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a b s t r a c t
We utilize robust geographical genetic sampling, a multilocus dataset, a new synthesis of numerous fossil
calibration points, a time-calibrated phylogeny, and the Dispersal–Extinction–Cladogenesis model to test
the prediction that widespread Southeast Asian water monitor species initially diversiﬁed on the Asian
mainland and subsequently invaded the island archipelagos of the Philippines, Sundaland, and Wallacea.
Our results strongly contradict these expectations and instead infer an initial water monitor radiation of
range-restricted but highly divergent evolutionary lineages (now recognized as endemic species) in one
archipelago around 3.6 mya, followed by an out-of-the-Philippines reinvasion of the mainland (2.2 mya),
resulting in a few, widespread species that now inhabit most the islands of the Sunda Shelf and the
Southeast Asian mainland as far north as Myanmar, as well as an out-of-the-Philippines invasion of
Sulawesi (2.1 mya). Our analyses both conﬁrm the importance of island archipelagos as drivers of diversiﬁcation for mainland biodiversity and emphasize the global evolutionary signiﬁcance and conservation
priority of the Philippines for understanding processes of diversiﬁcation in island archipelagos.
Ó 2014 Elsevier Inc. All rights reserved.

1. Introduction
Southeast Asia is a biologically and geologically diverse region,
having undergone continued and dynamic geological change since
the end of the tertiary, some 30 million years ago—change which
has dramatically altered the composition of islands and their relative geographical positions in the region (Hall, 1996, 1998, 2002).
Throughout the Southeast Asian and Indo-Australian archipelagos,
a series of sea plate collisions in combination with strike-slip fault
volcanism have created a geographically dynamic region (Hall,
1996, 1998, 2002; Rangen, 1990; Yumul et al., 2003, 2009;
Dimalanta and Yumul, 2004), ultimately shaping distributions
and patterns of diversiﬁcation of resident ﬂora and fauna in these
regions (Lohman et al., 2011; Brown et al., 2013). More recently,
during the Pleistocene, the islands of Southeast Asia have been
particularly affected by climatological ﬂuctuations, resulting in an
oscillating cycle of sea level change which has repeatedly altered
the exposure, area, and connectivity of the regions’ geological components (Inger, 1954; Heaney, 1986; Hall, 1996, 1998; Rohling
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et al., 1998; Karns et al., 2000; Voris, 2000; Siddal et al., 2003;
Woodruff, 2010). With such a dynamic geographic template, insular
Southeast Asia represents an ideal region for examining the effects
of geologic and climatic inﬂuences on phylogenetic processes and
the accumulation of biodiversity (Delacour and Mayr, 1946; Inger,
1954; Evans et al., 2003; Jansa et al., 2006; Esselstyn and Brown,
2009; Siler et al., 2012; Brown et al., 2013).
Monitor lizards have long occupied a unique standing among
herpetologists, being both an often large, conspicuous member of
their respective ecosystems, as well as more recently representing
ﬂagship species for conservation (Welton et al., 2010). Despite
being the subject of rigorous taxonomic study, relatively little
attention has been given to the geological processes which have
shaped the evolution and distribution of this group (but see Arida
and Böhme, 2010; Fuller et al., 1998; Pianka et al., 2004; Portik and
Papenfuss, 2012; Vidal et al., 2012; Smissen et al., 2013). With few
exceptions (Portik and Papenfuss, 2012; Smissen et al., 2013), previous studies have largely focused on estimating the origin of the
genus as a whole, with little inference into the origin of constituent
lineages, and routes and timing of dispersal events.
Much of this work has been limited by data quality, quantity,
and availability. Fossil evidence, multi-locus DNA sequence data,
and accurate paleo-reconstructions are necessary to accurately infer evolutionary histories, and these sources of data are becoming
ever more accessible and of increasing quality (Conrad et al., 2012;
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Hall, 2013; Portik and Papenfuss, 2012; Vidal et al., 2012; Welton
et al., 2013).
The Asian water monitors (Varanus salvator Complex) are a
taxonomically diverse assemblage (Koch, 2010; Koch et al., 2007,
2010; Welton et al., 2012), with a geographic distribution rivaled
in area by only one other lineage in the genus (V. indicus Complex;
Cota, 2008; Ziegler et al., 2007; Philipp et al., 1999; Pianka et al.,
2004). This distribution spans the entirety of Sundaland, stretching
westward to the eastern coast of India and Sri Lanka (including the
Andaman and Nicobar islands), north to southern China, Myanmar,
and Bangladesh, and with an eastern extent into the Philippines
and western Wallacea (Koch, 2010; Koch et al., 2007, 2010; Welton
et al., 2013).
Over the past decade, the Varanus salvator Complex has undergone numerous taxonomic revisions, elevating a number of insular
populations to species, as well as identifying phenotypically distinct populations, assigned to sub-speciﬁc rank (Gaulke, 1991,
1992; Koch, 2010; Koch et al., 2007, 2010; Welton et al., 2013).
As currently recognized, the complex is comprised of twelve taxa
(seven species: V. salvator, V. cumingi, V. marmoratus, V. nuchalis,
V. palawanensis, V. rasmusseni, and V. togianus; and ﬁve subspecies:
V. salvator andamanensis, V. s. bivittatus, V. s. macromaculatus, V. s.
ziegleri, and V. cumingi samarensis). Recent multi-locus phylogenetic and species tree analyses assessed the species boundaries
for the group, and identiﬁed two additional, phylogenetically unique lineages masquerading as the northern Philippine V. marmoratus from the Bicol region of Luzon Island and from the deep
water islands of Mindoro and Semirara (Welton et al., 2013). These,
along with the currently recognized taxa V. cumingi, V. c. samarensis, V. marmoratus, V. nuchalis, V. palawanensis, and V. rasmusseni are
all endemic to the Philippine archipelago. Based on the ﬁndings of
Welton et al. (2013), the remaining diversity represents nested
subsets of a larger, predominately Philippine clade. These include
V. s. bivittatus (Java Island), V. s. macromaculatus (Myanmar, W.
Malaysia, Singapore, and Sumatra, and presumably Borneo, Cambodia, Laos, Thailand, and Vietnam as well), and V. togianus (Sulawesi Island). Given the unique and surprising phylogenetic
relationships of the group (Welton et al., 2013), with all of the
non-Philippine taxa nested within a predominately Philippine
clade, the Varanus salvator Complex represents a compelling
assemblage for examining patterns of diversiﬁcation on a geographic template as turbulent and diverse as that of Southeast Asia
(Hall, 1998, 2002; Yumul et al., 2009; Brown and Diesmos, 2009;
Brown et al., 2013).
Previous treatments of the Varanus salvator Complex have
rarely taken historical biogeography into account (but see Gaulke,
1991), despite the lineage’s distribution across such a geologically
active region. In this study, we set out to test the hypothesis of the
Southeast Asian water monitors having diversiﬁed originally on
the mainland of Indochina and Sundaland, subsequently dispersed
into the Philippine and Indonesian archipelagos, following the generalized predictions of Diamond (1974, 1977). Additionally, we
seek to explore three hypotheses relating to dispersal corridors
into and out of the Philippines: (1) Sundaland–Palawan–Mindoro–Luzon; (2) Sundaland–Sulu Archipelago–Mindanao; and (3)
Sulawesi–Mindanao. Using a fossil-calibrated molecular phylogenetic analysis in conjunction with enhanced understanding of the
identity and distribution of relevant evolutionary lineages (Welton
et al., 2013), and applying model-based biogeographic inference,
we sought to better understand the historical biogeography of
the Varanus salvator Complex. Our results suggest that, in fact,
the Philippines represents the ancestral source of lineages currently found throughout the Greater Sundas, peninsular Southeast
Asia, and Indochina, and that the Philippines has served as a driver
of diversiﬁcation, generating novel ‘out-of-archipelago’ evolutionary lineages that then dispersed throughout much of Southeast

Asian and the insular southwest Paciﬁc while diversifying throughout the past ﬁve million years.
2. Materials and methods
2.1. Taxon sampling and data collection
We used the recent datasets of Welton et al. (2012, 2013), totaling 88 samples within the genus Varanus and representing 49 of
the 73 described species, as well as a number of subspecies and
putative taxa. Welton et al.’s (2012, 2013) original dataset was
pruned so that only two exemplars from each taxon, or major island population, were represented, resulting in exemplars for our
focal group (Varanus salvator Complex) of V. cumingi cumingi (6),
V. c. samarensis (2), V. marmoratus (6), V. cf. marmoratus (7), V.
nuchalis (6), V. palawanensis (2), V. salvator bivittatus (2), V. s. macromaculatus (4), and V. togianus (2). Samples for V. rasumusseni, V. s.
andamanensis, V. s. macromaculatus (from Borneo), V. s. salvator,
and V. s. ziegleri were unavailable. This dataset consisted of two
anonymous nuclear loci (L52 and L74; Alföldi et al., 2011), two
coding nuclear genes, diacylglyceral lipase-alpha (DGL-a; Alföldi
et al., 2011) and the prolactin receptor (PRLR; Townsend et al.,
2008), and the mitochondrial region spanning the NADH dehydrogenase subunits 1 and 2 and seven ﬂanking tRNAs (ND1, ND2; Ast,
2001). The combined, 5-locus dataset was comprised of 2,531 bp
for ND1/ND2, 651 bp for DGL-a, 545 bp for L52, 185 bp for L74
(Dryad accession doi:10.5061/dryad.m0n61), and 541 bp for PRLR
(Supplemental Table 1). Additionally, we added mitochondrial
and PRLR data for several varanines and outgroup taxa. From Vidal
et al. (2012) we added mitochondrial data for Anolis carolinensis,
Anguis fragilis, Anniella pulchra, Celestus enneagrammus, Elgaria multicarinata, Pseudopus apodus, Shinasaurus crocodilurus, and Xenosaurus grandis. Additionally, we added PRLR data for V. acanthurus and
V. exanthematicus from Wiens et al. (2012; GenBank accessions
JN880892 and JN880893, respectively). See Supplemental Table 1,
for sample identities.
2.2. Sequence alignment and phylogenetic analyses
Initial alignments were produced with the MUSCLE (v3.831;
Edgar, 2004) algorithm implemented in GENEIOUS (v5.5.6;
Drummond et al., 2011), with manual adjustments made in
MESQUITE (v2.75; Maddison and Maddison, 2011).
Divergence time estimates were calculated in BEAST (v1.7.5;
Drummond et al., 2012) with the dataset partitioned by gene or
gene region (seven partitions, with tRNAs treated as a separate
partition). Multiple preliminary analyses using an uncorrelated
lognormal clock for each gene partition failed to convergence. To
help with chain mixing we applied two uncorrelated lognormal
relaxed clocks, one to the mitochondrial dataset (ND2 + ND1
+ tRNA’s) and the second to the nuclear dataset (L52 + L74 + DGLa + PRLR). Clock models were linked for each regional clock and
rate multipliers were applied to allow rate heterogeneity among
genes. All substitution models were unlinked and follow the AIC
model scheme of Welton et al. (2012, 2013). Analyses employed
a user deﬁned starting tree, generated by applying minimum and
maximum bounds from fossil calibrations using uniform distributions from the node age constraints in Starttree (Heath, 2012;
Heath et al., 2012). Yule tree priors were applied and ran for two
independent runs of 100 million generations sampling every
10,000 generations with ten percent of each run discarded as
burnin. We used LOGCOMBINER (BEAST v1.7.5; Drummond and
Rambaut, 2007; Drummond et al., 2012) to combine two independent BEAST analyses, which converged on the same parameter
space, and used Tracer (v1.5; Rambaut and Drummond, 2007) to
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ensure that estimated sample sizes (ESS) were greater than 200
and to check for adequate chain length. Please refer to our ﬁnal
xml BEAST ﬁle (available for download at http://lwelton.weebly.com/publications.html) for further information on the priors
applied for BEAST analyses.
We used seven fossils to calibrate our phylogeny, six of which
were previously employed by Vidal et al. (2012), and one that
has only recently been described (Conrad et al., 2012). A summary
of these fossils is supplied in Supplemental Appendix (as well as a
summary of Varanus in the fossil record), and the priors applied to
these calibrations in Supplemental Table 2.
2.3. Ancestral area reconstructions
We used the Maximum Likelihood Dispersal Extinction
Cladogenesis model, implemented in Lagrange (v1.0; Ree and
Smith, 2008) to reconstruct the ancestral range of the Varanus
salvator Complex radiation (scripts generated with the conﬁguration tool at http://www.reelab.net/lagrange). All sampled members
of the V. salvator Complex included in BEAST analyses (as well as
V. rudicollis) were coded based on contemporary distributions in
one of four areas: (1) Indochina; (2) Philippines; (3) Sundaland;
or (4) Wallacea. Our fossil-calibrated chronogram (maximum clade
credibility tree) from BEAST was applied, with samples pruned to
one exemplar per population (island populations, and recognized
or putative species). Two analyses were run to estimate the
ancestral area of the node uniting Varanus rudicollis and the
V. salvator Complex (as well as a number of daughter nodes), one
using equal dispersal rates between areas (1.0), and the other
applying variable rates based on relative distances between areas
at time intervals going back 30 my in 5 my intervals (Supplemental
Table 3). Both analyses were constrained to a maximum ancestral
range size of two and allowed all ranges to be included. All other
settings were left at default values, with additional rate parameters
estimated.
3. Results
3.1. Phylogenetic analyses
Analyses of the combined, partitioned dataset resulted in a
well-supported topology (Fig. 1; Supplemental Fig. 1), with nonVaranus salvator Complex relationships mirroring that of Vidal
et al. (2012) and Welton et al. (2013). The preferred topology for
the V. salvator Complex, although differing from the consensus tree
from Welton et al. (2013), is congruent with one of the ⁄BEAST species trees presented in that study (Welton et al., 2013: Supplemental Fig. 6).
Varanus rudicollis is recovered as the well-supported sister lineage to the V. salvator Complex. Within the radiation of Asian water
monitors, the clade comprised of V. cumingi cumingi and V. c.
samarensis is recovered as the lineage derived from the most basal
node. Sister to the V. cumingi clade is V. marmoratus, which is in
turn sister to the remaining sampled diversity within the complex.
Two non-Philippine lineages, V. salvator bivittatus and V. s. macromaculatus, form a clade sister to V. togianus and the remaining Philippine members of the complex. Sister to V. togianus are two
clades, one being comprised of V. palawanensis and V. cf. marmoratus from the islands of Mindoro and Semirara, and the other of V.
nuchalis and V. cf. marmoratus from the Bicol region of Luzon and
Polillo and Catanduanes islands (Fig. 1). All of these relationships
received high posterior probability support (pp P 99%) except for
the nodes uniting (1) V. nuchalis + V. cf. marmoratus (Bicol) and V.
palawanensis + V. cf. marmoratus (Mindoro); and (2) V. togianus
and the four lineages referenced above (Fig. 1).

3

3.2. Timing of diversiﬁcation
Generally, the conﬁdence intervals for divergence dates on our
chronogram are relatively narrow toward the terminals, but become broader, deeper in the phylogeny (Fig. 1; Supplemental
Figs. 1, 2; Supplemental Table 4). Within the Varanus salvator Complex, conﬁdence intervals are markedly narrower than those recovered between other lineages within our sampling (See
Supplemental Table 2 for mean ages and conﬁdence intervals for
calibrated nodes, and Supplemental Table 4 for all nodes).
Higher-level divergence dates inferred here are concordant
with those inferred by Vidal et al. (2012). For our focal group, the
Varanus salvator Complex, we infer a basal split from its sister taxon, V. rudicollis, 13.6233 mya, followed by the V. cumingi lineage
splitting from the remainder of the complex 3.6233 mya and the
two cumingi taxa diverging from one another 1.8679 mya. At
2.9981 mya V. marmoratus (Luzon, Lubang, and Calayan islands) diverged, followed by V. salvator bivittatus and V. s. macromaculatus
at 2.2143 mya, which in turn split from one another at
1.5113 mya. Varanus togianus then split from the remainder of
the salvator Complex at 2.0871 mya, followed by the divergence
between the V. palawanensis + V. cf. marmoratus (Mindoro) and V.
nuchalis + V. cf. marmoratus (Bicol) clades at 1.9795 mya. The major
splits within these two clades (between the recognized taxa and cf.
marmoratus lineages) occurred at 1.7474 and 1.433 mya, respectively (Fig. 1).
3.3. Ancestral range reconstructions
Our ancestral range reconstructions recovered similar results
between runs. The equal dispersal rates analysis preferred, though
only slightly, an ancestral area of Sundaland for the node uniting
Varanus rudicollis and the V. salvator Complex. Additionally, three
nodes were inferred to have an ancestral area of the Philippines + Sundaland: (1) the basal node uniting all members of the
salvator Complex, (2) the node uniting all lineages except for V.
cumingi, and (3) the node uniting all lineages except for V. cumingi
and V. marmoratus. The node uniting V. togianus with the remaining salvator Complex lineages was recovered with an ancestral area
dominated by the Philippines + Wallacea. The remaining nodes
were all recovered as Philippine (Fig. 2A).
Our relative dispersal analysis yielded only slightly different
reconstructions, with the basal node uniting V. rudicollis and the
V. salvator Complex recovered as the Philippines + Sundaland. The
only other difference was in the reconstruction for the nodes uniting the V. cumingi clade, and V. marmoratus, with the remainder of
the salvator Complex. In both cases, the Philippines alone was
recovered with low probability, with the Philippines + Sundaland
still being the preferred reconstruction (Fig. 2B).
4. Discussion
4.1. Taxon sampling
Our results provide reasonable inferences into the biogeographical history and timing of diversiﬁcation of the Asian water monitors, and speciﬁcally those lineages endemic to the Philippines,
especially given the concordance of our divergence date estimates
with previous studies (Vidal et al., 2012). However, as with the original publications from which our data were derived (Welton et al.,
2013; Vidal et al., 2012), our inferences are somewhat limited by
the geographic scope of sampling, with the absence of samples
from all taxonomic units or major island lineages (namely, Borneo)
within the Varanus salvator Complex, particularly those outside of
the Philippines, as well as being limited by the loci analyzed. Given
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Fig. 1. Fossil-calibrated phylogeny for the Varanus salvator Complex, and distributions of major lineages within the Philippines. Not shown are distributions for V. salvator
salvator (Sri Lanka), V. s. adamanensis (Andaman Islds.), V. s. macromaculatus (India, Indochina, and Borneo and Sumatra islands), V. s. bivittatus (Java Island), V. s. ziegleri (Obi
Island), and V. togianus (Sulawesi Island). Nodes receiving >0.95 posterior probability indicated by circle, and bars indicate 95% conﬁdence interval.

Please cite this article in press as: Welton, L.J., et al. Fossil-calibrated phylogeny and historical biogeography of Southeast Asian water monitors (Varanus
salvator Complex). Mol. Phylogenet. Evol. (2014), http://dx.doi.org/10.1016/j.ympev.2014.01.016

L.J. Welton et al. / Molecular Phylogenetics and Evolution xxx (2014) xxx–xxx

5

Fig. 2. Ancestral area reconstructions for major lineages within the Varanus salvator Complex and its sister species, V. rudicollis. (A) Equal dispersal probabilities between all
areas from 0 to 115 mya; (B) Dispersal probabilities based on relative geographic position of each area at 5 my intervals (see Supplemental Table 2 for values).

that our inferences of historical biogeography are conditional on
our sampling, we expect future studies that are able to incorporate
more thorough sampling across the entire range of the V. salvator
Complex, especially outside of the Philippines, will continue to improve estimates of this group’s evolutionary history.
4.2. Historical biogeography and divergence within the V. salvator
Complex
The Varanus salvator Complex initially diverged from its closest
relative (V. rudicollis) in the middle Miocene, nearly 14 million
years ago (mya). During this time, Southeast Asia was in the middle of a major geological transformation (Hall, 2002, 2013; Fig. 3).
Sea levels were some 50–60 m lower than present levels and many
components of the contemporary geography had not yet been
formed (Voris, 2000; Hall, 2001, 2012, 2013; Houben et al.,

2012). At the time, components that had already formed with
land-positive areas consisted of the (1) Indochinese mainland coupled with western Borneo, (2) an island complex which would
eventually comprise portions of western Sumatra, (3) the Palawan
Microcontinent Block (Palawan Island and associated islands just
to the north, parts of Mindoro Island and the Romblon Island
Group), (4) portions of the Sulu Archipelago and the Zamboanga
Peninula of western Mindanao Island, and (5) insular components
of Sulawesi (Fig. 3A; Hall, 2001; 2012; 2013; Houben et al., 2012;
Yumul et al., 2003; Zamoras and Matsuoka, 2004). It was during
this time, presumably, that the ancestor of the V. salvator Complex
ﬁrst invaded the Philippine archipelago most likely via a dispersal
event through the Sulu Archipelago and Zamboanga Peninsula. The
divergence of the V. cumingi taxa around 3.6 mya (Fig. 1) precedes
the ‘‘ﬁnal’’ positioning of Palawan Island between Borneo and Luzon. The shorter distance between the land positive regions of
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Fig. 3. Geological reconstructions of Southeast Asia, modiﬁed from Hall (2013), indicating distributions of the Varanus salvator Complex at 15, 10, and 5 mya, as well the
current recognized distributions of sampled lineages. Ancestral distributions based both on contemporary and reconstructed areas for lineages. Major, sampled components
of the contemporary distribution of the V. salvator Complex identiﬁed as: (I) Myanmar; (II) Philippines; (III) W. Malaysia; (IV) Borneo; (V) Sulawesi; (VI) Sumatra; and (VII)
Java.

the Sulu Archipelago, and both Borneo and Mindanao Islands
(Fig. 3), as well as the current distribution of the V. cumingi taxa
(southern, rather than northern Philippines), indicates the Sulu
Archipelago being the most likely dispersal corridor into the
Philippines. However, this inference is only partially supported
by ancestral area reconstructions (Fig. 2).
Basal divergence within the V. salvator Complex occurred just under 4 mya, during the early Pliocene. The geographic range of the V.
salvator Complex has now become more dynamic, consisting of
numerous independent land masses (Fig. 3C), presumably a result
of additional dispersal events, continued geologic changes (5–
10 mya; Fig. 3), sea-level oscillations, and increased volcanism
throughout the archipelago. It is at this time, with western Mindanao
now land-positive, that the ancestors of the two V. cumingi lineages diverged through over water dispersal. Additional over water dispersal
followed, resulting in the northward expansion of the complex’s

range along the Philippine’s eastern island arc, progressively colonizing paleo-islands comprised of portions of present day Samar, Leyte,
Masbate, and Luzon islands (Brown et al., 2013: Fig. 3).
In two apparent back-dispersal events during the early to midPleistocene, the clade comprised of V. salvator bivittatus + V. s. macromaculatus, and then Varanus togianus, consecutively split from
the complex at 2.2 and 2.1 mya. Based on available sampling, one
can infer two plausible routes for these dispersal events: (1)
ancestors of the clade V. salvator bivittatus + V. s. macromaculatus
dispersing out of the Philippines into Borneo and the Indochinese
peninsula, and (2) ancestors of the lineage giving rise to V. togianus
dispersing out of the Philippines into Sulawesi. The ﬁrst may have
been via Palawan or the Sulu archipelago, though the later divergence dates of lineages endemic to islands along the Palawan route
may indicate a more likely Sulu route. The second, involving
V. togianus, most likely utilized a southward route from Mindanao
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Island, through the Celebes Sea and along the Sangihe Ridge to
Sulawesi. While speculative at this time without more robust sampling throughout Borneo, Indochina, and northern Wallacea, this
scenario is quite plausible given our topology, as well as a number
of previous studies highlighting faunal afﬁnities between the
Philippines and Wallacea along the Sangihe Ridge (Auffenberg,
1980; Gaulke, 1991; Evans et al., 2003; Honda et al., 2005; Brown
et al., 2013). Additionally, although these colonization routes currently are interspersed with both insular and marine components,
the oscillating sea levels of the Pleistocene provided a mechanism
for dispersal along these corridors, as global glaciation events resulted in the reduction of sea levels by as much as 130 m or more
(Sathiamurthy and Voris, 2006). This resulted in the formation and
dissolution of island complexes (Pleistocene Aggregate Island
Complexes [PAICs]; Heaney, 1985; Brown and Diesmos, 2002,
2009; Siler et al., 2010, 2012), whereby islands separated by
shallow seas became interconnected during periods of glaciation
(presumably with increased faunal exchange), and separated again
during inter-glacial cycles (Diamond and Gilpin, 1983; Brown and
Siler, 2013). Finally, lowered sea levels presumably also decreased
the effectiveness of marine barriers, possibly facilitating dispersal
between areas that might have been otherwise inaccessible.
The Philippine island of Luzon represents the source for the
remaining diversiﬁcation events inferred within the Varanus salvator Complex. The Palawan Microcontinent Block, containing the
Palawan Island Complex, Mindoro, Semirara and a part of Panay islands began colliding with Luzon nearly 15 mya. However, the
timing of diversiﬁcation for the lineages inhabiting those islands
only dates to 1.98 mya (early Pleistocene). Given this supported
divergence date, it is reasonable to conclude that one plausible
mechanism of diversiﬁcation stems from sea level oscillation and
the formation and dissolution of PAICs. The divergence between
V. palawanensis and V. cf. marmoratus (Mindoro and Semirara
islands), as well as that between V. nuchalis and V. cf. marmoratus
(Bicol, Polillo, and Catanduanes islands) was 1.75 and 1.43 mya
respectively, and possibly related to dynamics of dispersal between
PAICs, followed by subsequent isolation and divergence.
Ancestral area analyses failed to discriminate between the Philippines and Sundaland as being the ancestral range of the Varanus
salvator Complex. However, given both the genetic and taxonomic
diversity present in the Philippines, relative to that present
throughout Sundaland, it would not be surprising if more rigorous
and data-rich analyses implicate this archipelago as the ultimate
source of diversity within the salvator Complex. Additionally, the
ambiguous reconstructions at several nodes would require numerous, over-water dispersals, rather than just two (Philippines to Borneo, and Philippines to Sulawesi). As with phylogenetic analyses,
those for ancestral areas are ultimately limited by sampling due
to their reliance on an a priori topology. The paucity of samples
from Borneo and additional portions of Indochina and Wallacea
limit our inferential power. Similarly, the limited nature of Varanus
fossils which can be conﬁdently assigned to one lineage or another,
or which can validate the presence of the genus in focal regions
such as the Philippines, necessitates a caveat when inferring divergence dates or ancestral areas. Despite our inclusion of the majority of taxa within the V. salvator Complex, the potentiality remains
for bias in results from both phylogenetic (Gauthier et al., 1988;
Lecointre et al., 1993; Poe, 1998) and ancestral state reconstructions (Gauthier et al., 2012; Wiens et al., 2012). Therefore, the
inclusion of samples from throughout Indonesia (namely, Borneo),
will continue to improve estimates of potential areas of endemism
for this clade.
Inferring an oceanic origin (Philippine) for a rather diverse lineage of vertebrates, while in discordance with the classic ‘‘downstream dispersal’’ (continents to islands but not vice-versa)
paradigm of Diamond (1974, 1977), has been inferred elsewhere.
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Similar patterns have been observed in Paciﬁc radiations of birds
(Fillardi and Moyle, 2005), Anolis lizards (Losos and Thorpe,
2004; Losos et al., 1998; Thomas et al., 2009), Eleutherodactylus
frogs (Heinicke et al., 2007), Tropidophorus skinks (Honda et al.,
2005), and arthropods (Spironello and Brooks, 2003), with radiations indicative of island origins and subsequent back dispersal
to continental regions. With early founder events of insular habitats, followed by millions of years of geologic and climatic change,
especially to the extent that has been shown for Southeast Asia and
the Paciﬁc, it is not surprising that these regions may serve as drivers of diversiﬁcation for a growing number of taxa (Hedges et al.,
2009; Linkem et al., 2013; Losos et al., 1998; Siler and Brown,
2010; Brown et al., 2013). These ﬁndings underscore the need for
broad taxonomic sampling in order to accurately infer biogeographic origins and histories of clades, goals that should be paramount when assessing biodiversity and organismal response to
both geological and climatological change.
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