded their ranges and population sizes as they col-
onized the islands. Lycodon capucinus from the Lesser
Sundas are nearly genetically identical to those from the
Malay Peninsula, suggesting they were recently introduced
by humans, and likely continue to be moved between is-
lands. Lycodon subcinctus also exhibits minimal genetic
diversity suggesting a recent and rapid spread through
the archipelago and/or continued movement between is-
lands. However, the lack of L. subcinctus sampling from
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the nearby Sunda Shelf islands of Java and Bali, as well as
the monophyly of Lesser Sundas samples, prevents us from
ruling out a natural introduction.

44 | Candidate for multiple human-
mediated introductions and dispersals

Movement of reptiles between islands in the Lesser Sundas
is certainly known for some species such as the geckos
Hemidactylus frenatus, Hemidactylus platyurus and Gehyra
mutilata, which are commonly seen on ferry boats travelling
between islands (pers. obs. S. Reilly). This may be the case
for G. gecko as well, which has more genetic diversity than
the three snakes examined but no discernible phylogeographic
structure. ND4 sequence data for G. gecko outside the Lesser
Sundas are sparse which prevents the inference of the source
populations for the Lesser Sundas. Gekko gecko samples
within the Lesser Sundas are rendered paraphyletic and nested
within samples from China suggesting multiple human-me-
diated introductions. The introduction of the Chinese turtle,
Mauremys reevesii, to Timor is evidence of the long history of
travel and movement of animals between China and Indonesia
(Kaiser, Carvalho, Freed, & O’Shea, 2010; Yuwono, 1998).
Gekko gecko are common in dense human settlements in
the region and are known to prey on smaller geckos (such
as Hemidactylus, Lepidodactylus and Gehyra), which are
common on boats travelling between islands (Aowphol,
Thirakhupt, Nabhitabhata, & Voris, 2006). Thus, it would not
be surprising if G. gecko occasionally or routinely stows away
on these boats and is thereby moved between islands.

4.5 | Comparisons with confirmed native
herpetofauna

While we have shed light on the recent arrival and low inter-
island divergences within these seven focal species, there are
many other species of herpetofauna whose history within the
archipelago is much older with little to no connectivity be-
tween islands. For example, Limnonectes fanged frogs entered
the archipelago at least 7 Ma with movement between islands
between 2 and 7 Ma (Reilly et al., 2019), Draco flying lizards
entered ~7-11 Ma with movements between islands ranging
from 0.5 to 7 Ma (Reilly, 2016), and Sphenomorphus forest
skinks entered before 6 Ma with early movements between
islands ranging from recently (into Maluku) to 5.5 Ma (Reilly,
2016). Unlike the seven focal taxa for this study, the fanged
frogs, flying lizards and forest skinks exhibit deep splits be-
tween monophyletic island populations (or populations from
non-overlapping regions of larger islands), and estimates of
their arrival into the archipelago are only slightly younger
than the ages of the oldest continuously emergent islands.
Why have fanged frogs, flying lizards and forest skinks
not been recently moved between the Lesser Sunda Islands
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while many of the seven focal taxa have? All seven spe-
cies from this study, as well as Draco and Sphenomorphus,
have close associations with human settlements or agricul-
ture, whereas only Limnonectes primarily occur away from
human-disturbed areas. Perhaps this pattern could be partially
explained by each species propensity to be moved within ag-
ricultural products (e.g., fruits and potted plants) either as
adults or as eggs. For frogs, the movement of eggs could ac-
count for Polypedates (which deposit foam nests out of the
water (Yorke, 1983)), but not for Kaloula or Limnonectes
which deposit eggs in water. Gekko and both Lycodon spe-
cies could deposit eggs in the soil of potted plants, whereas
Eutropis and Trimeresurus are ovoviviparous and would be
moved as juveniles or adults. Egg deposition sites of Draco
and Sphenomorphus may occur in soils or vegetation not
readily moved by humans, whereas Gekko and Lycodon may
deposit eggs in soils or vegetation more likely to be trans-
ported between islands. In summary, we are not aware of any
clear association of the natural history/breeding biology with
levels of divergence within Lesser Sundas herpetofauna.

46 |

Plants and animals have been moved between islands and
introduced to new islands, both purposefully and uninten-
tionally, within the Indo-Australian Archipelago for tens of
thousands of years (Heinsohn, 2003). Certainly, the intro-
duction of some species results in greater ecological impact
than others, and special caution should be given to prevent
the human-mediated spread of those species that could cause
major damage such as toxic species (e.g., toads) or certain
predators that can devastate naive native species. For exam-
ple, the nearby Christmas Island has been heavily impacted
by the human-mediated introduction of L. capucinus, which
has likely caused the extinction of four species of lizards en-
demic to the island (Oliver et al., 2018; Smith et al., 2012).
The detection of human-mediated introductions of ecologi-
cally harmful species will depend on accurate surveys of
each island's fauna, both in the past (to determine a baseline)
and in the present (to detect introductions), and as such, we
recommend that comprehensive faunal surveys of the Lesser
Sundas continue. When a confirmed or suspected introduc-
tion is detected, dietary analyses (e.g., stomach contents) of
the intruding species could be particularly useful to under-
stand their impacts on native fauna.

Conservation implications

S | CONCLUSIONS

The results from this study show that none of these seven
taxa exhibit deep genetic structure as seen in old, naturally
occurring taxa such as Limnonectes fanged frogs, Draco
flying lizards and Sphenomorphus forest skinks (Reilly,

2016; Reilly et al., 2019). In the light of these results, we
cannot definitively reject the hypothesis of human-medi-
ated introductions and/or movements throughout the archi-
pelago for these seven species. For some of these species
(K. baleata, E. multifasciata, T. insularis and L. subcinc-
tus), longer term natural introductions remain a viable pos-
sibility, whereas, for others (P. leucomystax, G. gecko and
L. capucinus), natural introductions seem unlikely in the
light of these new results, what we know about well-docu-
mented introductions elsewhere (such as for L. capucinus)
and the biology of the species (rampant overwater dispersal
over a short temporal extent would be quite unexpected for
amphibians). While we have not definitively answered the
question of the mode of introduction for most of these taxa,
our data clearly indicate that each of these taxa is a rela-
tively recent arrival to the Lesser Sundas Archipelago with
little to no genetic divergence between islands. We have
shed light on the biogeography of each of these taxa and set
the stage for others to follow-up with more comprehensive
sampling of localities and genes.
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