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ABSTRACT

Sunda-Papuan keelback snakes (Serpentes: Natricidae: Tropidonophis Jan 1863) include 20 species distributed from the Philippines south-east
through the Moluccas to New Guinea and Australia. Diversity of this insular snake lineage peaks on the island of New Guinea. Previous phylo-
genetic studies incorporating Tropidonophis have been limited to multi-locus Sanger-sequenced datasets with broad squamate or family-level
focus. We used a targeted-sequence capture approach to sequence thousands of nuclear ultraconserved elements (UCEs) to construct the most
comprehensive sequence-based phylogenetic hypothesis for this genus and estimate ancestral biogeography. Phylogenies indicate the genus is
monophyletic given recent taxonomic reassignment of Rhabdophis spilogaster to Tropidonophis. All UCE phylogenies recovered a monophyletic
Tropidonophis with reciprocally monophyletic Philippine and New Guinean clades. Divergence dating and ancestral range estimation suggest
dispersal to New Guinea from the Philippines to have occurred during the Mid-Miocene via the Oceanic Arc Terranes. From Late Miocene into
the Pliocene the genus experienced rapid diversification from orogeny of the New Guinean Central Cordillera from Oceanic Arc Terrane ac-
cretion on the northern boundary of the Sahul Shelf. Future collecting of missing taxa from the Moluccas and Indonesian Papua will better the
understanding of non-volant faunal biogeography and diversification in this tectonically complex Pacific arena.
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INTRODUCTION these demarcations for years to assess their permeability, with
the overall conclusion that these biogeographic barriers are

Wallace’s, Lydekker’s, and Weber’s Lines are among the most
much more porous than originally thought, even to non-volant

examined and well-known biogeographic divides, demarcating ) "
the barriers of faunal turnover of the Sunda Shelf, the Sahul terrestrial fauna (Flannery 1990, Clouse and Giribet 2007,

Shelf, and the point of faunal intermediacy (Wallace 1860, Weijola et ‘?l' 2019, Karin .Et al. 2020_)‘ ) )

Lydekker 1896, Mayr 1944, Simpson 1977, Brown 2016). The . To say dlsagreerpentle)ﬂsts regarding the tectonic and geologic
Sunda-Papuan region of the Pacific has provided a compli- history of New Guinea is an understatement (Hall 2002, Quarles
cated and fascinating area for biogeographers to hypothesize ~ V3" U‘fford and Cloos 2005, Polhemus. 2007’ Holm, Rosenk.)aum
and contemplate floral and faunal dispersal and speciation due and Richards 2016). In s}.10rt, New Gulnee.als the topographlc.:ally
to the complex tectonic history of the region, especially that of cc?mplex northern margin Of. the Austrah.an Plate th'f‘t collided
New Guinea, with its tectonic affiliation with Australia and geo- with the south-western margin of the Pacific Plate. Discrepancy

graphic proximity to Wallacea. Biogeographers have examined between models exists in the proposed timing of orogenic
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events, but agreement exists regarding the primary types of tec-
tonic events that created New Guinea: continental plate collision
(Australian and Pacific) and multiple instances of island arc ac-
cretion (Hamilton 1979, Pigram and Davies 1987, Hall 2002,
Hill and Hall 2003, Quarles van Ufford and Cloos 2003, Baldwin
et al. 2012). The tectonic regions of New Guinea comprise the
Australian Craton (southern third of New Guinea), East Papua
Composite Terrane (EPCT; south-eastern Papuan Peninsula),
Fold Belt (the Central Cordillera), and the Oceanic Arc Terranes
(northern third of New Guinea) (Polhemus 2007, Slavenko et al.
2020, Hill et al. 2023). Some workers have treated the Vogelkop
(‘Bird’s Head’) as a separate tectonic zone (Hill et al. 2023), but
despite its unique history, the Vogelkop comprises continental
crust that broke away from the Australian Craton (Pigram and
Davies 1987, Polhemus 2007).

Evolutionary biologists working with New Guinean fauna
commonly reference two of the many tectonic hypotheses for
estimating ancestral biogeography: Hall (2002) and Quarles van
Ufford and Cloos (2005) (Unmack et al. 2013, Toussaint et al.
2014, Slavenko et al. 2020, Tallowin et al. 2020). Hall (2002 ) rec-
ognized four primary tectonic events that formed New Guinea:
at S0 Mya, the emplacement of the Papuan ophiolite (EPCT),

at 45 Mya, the emplacement of the Sepik ophiolites along the
northern margin of the Australian plate and creation of the East
Caroline Arc north of New Guinea, at 18 Mya, formation of the
Maramuni Arc by subduction of the Solomon Sea plate, and at
5 Mya, clockwise rotation and southward migration of the East
Caroline Arc resulting in the accretion of arc terranes along the
northern margin of the Australian plate, creating significant
uplift of both the northern coast of New Guinea and Fold Belt
(Central Cordillera) (Fig. 1).

Quarles van Ufford and Cloos (2005) suggest that the first
major subaerial land-building event of New Guinea occurred be-
tween 35 and 30 Mya with the subduction of the Australian con-
tinent beneath an Inner Melanesian Arc, uplifting and exposing
the Papuan Peninsula (south-eastern peninsula in modern day
New Guinea—EPCT). A later cascading orogeny proceeding
west (15 Mya) to east (3 Mya) gave rise to the Central Cordillera
at its present elevation roughly S Mya. Under this scenario, the
earliest New Guinean terrestrial fauna (Oligocene) to diver-
sify in New Guinea are expected to show early colonization of
the EPCT due to it being the first available subaerial landmass
until the Mid-Miocene (~10 Mya), with subsequent dispersal
through an actively uplifting Fold Belt (Toussaint et al. 2014).
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Figure 1. Map of the western Pacific Islands that comprise the current geographic range of Tropidonophis. Black boxes and callout letters
refer to the expanded maps in Figure 2, and the scale bar represents 1000 km. The three caption boxes are schematics of the Pacific and its
island positions through the Miocene to present day, adapted from Hall (2002) published in J. of Asian Earth Sciences. The light grey shading
represents extensions of landmasses that were subaerial during time periods of low sea level.
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Sunda-Papuan keelbacks (Natricidae: Tropidonophis Jan
1863) are a group of 20 semi-aquatic snake species distrib-
uted in the Philippines (three species), south-eastward into
the Moluccas (four species), and eastward into New Guinea
(and adjacent archipelagos, 13 species) and Australia (one
species shared with New Guinea) (Figs 1, 2; Malnate and
Underwood 1988, Deepak et al. 2021). Other Pacific colubroid
snake lineages exhibit similar biogeographical trends: cat-eyed
snakes (Colubridae: Boiga Fitzinger 1826), bronzeback snakes
(Colubridae: Dendrelaphis Boulenger 1890), and groundsnakes
(Colubridae: Stegonotus Duméril 1854). However, Sunda-
Papuan keelbacks are the only natricid lineage to disperse east
of Lydekker’s Line into New Guinea and Australia, providing
an additional phylogenetic contrast to examine colubroid bio-
geography and diversification in New Guinea. Malnate and
Underwood (1988) provided a complete treatment of this
group, with elevation of Tropidonophis Jan 1863 to genus level,
assignment of 14 species to the genus, descriptions of four new
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species, and inference of the first phylogeny and hypothesis of
historical biogeography based on a dataset of 34 morphological
characters. Malnate and Underwood’s (1988) hypothesis for
Tropidonophis biogeography had five major components: (i) the
most recent common ancestor (MRCA) of Tropidonophis di-
verged from a South-East Asian ancestor and dispersed across
the Sunda Shelf into the Philippine Islands, (ii) the genus con-
tinued dispersal eastward to the Moluccas, (iii) the Bismarck
Archipelago was reached prior to mainland New Guinea via a
northern arc of islands distinct from the New Guinea mainland,
(iv) colonization of New Guinea from the Moluccan taxa prob-
ably occurred more than once, and, lastly, (v) Tropidonophis spe-
cies on New Guinea are monophyletic. Only three works since
Malnate and Underwood (1988) have examined Tropidonophis
within a systematic or evolutionary context: Kraus and Allison
(2004) described a new species from the D’Entrecasteaux
Archipelago in New Guinea (Tropidonophis dolasii Kraus and
Allison 2004); Zaher et al. (2019) included one species from
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Figure 2. Expanded maps of the Pacific Islands that comprise the distribution of species of Tropidonophis. White circles indicate location of
specimens included in our phylogenetic analyses; stars indicate type localities. Species only represented by star symbols are taxa not included
in our analyses. A, map of the Philippines showing localities for (1) Tr. dendrophiops, (2) Tr. negrosensis, and (3) Tr. spilogaster; scale bar
represents 200 km. B, map of the Molucca Islands showing the type localities of (4) Tr. elongatus, (S) Tr. halmahericus, (6) Tr. punctiventris, and
(7) Tr. truncatus; scale bar represents 100 km. C, map of New Guinea and northern Australia showing sampling and type localities for (8) Tr.
aenigmaticus, (9) Tr. dahlii, (10) Tr. dolasii, (11) Tr. doriae, and (12) Tr. hypomelas; scale bar represents 200 km. D, map of New Guinea and
northern Australia showing sampling and type localities for (13) Tr. mairii mairii, (14) Tr. mairii plumbea, (15) Tr. mcdowelli, (16) Tr. montanus,
and (17) Tr. multiscutellaus; scale bar represents S00 km. E, map of New Guinea and northern Australia showing sampling and type localities
(18) Tr. novaeguineae, (19) Tr. parkeri, (20) Tr. picturatus, and (21) Tr. statisticus; scale bar represents 500 km.
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the Philippines, Tropidonophis dendrophiops (Giinther 1883),
in a 15 locus (six mitochondrial, nine nuclear) phylogeny of
all snakes; and Deepak et al. (2021) performed a family-wide
phylogenetic analysis of Natricidae, including the first DNA
sequence-based phylogeny of multiple Tropidonophis spp. (11
species; three mitochondrial and four nuclear loci). Deepak et
al. (2021) found a paraphyletic Tropidonophis sensu Malnate
and Underwood (1988), and reassigned the Philippine taxon,
Rhabdophis spilogaster (Boie 1827), to render the latter mono-
phyletic. The scope of this work was broad, examining natricids
for biogeographic and macroevolutionary patterns and did not
provide detailed comparisons of trees and biogeography with
those of Malnate and Underwood (1988). Here, we provide the
most-inclusive phylogenetic estimations for Tropidonophis based
on nearly 3000 nuclear genomic loci. We infer robust hypotheses
of systematics and biogeography of the Sunda-Papuan keelbacks
to test the biogeographic and systematic hypotheses presented
by Malnate and Underwood (1988).

MATERIALS AND METHODS

DNA extraction, genomic sequencing, ultraconserved elem-
ents’ bioinformatics

We extracted DNA using either a salt-extraction protocol
(Austin et al. 2010) or Qiagen DNEasy Blood and Tissue
Kits for 44 samples [Australian Biological Tissue Collection
(ABTC), Bernice P. Bishop Museum (BPBM), and Louisiana
State University Museum of Natural Sciences (LSUMZ) sam-
ples, Table 1]. Samples received on loan from The University
of Kansas Natural History Museum were received as loans of
DNA extracts, not ethanol tissue subsamples. Library prepar-
ation for ultraconserved elements (UCEs) targeted-sequence
capture followed the protocol described in Faircloth et al
(2012). UCE sequencing was performed in two separate in-
stalments: first through the sequencing facilities at the Duke
University Center for Genomic and Computational Biology
(Durham, North Carolina, USA) and then through Daicel
Arbor Biosciences (Ann Arbor, Michigan, USA). All libraries
were dual indexed with iTru primers (Glenn et al. 2019). UCEs
were obtained from raw read data by following the phyluce 1.6
pipeline (Faircloth 2016). Raw reads were trimmed and cleaned
using illumiprocessor (Faircloth 2013) and trimmomatic (Del
Fabbro et al. 2013, Bolger et al. 2014), both implemented within
phyluce. The split-adapter-quality-trimmed raw reads were then
used as input for UCE assembly. Many options are available
within phyluce for UCE assembly, but we deviated from the
traditional pipeline and used itero (Faircloth 2018), a guided
assembler that integrates spades (Prjibelski et al. 2020), bwa
(Li and Durbin 2009), and samtools (Danecek et al. 2021) to
produce assembled contigs from a targeted probe set, in this case
the Tetrapods SK UCE Probeset. Samples were split into five-
sample batches to prevent premature termination due to com-
putational walltime. All assembly runs were performed on the
Louisiana State University High Performance Computing re-
sources. Final assembly statistics can be found in Table 1. After
successful assembly, samples were returned to the traditional
phyluce pipeline, creating an SQL database with the phyluce as-
sembly_match_contigs command. After SQL database creation,

we performed phyluce_assembly_get match_counts to create
our data matrix configuration file. Matrix creation permits easy
retrieval of individual UCE FASTAs using phyluce_assembly
get_fastas_from_match_counts, which facilitates organization of
new dataset combinations. We then performed joint UCE align-
ment through MAFFT (Katoh and Standley 2013) and edge-
trimming with phyluce_align seqcap align. Internal trimming
was not performed due to the medium-to-shallow divergence
(<50 Mya) of our ingroup (Faircloth et al. 2012). Individually
aligned UCEs were then concatenated and formatted for phylo-
genetic analyses under maximum likelihood and Bayesian
frameworks. All cleaned raw UCE reads and input files for down-
stream analyses have been deposited in Dryad (DOI: 10.5061/
dryad.zw3r2289).

Concatenated analyses

For the concatenated phylogenetic analyses, we created an in-
complete UCE matrix that permits alignment concatenation
based on percentinclusion of samples per locus. For phylogenetic
inference within a maximume-likelihood framework, we chose
RAxML v.8.2.12 (Stamatakis 2014) with the GTRGAMMA
model. RAXML was executed in three steps for tree inference.
We first performed 20 searches for the best tree under ML. We
then generated bootstrap data using the autoMRE function,
which converged after 100 bootstrap replicates. Lastly, we rec-
onciled the best tree with the bootstrap replicates to provide
our final bootstrapped tree (Fig. 3). In addition to maximum
likelihood, we analysed our concatenated alignment within a
Bayesian framework. For this, we used ExaBayes v.1.5 (Aberer,
Kobert and Stamatakis 2014) with the GTRGAMMA model.
ExaBayes was executed for 2 million generations to sample
four independent runs of four Markov chains, with posterior-
guided subtree pruning and regrafting (likeSpr) = 4, parsimony-
biased subtree pruning and regrafting (parsimonySPR) = 8,
stochastic nearest neighbour interchange (stNNI) =4, ex-
tending subtree pruning and regrafting (eSPR) = 4, Newton-
Raphson-based branch length proposal employing a Gamma
distribution (bIDistGamma) =7, and multiplier on branch
lengths (branchMulti) = 2. Together with implementation of
Metropolis-coupling, these parameter modifications have been
shown to ensure proper mixing and aid in sampling tree space,
especially with difficult datasets (Blair et al. 2019). Sumtrees
within DendroPy v.4.5.2 (Sukumaran and Holder 2010) was
used to generate a consensus tree from the four independent
tree runs discarding the first 10% of samples of the posterior as
burn-in, and TRACER v.1.7.1 (Rambaut et al. 2018) was used to
view four parameter outputs from each run and to check for con-
vergence among all four runs. Our concatenated analyses were
run through the Louisiana State University High Performance
Computing for the RAXML analyses and the CIPRES Science
Gateway (Miller et al. 2011) for the ExaBayes analyses.

Coalescent species-tree analyses

Coalescent-based methods that require individual UCE gene
trees as input have a tendency to provide trees with lower sup-
port and resolution compared to quartet-based analyses, which
consider the entirety of the concatenated UCE alignment
while inferring species-trees within a multi-species coalescent
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Figure 3. A, concatenated 75% completion UCE phylogeny comprising 2059 loci from RAXML. Nodal supports are represented by circles on
the node (black circle: bootstrap = 100, posterior probability = 1; white circle: 80 < bootstrap < 100, 0.80 < posterior probability < 1.00). A
single black circle at the node indicates a bootstrap = 100 and posterior probability = 1.00, and two circles indicate node posterior probability
(top circle) and node bootstrap support (bottom circle). To maintain tree clarity, intraspecific nodal support values have not been included.
Field photos are of specimens represented in the phylogeny. Photos are Tr. dahlii BPBM 22558 (i), Tr. mcdowelli LSUMZ 96092 (ii), Tr.
novaeguineae LSUMZ 129271 (iii), and Tr. dolasii LSUMZ 98045 (iv). B, morphology-based dendrogram inferred in Malnate and Underwood

(1988).

framework (Mirarab et al. 2014, Roch and Warnow 2015, Zhang
et al. 2018, Salter et al. 2020, Wascher and Kubatko 2021). For
this reason, we used SVD Quartets (Chifman and Kubatko 2014)
within PAUP* 4.0a161 (Swofford 2003) for the coalescent-
based analysis. We first assigned each sample (N = 61) a priori
to our species’ identifications and ran our ‘tip-assigned’ ana-
lysis using exhaustive quartet sampling (349 506 quartets) with
100 bootstrap replicates. This analysis was duplicated for a ‘tip-
unassigned’ analysis, which included all samples but with no a
priori species assignment (521 855 quartets), thus treating each
tip as potentially an independently evolving lineage. Consensus
trees from each analysis were printed in nexus format using the
saveTrees command in PAUP. Because SVD Quartets will accept
entire concatenated alignments as input, we also used a second
species-tree method that satisfied the coalescent using a more
traditional gene-tree coalescent procedure. For this method, we
used the StarBEAST?2 package (Ogilvie et al. 2017) implemented
in BEAST v.2.6.6 (Bouckaert et al. 2019). For our StarBEAST
analysis, we first filtered and selected our 50 most phylogenetic
informative UCE loci using the phyluce_align_get_informative
sites command within phyluce. We selected the 50 most inform-
ative UCE loci from a 95% taxa completion matrix, versus the
75% inclusivity matrix used for the concatenated analyses. We
chose 50 loci since Ogilvie et al. (2017) used a simulated dataset
of 52 loci for their description of StarBEAST2 when showing
effectiveness based on loci number. Second, other studies
have shown success using this same method with only 32 loci

(Reynolds et al. 2022) and even as low as eight UCEs (Campbell
etal.2020). We included all samples (Table 1) as we did with con-
catenated analyses above, but we assigned each tip species iden-
tification prior to executing inferences. We linked clock models
for all 50 loci, and we ran inferences under a strict clock model
with the StarBEAST option to estimate rates. Each site model
was identical, but not linked, for all 50 loci (HKY, estimated
base frequencies). Due to the large number of loci for a BEAST
analysis, HKY with estimated base frequencies provides a more
realistic substitution model than Jukes Cantor, but also greatly
reduces computational burden than other more complex models
(Hasegawa et al. 1985, Ogilvie et al. 2017). Gene ploidy was set
to 2.0 for all loci. For population modelling within StarBEAST,
we selected the Analytical Population Size Integration option to
again optimize computation time. We used a birth—death model
prior, allowing estimation of birth and death rates. We ran two
identical StarBEAST runs independently of each other for 200
million generations. Convergence of these runs was checked and
confirmed in TRACER v1.7.1. We performed a 50% burn-in
and combined the logs and tree outputs for these two runs in
LogCombiner within BEAST v.2.6.6 (Bouckaert et al. 2019) be-
fore generating a consensus tree in Sumtrees.

Divergence dating
We used two approaches to construct the first time-calibrated
phylogenies for this group: a penalized likelihood approach

through treePL based on our concatenated tree inference
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(Smith and O’Meara 2012) and joint divergence dating with
species-tree inference with StarBEAST based on our 50 most-
informative UCE loci within our 95% completion matrix. treePL
is a commonly used divergence-dating program that uses pen-
alized likelihood with any input tree to produce an ultrametric
chronogram tree with estimated node ages. StarBEAST pro-
vides divergence dating within a Bayesian framework and con-
ducts joint species-tree inference through coalescence-based
gene-tree estimation. For both dating methods, we used the
Natricidae crown mean age and 95% confidence interval found
in the most recent dated estimate of all Squamata based on re-
duced representation datasets and extensive squamate fossil cali-
brations (Burbrink et al. 2019; see Burbrink et al.'s supplemental
tree S9). Under a log-normal distribution, the mean (M) date
and standard deviation (SD) used were—Natricidae: M = 27.6,
SD = 0.03S. treePL does not allow mean and standard-deviation
data for date calibrations; rather it takes a minimum and max-
imum age range; thus, we used the upper and lower bounds of
the Natricidae 95% confidence interval for our treePL analyses
(29.2-26.0 Mya). However, Deepak et al. (2021) inferred an
older date for the Natricidae crown due to the inclusion of the
earliest branching natricid Amphiesmoides ornaticeps in their in-
ferences, a species never before represented in sequence-based
phylogenies. They inferred the Natricidae age to be 39.0 Mya
using treePL. For this reason, we also ran treePL using the
Deepak ef al. (2021) Natricidae crown age as a secondary node
calibration. Previous workers have treated this clade of snakes
as the subfamily Natricinae within a large Colubridae (Zaher et
al. 2019, Deepak et al. 2021). Here, we use the taxonomy and
systematics presented in Burbrink et al. (2019), referring to
this clade as the family Natricidae. Divergence dates inferred
by treePL are reported as point estimates without a confidence
interval, and dates inferred by StarBEAST are reported as the
mean divergence date with the 95% confidence interval in par-
entheses immediately following the mean.

We used our RAXML tree topology (Fig. 3) as input for all
treePL inferences. Prior to treePL, we rooted the tree with our
outgroup (Stegonotus + Lycodon) in the R package ape (Paradis
et al. 2004). treePL was implemented using a three-step pro-
cedure recommended in the documentation. First, we used the
prime function within the configuration file to find the most ap-
propriate parameters for penalized likelihood analysis. Second,
we used cross-validation (cv function) to search for the best
smoothing parameter. Lastly, using the results of both prime
and cv, we performed the smooth function based on the pre-
ferred chi-squared setting. The output was our RAXML topology
converted to an ultrametric tree with dated nodes. All output
chronograms were then processed with a personalized R script
(JRR) to plot the trees along the current accepted geologic time-
table (Gradstein, Ogg and Hilgen 2012), as well as the 95% con-
fidence intervals (StarBEAST) on each node. This script utilized
geoscalePhylo within strap v.1.6-0 (Bell and Lloyd 2015) and con-
fidence interval scripts within R (Cerny 2020).

Ancestral biogeography

We used the program Reconstruct Ancestral State in Phylogenies
(RASP4; Yu et al. 2020) to estimate historical biogeography.
We used our treePL and StarBEAST output chronograms as

input consensus trees to infer ancestral biogeography within
Tropidonophis in two separate analyses. RASP4 provides a
useful interface for performing ancestral biogeographic ana-
lyses because it runs BioGeoBEARS (Matzke 2014) within the
interface. Prior to both model test and reconstruction, we used
RASP4 to prune the input trees to include only one tip per spe-
cies, and to remove our non-natricid outgroups, as well as deeply
divergent representative natricids (Thamnophis sirtalis and
Opisthotropis spp.). We performed BioGeoBEARs model test
within RASP. The most appropriate model was chosen based
on weighted AICc, as recommended by BioGeoBEARS. The +]
parameter and its bias during model testing has been reviewed
and debated extensively (Ree and Sanmartin 2018). However,
most recently, the +] parameter was re-evaluated using DEC vs.
DEC+] and was shown to be a valid parameter in ModelTest
(Matzke 2022). Because the organisms in this study are island
animals that are suspected to have dispersed by rafting on vegeta-
tion mats and other founder events, we included +]J in model test
due to the biological relevance of this model parameter (Deepak
et al. 2021). Lastly, we performed model testing and subsequent
reconstructions on each of our two dated trees: treePL-dated
(concatenated UCEs, 75% completion) and StarBEAST tree
(50 most-informative-UCEs, 95% completion).

We assigned range estimates for the Philippine taxa [R.
lineatus (Peters 1861), Tr. spilogaster, Tr. dendrophiops, Tr.
negrosensis (Taylor, 1917)] on Leviton et al. (2018). Based on
confirmed specimen records, we assigned each Philippine spe-
cies to one of the Pleistocene Aggregate Island Complexes of
the Philippines (hereafter PAIC; Brown and Diesmos 2009).
We based New Guinean Tropidonophis range assignments on
the geographic sampling in this study. We did not adhere to
the ranges reported in the most current revision of this genus
(Malnate and Underwood 1988), because they are too broad.
Based on ongoing integrative data collection, both morpho-
logical (scalation patterns, scale counts, uCT scanning) and
molecular, many species sensu Malnate and Underwood (1988)
contain taxa that have yet to be described and are not repre-
sented in this study. For this reason, when possible, the taxa in-
cluded are represented by either typic or topotypic sampling and
have been further confirmed by specimen examination (JRR).
Tropidonophis species in this tree that are not represented by
topotypic samples are Tropidonophis mcdowelli Malnate and
Underwood 1988, Tropidonophis multiscutellatus (Brongersma
1948), Tropidonophis novaeguineae (Lidth de Jeude 1911), and
Tropidonophis picturatus (Schlegel 1837). We were unable to ob-
tain genetic material of these species from the vicinities of their
type localities (see Fig. 2).

RESULTS

Sequencing and concatenated analyses

UCE sequencing results can be seen in Table 1. Our paired-
end read counts were based on the cleaning statistics from
illumiprocessor and do not include un-paired reads. Our mean
paired reads were 2 948 931, with a mean UCE recovery of
2872 (Table 1) across our 61 samples. We created a 75% taxa
completion matrix that comprised 2059 aligned and con-
catenated UCEs from our targeted sequence capture. Our
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maximum-likelihood and Bayesian analyses produced identical
topologies with strong support (all 1/100 posterior probability
and bootstrap) for all 14 Tropidonophis species identified a priori
(Fig. 3). Our concatenated phylogenies mostly corroborate
the phylogeny in Deepak et al. (2021). The Philippine species
Rhabdophis lineatus and R. spilogaster were also found in similar
paraphyletic phylogenetic positions supporting the taxonomic
hypothesis that Tropidonophis sensu Malnate and Underwood
(1988) is paraphyletic. Rhabdophis spilogaster is found sister to
Tr. negrosensis, supporting the taxonomic reassignment of R.
spilogaster to Tropidonophis sensu Deepak et al. (2021). Philippine
Tropidonophis species (Tr. dendrophiops, Tr. negrosensis, and Tr.
spilogaster) are monophyletic and strongly supported as sister
to a monophyletic New Guinean Tropidonophis (100 bootstrap;
1.00 PP).

Species-tree inference

The StarBEAST analysis (Fig. 4A) found strong support for all
species’ identifications made a priori. As in our concatenated
analyses, Tropidonophis sensu Deepak et al. (2021) was mono-
phyletic, with reciprocally monophyletic Philippine and New
Guinean clades (Fig. 4A). Our StarBEAST inferences within
Tropidonophis are also completely congruent with the ML and
Bayesian concatenated analyses (Fig. 3), with the only discord-
ance existing in the relationship between outgroup taxa [R.
lineatus and Xenochrophis trianguligerus (Boie 1827)]. Within
SVDQuartets we ran two separate analyses comprising a ‘tip-
unassigned’ and a ‘tip-assigned’ inference. The trees were

A
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identical in topology and nearly identical in bootstrap sup-
port (Figs 4B, SB). Only two nodes showed low support (<75
bootstrap) in our ‘tip-assigned’ SVDQuartet inference: (i) the
clade including R. lineatus and all Tropidonophis species (boot-
strap = 67) and (ii) the Tropidonophis mairii (Gray 1841) and
Tropidonophis doriae (Boulenger 1898) clade (49). Within our
‘tip-unassigned” SVDquartet inference, these nodes were found
with 74 and 48 bootstrap values, respectively. The low support
for R. lineatus + Tropidonophis spp. is probably due to extensive
paraphyly within Rhabdophis (Rafe Brown, unpublished data)
and our sparse representation of other Rhabdophis species given
that our focus was Tropidonophis. All Tropidonophis species were
found reciprocally monophyletic in both the ‘tip-unassigned’
SVDQuartets” (Fig. SB) tree and our UCE concatenated phyl-
ogeny (Fig. 3), providing strong evidence that our a priori species’
identifications were correct for included samples. In addition,
and most relevant for the focus of this work, both species’ tree in-
ferences found a monophyletic Tropidonophis, with a monophy-
letic Philippine clade sister to a monophyletic New Guinea clade
that corroborate the concatenated analyses (Fig. 3). Comparing
our SVDQuartets’ ‘tip-assigned’ inference to our StarBEAST tree
(Fig. 4), the two phylogenies were strongly congruent, with just
a few inconsistencies. First, outside of Tropidonophis, StarBEAST
(Fig.4A) found R. lineatus and X. trianguligerus to be sister to each
other, while SVDQuartets found X. trianguligerus sister to a R.
lineatus and all Tropidonophis clade (Fig. 4B). Another difference
relates to the relationship between Tr. mairii and Tr. doriae. The
StarBEAST tree found the same topology as our concatenated
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Figure 4. Species-tree estimations based on: A, StarBEAST2; B, SVDQuartets. All node support values are either (A) 1.00 posterior
probability or (B) 100 bootstrap, unless otherwise noted. The nodal bars represent the 95% confidence interval for mean divergence date,
with the distribution mean displayed to one decimal place in 1 million years on the node. The X-axis represents time in million years;

Plio. = Pliocene, Plei. = Pleistocene, Quat. = Quaternary.
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analyses, with Tr. mairii sister to a clade containing Tr. doriae and
other New Guinean Tropidonophis. Our SVD Quartets’ tree shows
a similar topology as Deepak et al. (2021), with Tr. mairii sister
to Tr. doriae. But, as stated above, these two discrepancies are
also the two nodes found with lowest nodal support within both
StarBEAST and SVDQuartets. Thus, our species-tree inferences
find the Australian representative’s sister-taxon/taxa as being un-
resolved. Across all concatenated and species-tree inferences, the
large terminal clade containing Tr. mairii, Tr. doriae, Tropidonophis
statisticus Malnate and Underwood 1988, Tropidonophis parkeri
Malnate and Underwood 1988, Tropidonophis aenigmaticus
Malnate and Underwood 1988, and Tr. multiscutellatus has strong
support, but contains short internal branches suggesting rapid ra-
diation.

Divergence dating

Our phylogenies based on concatenated UCEs (75% completion
matrix) and the SO most-informative UCEs (95% completion

matrix) were dated using treePL (Fig. S; Supporting Information,
Fig. S1) and StarBEAST (Fig. 4A), respectively. Dates for the
treePL inferences are reported as ‘date using Burbrink et al
(2019) calibration/date using Deepak et al. (2021) calibration’;
also, see Table 2. The MRCA of Tropidonophis was found to be
13.6/18.2 and 9.7 (8.6-10.8) Mya, respectively. The Philippine
clade was found to be 11.9/15.9 and 8.1 (6.9-9.4) Mya. New
Guinean Tropidonophis was found to be 13.0/17.4 and 9.0
(7.8-10.3) Mya. In our treePL dated phylogenies using the
two differing secondary node calibrations (Fig. S; Supporting
Information, Fig. S1), 9.2/12.4 Mya is the age of the MRCA
of all mainland New Guinean species except Tropidonophis
dahlii (Werner 1899), a Bismarck Archipelago endemic. For
the remaining 10 New Guinean species of Tropidonophis, all
cladogenic events occur from 9.2 to 4.4 (12.4-5.9) Mya. This
difference in time is nearly the same as the divergence time
between Tr. dahlii and this clade (~4/6 Mya), implying that
mainland New Guinean Tropidonophis have speciated rapidly
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Figure S. A Ultrametric divergence-dated phylogeny of Tropidonophis inferred by treePL using Natricidae crown age from Burbrink et al. (2019);
input topology was RAXML phylogeny (Fig. 3). Value at nodes is the mean age in million years. To maintain tree clarity, intraspecific nodal divergence
estimates have not been included. B, species-tree estimation by SVDQuartets using the ‘lineage tree’ approach, which included all samples but with no
a priori species identification (521 855 quartets). Catalogue numbers alongside tips indicate discordance with treePL tips in A. All node supports are
100 bootstrap support unless noted otherwise. The X-axis represents time in million years; Plio. = Pliocene, Plei. = Pleistocene, Quat. = Quaternary.

Table 2. Inferred divergence dates (in Mya) for major nodes from StarBEAST, treePL, and from Deepak et al. (2021). The treePL column
contains two dates separated by slash: the left being the node estimate based on inference with the Burbrink et al. (2019) secondary node
calibration for Natricidae (B-Age), and the right based on Deepak ef al. (2021) secondary calibration (D-Age).

treePL (B-Age/D-Age) treePL—Deepak et al. (2021)

StarBEAST
Tropidonophis + SE Asian Natricid 14.4 (12.8-16.0)
Tropidonophis 9.7 (8.6-10.8)
Philippine Tropidonophis 8.1(6.9-9.4)
New Guinea Tropidonophis 9.0 (7.8-10.3)

17.4/23.3 17.9
13.6/18.2 11.5
11.9/15.9 5.8
13.0/17.4 11.3
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relative to the earlier branching congenerics within a 6-million-
year period and concurrently with the hypothesized maximum
orogenic period of the Central Cordillera (Hall 2002, Quarles
van Ufford and Cloos 2005). Within our StarBEAST results,
we see a divergence time of almost 4 million years between the
Tr. dahlii + mainland New Guinean Tropidonophis node [9.0
(7.8-10.3) Mya] and the MRCA of mainland New Guinean
Tropidonophis [ 5.6 (5.0-6.3) Mya], again suggesting that main-
land New Guinean Tropidonophis have speciated rapidly at the
beginning of the Pliocene when compared to other congenerics
within the phylogeny. This cladogenic timing coincides with
the proposed Miocene-to-Pliocene orogeny of the Central
Cordillera predicted in Hall (2002) and Quarles van Ufford
and Cloos (2005). Inferred divergence dates for the four major
nodes of focus in this work (Tropidonophis + sister SE Asian
natricid, Tropidonophis, New Guinean Tropidonophis, Phiippine
Tropidonophis) are strongly consistent with the treePL dates in-
ferred for these same nodes in Deepak et al. (2021) (Table 2).

Ancestral biogeography

ModelTest within RASP found DEC+] to be the optimum
biogeographic model for the concatenated treePLs [weighted
AICc = 0.57, and 0.47 using calibration sensu Deepak et al. 2021
(Supporting Information, Table S1)] and 50 most-informative
loci StarBEAST (weighted AICc = 0.65) chronograms (Table
3). DIVALIKE+], although second to DEC+], also received
significant AICc weighting in both the treePL (0.39) and
StarBEAST (0.31) ModelTest. Due to the AICc similarity be-
tween these two models, we inferred ancestral range estima-
tions using both DEC+] (Fig. 7; Supporting Information, Fig.
$2) and DIVALIKE+] (Supporting Information, Figs S3-S5).
Biogeographic zones for phylogenies are reflected in Figure 6.
Comparing our StarBEAST (Fig. 7A) to our treePL DEC+]
range estimations (Fig. 7B; Supporting Information, Fig. S2),
the MRCA of all Tropidonophis was present on the Oceanic
Arc Terranes with a mean divergence date of 9.7 Mya during
the Late Miocene, while the Mindanao PAIC was the esti-
mated MRCA range within the treePL analyses with divergence
dates of 13.6 (Fig. 7B) and 18.2 (Supporting Information, Fig.
S2) Mya during the Mid-to-Early Miocene. For Philippine
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Tropidonophis, all estimations of biogeography found the MRCA
to have ranged in the Luzon PAIC, the northern-most PAIC
of the Philippine Islands. Between these two inferences, the
treePL analysis appears more parsimonious and more logical.
Under the StarBEAST hypothesized dispersal, the MRCA of all
Tropidonophis reached the Oceanic Arc Terranes by the Mid-to-
Late Miocene, but subsequently dispersed bidirectionally, back-
tracking north to the Luzon PAIC through the Mindanao PAIC,
aswellas south-east through to New Guinea. However, the treePL
inference of a Mindanao PAIC distribution for the MRCA of all
Tropidonophis suggests a much shorter dispersal north to the
Luzon PAIC and continued south-east dispersal to the Oceanic
Arc Terranes with no hypothesized backtracking through the
Mindanao PAIC north to Luzon as suggested by the StarBEAST
estimation (Fig. 7A). Range estimations under the DIVALIKE+]
model were largely concordant with the DEC+]J estimations
for both input topology types, except for the DIVALIKE+]
Deepak-date treePL estimation (Supporting Information, Fig.
$4). In addition to different range estimation of the deeper two
nodes (R. subminiatus + all tips; X. trianguligerus + all tips), the
Deepak-dated treePL DIVALIKE+] estimation (Supporting
Information, Fig. S4) placed the MRCA of all Tropidonophis
in the Oceanic Arc Terranes, similar to both the DEC+]J and
DIVALIKE+] StarBEAST estimations (Fig. 7A; Supporting
Information, Fig. SS). The StarBEAST ancestral range estima-
tions (Fig. 7A; Supporting Information, Fig. SS) using the two
different biogeographic models were concordant except for
two internal nodes. Inference with the DEC+] model found the
MRCA of Tr. spilogaster + Tr. negrosensis to range in the Luzon
PAIC (PP = 0.55) while DIVALIKE+] found a probable range
of both Mindoro + Negros-Panay PAIC (PP = 0.33). Inference
with the DEC+] model found the MRCA of Tt dolasii + Tr.
novaeguineae to range in the Fold Belt and EPCT (PP = 0.71),
while the DIVALIKE+] model found the EPCT (PP = 0.93)
as the most probable ancestral range. Despite the differences
between the inferences with DEC+] and DIVALIKE+], both
treePL-based range estimations using Burbrink et al. (2019)
node calibration [DEC+] (Fig. 5), DIVALIKE+] (Supporting
Information, Fig. S3)] and the DEC+] treePL with Deepak-
dated calibration (Supporting Information, Fig. S2) appear to

Table 3. BioGeoBEARS ModelTest results for both input phylogenies from treePL and StarBEAST.

Input tree Model LnL No. para. D E J AICc AICc wt

treePL DEC+] -46.54 3 0.0029 1.00E-12 0.073 100.9 0.57
DIVALIKE+] -46.94 3 0.0038 0.0009 0.0S 101.7 0.39
BAYAREALIKE+] -49.16 3 0.0028 0.0038 0.18 106.2 0.042
DIVALIKE -54.63 2 0.012 0.02 0 114.1 0.0008
DEC -56.23 2 0.011 0.02 0 117.3 0.0002
BAYAREALIKE -61.02 2 0.029 0.093 0 126.9 1.30E-06

StarBEAST2 DEC+] -40.14 3 0.0023 1.00E-12 0.1 88.13 0.65
DIVALIKE+] -40.87 3 0.0032 1.00E-12 0.063 89.59 0.31
BAYAREALIKE+] -42.94 3 0.0021 0.0068 0.17 93.73 0.039
DIVALIKE -49.5 2 0.019 0.028 0 103.8 0.0002
DEC -51.43 2 0.02 0.044 0 107.7 3.60E-0S
BAYAREALIKE -56.44 2 0.044 0.14 0 117.7 2.40E-07
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Figure 6. Pacific map showing the biogeographic realms used for ancestral-range estimation. Legend abbreviations are: PAIC, Pleistocene

Aggregate Island Complexes; EPCT, East Papua Composite Terranes.

have more parsimonious dispersal histories since they suggest
unidirectional dispersal north to south-east through to Australia
and the EPCT. The MRCA of New Guinean Tropidonophis was
found to have a most likely distribution on the Oceanic Arc
Terranes. The MRCA of mainland New Guinean Tropidonophis
sans Tr. dahlii across all the treePL and StarBEAST analyses
was also a taxon found on the Oceanic Arc Terranes. For both
StarBEAST and treePL, as one moves toward the most-terminal
nodes, ranges shift from the Oceanic Arc Terranes to the Fold
Belt, East Papua Composite Terrane, and one taxon (Tr. mairii)
on the Australian Craton, suggesting a continued overall north
to south-eastward dispersal for the genus from the Philippines
to Australia.

DISCUSSION

The phylogenetics and biogeography of many New Guinean
snake lineages have been evaluated using molecular-based se-
quence data (Austin 2000, Wiister et al. 2005, Williams et al.
2008, Austin et al. 2010, Metzger et al. 2010, Strickland et al. 2016,
Ruane et al. 2018, Esquerré et al. 2020, 2021, 2022, Natusch et
al. 2020, 2021, Roberts and Austin 2020, Deepak et al. 2021).
Because of focused New Guinea field collecting and improve-
ments in affordable target sequence capture, we have provided
the most species-inclusive phylogenetic study for Tropidonophis
using the most robust estimations of relatedness and biogeog-
raphy due to thousands of nuclear loci. As we discuss above, our
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multiple analyses and datatypes produced phylogenies largely
concordant with Deepak et al.’s (2021) study that included 11
species. Also, all phylogenies inferred here corroborated the
placement of Tr. spilogaster and Tr. negrosensis as sister-species.
Thus, we agree with the taxonomic reassignment of Rhabdophis
spilogaster to Tropidonophis sensu Deepak et al. (2021). Malnate
and Underwood (1988) inferred their phylogeny (Fig. 3B)
based on 34 morphological characters, including traditional ex-
ternal scale counts, scale configurations, and detailed internal
characters such as lung reduction and hemipenal morphology.
Their monograph was truly a feat in terms of data collection and
museum specimen science. It is difficult to make fine-scale com-
parisons between our results and Malnate and Underwood’s
(1988) dendrogram (Fig. 3B [Malnate and Underwood,
1988: fig. 33])] for two reasons: Malnate and Underwood’s lack
of phylogenetic resolution in their dendrogram and our absence
of contemporary vouchers of Moluccan taxa for phylogenomics.
Their dendrogram did infer the Philippine taxa as the earliest
branching Tropidonophis, which is identical to our phylogenies;
however, major discordance exists between our work and their
monograph regarding the phylogenetic position of Tr. doriae,
a mainland New Guinea taxon. Their monograph postulated
Tr. doriae as sister to all other non-Philippine Tropidonophis.
However, our phylogenies infer Tr. doriae as a late-branching

lineage either sister to the Australian taxon, Tr. mairii, or nested
within the mainland New Guinean clade. The reason for the
early branching position within Malnate and Underwood’s
dendrogram is based primarily on two ‘primitive’ characters:
count of posterior dorsal scale rows and degree of left lung re-
duction. Tropidonophis doriae has 17 dorsal scale rows past the
midbody—a feature shared with Tr. dahlii, Tr. dendrophiops,
Tropidonophis hypomelas (Giinther 1877), and Tr. negrosensis—
and has a left lung ‘small with lumen and vascular walls) a char-
acter state shared with Tr. dendrophiops and Tr. negrosensis.

Only one species of Tropidonophis has been described since
the Malnate and Underwood (1988) monograph: Tropidonophis
dolasii (Kraus and Allison 2004). This species is endemic to the
D’Entrecasteaux Archipelago, a chain of three islands north of
the Papuan Peninsula at the eastern end of New Guinea (Fig.
2). The D’Entrecasteaux Archipelago hosts a second species
of Tropidonophis, Tr. aenigmaticus (Malnate and Underwood
1988; type locality Fergusson Island—Fig. 2C). Our results
found Tropidonophis dolasii and Tropidonophis novaeguineae as
sister-species, the latter representing a mainland taxon found
in the Fold Belt of the Central Cordillera as well as the EPCT
(Figs 2-6). We also found Tropidonophis aenigmaticus sister to
Tr. multiscutellatus, a taxon that we have sampled from PNG’s
Central Province on the EPCT. Compared to each other, Tr.
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aenigmaticus and Tr. dolasii are not each other’s closest rela-
tive. Rather than being sister-taxa, it appears more likely that
wide-ranging and possibly sympatric MRCAs of Tr. dolasii + Tr.
novaeguineae and Tr. aenigmaticus + Tr. multiscutellatus dispersed
from the mainland source populations to the recently sub-
aerial islands of the D’Entrecasteaux Archipelago. The dates of
divergence inferred for these clades coincides with major tec-
tonic changes in the Solomon Sea, specifically the splitting and
spreading of the Solomon Sea seafloor, known as the Woodlark
Rift (Weissel et al. 1982, Benyshek and Taylor 2021). The
seafloor spreading of the Solomon Sea is still ongoing and is the
fastest spreading seafloor known on earth (Ferris et al. 2006).
Woodlark Rifting at the start of the Pliocene provided the mech-
anism needed for dispersal and speciation in this archipelago
because it is thought to have been the event making the three
islands of the D’Entrecasteaux Archipelago subaerial. The pres-
ence of metamorphic core complexes in this region of crustal ex-
tension exhumed the domal islands (Goodenough, Fergusson,
and Normanby Islands) above the centre of the Woodlark Rift,
making these islands subaerial and reachable via over-water dis-
persal ~4 Mya (Taylor et al. 1995, Baldwin ef al. 2012, Miller et
al. 2012, Webb et al. 2014, Kraus 2015). The D’Entrecasteaux
Archipelago hosts interesting herpetofauna in addition to keel-
backs, including both anuran and elapid endemics. Recent
phylogenetics with these D’Entrecasteaux endemics find the
same pattern we find within Tropidonophis, that D’Entrecasteaux
endemic taxa are mostly sister to adjacent mainland lineages
(Metzger et al. 2010, Oliver et al. 2013, Strickland et al. 2016,
Kraus 2020, Roberts and Austin 2020, Hill et al. 2022).

An important difference between Malnate and Underwood’s
morphology-based phylogeny and biogeographic hypotheses
and our sequence-based phylogenies is that we currentlylack mo-
lecular data for the four Moluccan taxa [ Tropidonophis elongatus
(Jan 186S), Tropidonophis halmahericus (Boettger 1895),
Tropidonophis punctiventris (Boettger 1895), and Tropidonophis
truncatus (Peters 1863); Figs 2, 3]. Whether investigating
phylogenetics or biogeography, inclusion of these taxa is crit-
ical for understanding the complete evolutionary history of this
group, but the dearth of contemporary vouchers with associated
tissues prevents their inclusion currently. Despite lacking these
taxa, our hypothesized biogeographical findings strongly agree
with Malnate and Underwood’s (1988) five-stage dispersal pat-
tern hypothesized for the genus. The stepping-stone model of
gene flow is a pattern in phylogeography that assumes that gene
flow only occurs between adjacent populations, creating a stair-
like or stepping-stone branching pattern in phylogenies that cor-
responds lineages to geography; adjacent populations will be
sister to each other, with the earliest branching lineage within
the phylogeny representing the geographic origin of the group
(Kimura 1953, Avise 2000, Yang et al. 2018). The stepping-stone
model can also be applied as a mode of speciation. Within island
systems, the stepping-stone model of speciation has been sug-
gested as a testable alternative mode of lineage diversification
relative to vicariance-driven allopatric speciation (Yang et al.
2018). The Sunda-Papuan keelbacks are an excellent system to
continue testing lineage diversification via dispersal versus vic-
ariance; however, our work suggests that dispersal and vicari-
ance may not be mutually exclusive mechanisms when it comes

to rapid radiations like Tropidonophis. Overall, the inferred trees
suggest a stepping-stone model of dispersal, but the majority of
cladogenetic events are found on the mainland of New Guinea
beginning in the Pliocene.

Oceanicdispersal by way of rafting on vegetation mats has been
the hypothesized dispersal mechanism for many squamate lin-
eages (Austin 2000, Queiroz 2005, Yang et al. 2018). Squamates
are proficient overwater dispersers compared to amphibians due
to their integument’s resistance to saline desiccation (Penner
and Rodel 2019). Keelback snakes’ proclivity for aquatic envir-
onments and aquatic vegetation may have facilitated rapid dis-
persal from Sunda to the Philippines, and south-eastward to the
Oceanic Arc Terranes by way of vegetation mats (Fig. 7; Malnate
and Underwood 1988). Across all our phylogenetic inferences,
we find support for this dispersal pattern and, more specifically,
a stepping-stone pattern of dispersal south-eastward towards the
Sahul Shelf. However, regarding lineage diversification and spe-
cies’ diversity, dispersal does not appear to be the mechanism
solely responsible for cladogenesis and species’ richness in this
genus. Half of the species’ diversity (10 of 20) in Tropidonophis
is found on mainland New Guinea, and two additional species
are endemic to the Bismarck Archipelago (Fig. 2). Our data
suggest Tropidonophis reached the Oceanic Arc Terranes in
the Mid-Miocene roughly 15-10 Mya and, as the Pliocene ap-
proached, the Arc Terranes accreted with the northern margin
of the Australian Plate, creating a significant orogenic event (that
is still ongoing), pushing the Central Cordillera higher and con-
tinually reshuffling the north coast of New Guinea. Looking at
all inferences together, this overall timing of dispersal and spe-
ciation supports both Hall’s (2002) and Quarles van Ufford and
Cloos’ (2005) models. However, when evaluating the hypothet-
ical logistics and most likely routes of dispersal for this group,
and based on the data and analyses we produced, it seems more
parsimonious that the biogeographic patterns predicted by our
treePL inferences (Fig. 7B) are the likely route of dispersal,
versus the backtracking from the Oceanic Arc Terranes to the
Philippines predicted by the StarBEAST inferences (Fig. 7A).
But this may be further clarified once the Moluccan taxa can be
incorporated into our phylogeny. Interpreting together all cumu-
lative divergence dating estimates, the 13-5 Mya period between
the Miocene and the start of the Pliocene was a time of rapid
diversification for Tropidonophis and the time of maximum ter-
rane accretion from the island arc on the New Guinean main-
land. Thus, probable rafting and utilization of stepping-stones
permitted the Pacific Ocean range expansion for this lineage of
natricids, but our analyses suggest that the accretion of the arc
terranes and subsequent orogeny of the mainland provided the
allopatry needed for rapid diversification and the species diver-
sity that we see today.

CONCLUSIONS

We provide the most extensive analysis of phylogeny and his-
torical biogeography for the Sunda-Papuan keelbacks. Our re-
sults agree with the previously inferred phylogenies that also
used molecular sequence data (Deepak et al. 2021). We used
multiple species-tree inference approaches never applied to this
snake lineage and found strong support for all a priori species’
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identifications made based on morphological examination, as
well as congruence between species-trees and concatenated in-
ferences. Biogeographically, our findings support the five-point
hypothesis proposed by Malnate and Underwood (1988). While
we performed robust and thorough estimations of biogeographic
history, complete systematic and evolutionary history cannot
be inferred until we have full coverage of the genus, specifically
inclusion of the Moluccan taxa. While no ethanol-preserved
tissues of these taxa are known to exist, methodologies for gen-
omic sequence capture using formalin-fixed museum specimens
are becoming increasingly more popular and successful (Ruane
and Austin 2017, Bernstein and Ruane 2022). Until future ex-
peditions can collect in these understudied islands, integrating
formalin-fixed material may provide the key to elucidating these
complicated systematic and evolutionary histories across New
Guinean herpetofauna.

SUPPLEMENTARY DATA

Supplementary data are available at Zoological Journal of the
Linnean Society online.
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