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A New Species of New Guinea Worm-Eating Snake (Elapidae: Toxicocalamus
Boulenger, 1896), with Comments on Postfrontal Bone Variation Based on Micro-
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AssTRACT.—Morphology and DNA sequences are used to describe a new species of New Guinea Worm-Eating Snake (Elapidae:
Toxicocalamus Boulenger, 1896) from Papua New Guinea: Toxicocalamus goodenoughensis n. sp., endemic to Goodenough Island of the
D’Entrecasteaux Archipelago. Toxicocalamus goodenoughensis morphologically most closely resembles T. pachysomus Kraus, 2009, but it
differs by having undivided nasal scales completely surrounding nares (vs. divided), pale yellow markings on supralabials (vs. purple), a
yellow nape band (vs. unbanded uniform nape), a dark gray-brown dorsum (vs. medium brown), dark brown mottling on yellow ventral
scales, darkening toward cloaca (vs. uniform light brown), and >175 ventral scales. Phylogenetically, T. goodenoughensis is sister to
another D’Entrecasteaux endemic, T. nigrescens Kraus, 2017. Coalescent-based species delimitation found the new species to be uniquely
delimited from all other taxa (n = 13) in all combinations of parameters settings. Micro-computed tomography (nCT) scanning revealed
the presence of distinctive variation in postfrontal bone morphologies, with three morphotypes exhibited within the genus: directed
forward, directed lateral/perpendicular to cranium, and absent. Toxicocalamus goodenoughensis was found to have a sickle-shaped and
directed forward postfrontal bone. The directed forward morphotype was shared by T. loriae clade 3 (sensu Strickland et al., 2016), T.
mintoni, T. nigrescens, and T. pachysomus. Our work is the most comprehensive phylogenetic analysis of the genus and the first study

using pCT scanning for comparative morphology of Toxicocalamus. We also provide an updated dichotomous key for the genus.

New Guinea is one of the world’s top five high biodiversity
wilderness areas because of a high percentage of intact
wilderness coupled with extremely high vertebrate biodiversity
(Mittermeier et al.,, 2003). Much of the diversity found on the
island comprises endemic taxa with all congeners being found
only on the island or adjacent associated islands (Allison, 1996;
Mittermeier et al., 2003). With respect to herpetofauna, New
Guinea hosts more than 512 species of amphibians and reptiles,
with ~75% endemic to New Guinea (Allison, 1996; O’Shea,
1996; Menzies, 2006). The pattern of high endemism and
accelerated speciation derives in part from the unique and
complex tectonic history of the island during the Miocene. Most
recently, in the middle-to-late Miocene (~12-6 million years ago
[myal]), collision and shearing between the Australian (southern
half of New Guinea) and Pacific (northern half) plates have
created the central mountain range that divides the northern
and southern portions of the island, causing separation and
isolation and leading to allopatric speciation (Hall, 2002; van
Ufford and Cloos, 2005; Baldwin et al., 2012). Significant
changes in topographic and subaerial landscape occurred not
just on the mainland but also in the seas surrounding New
Guinea, specifically off the southeastern coast of New Guinea.
The late Miocene (~6 mya) saw the formation of the Woodlark
Basin, and the complex tectonics responsible for the Woodlark
Basin coupled with rising sea levels formed many of the
southeastern Papuan archipelagos: Louisiade, Trobriand, and
Woodlark (Taylor et al., 1995; Webb et al.,, 2014). The
D’Entrecasteaux Archipelago, however, is in fact a product of
metamorphic core complex uplifting, making this island chain
unique in its originating process (Little et al., 2011; Baldwin et
al., 2012). Many of these archipelagos host endemic taxa closely
related to congeners on the New Guinea mainland (Malnate and
Underwood, 1988; Kraus and Allison, 2004, 2006, 2007; Metzger
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et al., 2010; Kraus, 2017a; Ruane et al., 2018). The New Guinea
Worm-Eating Snakes of the genus Toxicocalamus Boulenger, 1896
represent one of these unique lineages.

Toxicocalamus are semifossorial elapids within the Hydro-
phiinae and are found exclusively on New Guinea and its
peripheral islands (O’Shea, 1996; Kraus, 2009, 2017b; O’Shea et
al., 2015, 2018). Previous workers have found that sea snakes
(Laticauda spp.) are the sister taxa to all other hydrophiines
(Keogh, 1998; Scanlon and Lee, 2004; Sanders et al., 2008;
Metzger et al., 2010; Lane and Shine, 2011; Strickland et al.,
2016) and, even more recently, have shown Toxicocalamus to be
monophyletic and an early-branching lineage within the
hydrophiines (Strickland et al., 2016). Unlike some of its highly
venomous relatives within Hydrophiinae, Toxicocalamus are
small snakes (with a few exceptions, i.e., T. ernstmayri and T.
grandis reach roughly 1 m in length) that show no inclinations to
strike for self-defense (Kraus, 2017b), despite possessing toxic
venom (Calvete et al., 2012).

Toxicocalamus currently comprises 15 described species, of
which 9 are found on the mainland of New Guinea and 6 are
endemic to the southeastern islands of the D’Entrecasteaux,
Louisiade, and Woodlark archipelagos (McDowell, 1969;
O’Shea, 1996; Kraus, 2009, 2017b; O’Shea et al., 2015, 2018).
Ecological and natural history data are limited for this group,
mostly because of their secretive fossorial lifestyles (O’Shea,
1996). Despite observational difficulties imposed by their
subterranean habits, researchers have reported species of
Toxicocalamus to be primarily vermivorous (eating mostly
earthworms; O’Shea, 1996; Shine and Keogh, 1996; O’Shea et
al.,, 2015; Austin, pers. obs.), with fly pupae and a land snail also
having been reported from stomach contents (Bogert and
Matalas, 1945; McDowell, 1969). Although our understanding
of the ecology and natural history of these snakes is limited,
there has been a recent surge in alpha taxonomic work, with six
new species described in the last decade from newly collected
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specimens and those long-held in collections (Kraus, 2009,
2017b; O’Shea et al., 2015, 2018).

Before 2009, the most recent taxonomic assessment of this
group was completed by McDowell (1969) in a work compris-
ing three species descriptions and a complete revision of the
genus. Since McDowell’s assessment, one molecular-based
phylogeny has been produced by Strickland et al. (2016). Using
seven loci (three mitochondrial and four nuclear), these authors
showed additional evidence for Hydrophiinae monophyly;
evidence for Toxicocalamus monophyly; and evidence of a
polyphyletic Toxicocalamus loriae (Boulenger, 1898), a species
that comprised six lineages of which now four are undescribed.
The six T. lorige lineages identified were named clades 1-6, with
T. loriae clade 1 representing what is thought to be true T. loriae
and Fred Kraus describing T. lorige clade 5 as T. nigrescens Kraus,
2017 (Boulenger, 1898; Strickland et al., 2016; Kraus, 2017b).

A field expedition to Goodenough Island of the D’Entrecas-
teaux Archipelago (Milne Bay Province) in 2012 resulted in the
collection of Toxicocalamus specimens that were diagnosable
morphologically and genetically from all other species of the
genus. Below, we describe the species, include it in the most
comprehensive phylogenetic analysis of the genus to date,
provide an updated dichotomous key for the genus, and include
the first characterizations of any species of the genus by using
micro-computed tomography (uCT) scanning.

MATERIALS AND METHODS

Collection and Morphological Data.—Specimens were collected
on a field expedition to Papua New Guinea in 2012 (Fig. 1),
photographed in life (Fig. 2), and assigned a unique field tag
number (CCA). In addition, tissue samples were taken for
molecular analyses and whole specimens were prepared using
standard techniques (Simmons, 2015). All collected specimens
have been deposited in the Louisiana State University Museum
of Natural Sciences (LSUMZ), and a list of examined specimens
can be found in Appendix 1. Museum collection abbreviations
follow Sabaj (2016).

Whole specimens were compared using traditional external
morphological characters for snakes, including scale counts,
scale patterns, and snout—vent length (SVL). Ventral scales were
counted according to Dowling (1951) and excluded cloacal
plate. Dorsal and subcaudal scales were counted following
McDowell (1969). All measurements are taken in millimeters
and reported to the first decimal as executed previously in
recent Toxicocalamus descriptions (Kraus, 2017b; O’Shea et al,,
2018). Species descriptions follow the format and organization
presented by Kraus (2017b) where applicable. Following
McDowell (1969), roman numerals indicate the number of
grooved maxillary fangs innervating the venom gland.

Osteological characterizations were made with pCT scanning
using a GE V|Tome|X M 240 scanner housed at the Nanoscale
Research Facility at the University of Florida as well as a Nikon
XTH 225 ST system housed at the Shared Materials Instrumen-
tation Facility at Duke University. Reconstructed scans were
visualized and segmented at LSUMZ by using Avizo v.9.5.0
(Thermo Fisher Scientific). Generated pCT scans have been
made public through deposition on Morphosource.

Gene Sequencing.—We extracted DNA from newly collected
tissues (n = 3) by using a standard salt extraction protocol
(Austin et al., 2010). Four loci were sequenced to place the two
new species within a previously published phylogenetic assess-
ment of Toxicocalamus (Strickland et al., 2016): the two mitochon-
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drial loci cytochrome b and 16S and the two nuclear loci c-mos
and RAG-1. Primers and relevant references can be found in
Table 1. Final polymerase chain reaction products were
sequenced using the Louisiana State University Genomics
Facility. Sequences were trimmed and assembled using Geneious
(Kearse et al., 2012). Alignments for phylogenetic analyses were
made using MUSCLE under its default settings (Edgar, 2004). All
new sequences have been deposited in GenBank (Table 2).

Species Included in Phylogenetic Analyses.—In addition to the
newly collected specimens, our phylogenetic dataset comprised
previously deposited sequence data for 9 nominal Toxicocalamus
species: T. holopelturus McDowell, 1969, T. longissimus Boulenger,
1896, T. loriae, T. mintoni Kraus, 2009, T. misimae McDowell, 1969,
T. nigrescens Kraus, 2017 (formerly T. lorize clade 5 sensu
Strickland et al., 2016), T. pachysomus Kraus 2009, T. preussi
(Sternfeld, 1913), and T. stanleyanus Boulenger, 1903, and 4
undescribed cryptic lineages—T. loriae clades 2, 3, 4, and 6
(Strickland et al., 2016). Six species were not included because of
the lack of any known frozen or ethanol-preserved tissue: T.
buergersi (Sternfeld, 1913), T. cratermontanus Kraus, 2017, T.
ernstmayri O’Shea, Parker, and Kaiser, 2015, T. grandis (Boulenger,
1914), T. pumehanae O’Shea, Allison, and Kaiser, 2018, and T.
spilolepidotus McDowell, 1969.

Phylogenetic Analyses—To infer interspecific relationships
within Toxicocalamus, we ran separate analyses using Bayesian
inference and maximum likelihood algorithms. Before applying
phylogenetic inferences, we determined optimal partitions and
substitution models using PartitionFinder2 v.2.1.1 (Lanfear et al,,
2017). We ran PartitionFinder2 with unlinked branch lengths,
Bayesian information criterion model selection, and a set of user-
specified partition models: by gene, by each position, concate-
nated, by genome, by genome plus cytb by itself, by gene and by
codon, and by codon. We performed these steps with Partition-
Finder2 for a concatenated sequence alignment, a nuclear
sequence alignment (c-mos and RAG-1), and a mitochondrial
sequence alignment (cytb and 16S). PartitionFinder2 identified
the ideal partition to be “by genome” for the concatenated dataset
and “concatenated” for both the mitochondrial and nuclear
analyses when analyzed separately. Model of nucleotide substi-
tutions selected by PartitionFinder2 were GTR+I+G and
HKY+G for the mitochondrial and nuclear genomes, respective-
ly. For Bayesian inference, we used MrBayes v.3.2.7 (Ronquist
and Huelsenbeck, 2003). Each MrBayes analysis included four
runs and four chains and was run for 5,000,000 generations with
a burn-in of 25%, with trees being sampled every 500
generations. For maximum likelihood analyses, we ran RAXxML
v.8.2.12 (Stamatakis, 2014). All RAXML analyses were run with
the autoMRE setting with the GTRGAMMAI substitution model.
The autoMRE flag executes a maximum of 1,000 bootstraps but
terminates if convergence is detected before reaching the
maximum. For this study, RAXML analyses converged at 200,
600, and 700 bootstrap replicates for the concatenated, mitochon-
drial, and nuclear alignments, respectively. Stationarity was also
confirmed using Tracer v.1.7.1 (Rambaut et al., 2018). Partition-
Finder2, MrBayes, and RaxML runs were executed using the
CIPRES Science Gateway v.3.3.

Coalescent Species Delimitation.—In addition to morphological
and phylogenetic assessments, we also delimited lineages by
using the multispecies coalescent (MSC). To do this, we
implemented Bayesian phylogenetics and phylogeography
(BPP) v.4.1.4 (Flouri et al, 2018). BPP is a Bayesian Markov
chain Monte Carlo (MCMC) program that can use multiple loci
from multiple closely related species to perform both species
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Map showing southeast New Guinea and the D’Entrecasteaux, Louisiade, Trobriand, and Woodlark archipelagos with localities of included

Toxicocalamus spp. Inset shows an outline of New Guinea, with focal region represented in the highlighted black border. The map legend specifies

species and associated symbols.

delimitation and species tree inference by using an unfixed guide
tree under the multispecies coalescent model (A1l option), an
advantage in recent versions of BPP (Rannala and Yang, 2003).
Results of the A1l option within BPP indicate the probability that
a putative species is a separate species (Ruane et al., 2018),
allowing more robust species determinations within diverse
lineages that have speciated recently. Recent studies have shown
that BPP delimits genetic structure within datasets and not
specifically species (Sukumaran and Knowles, 2017). Species
conceptualization and determination followed the unified species
concept (de Queiroz, 2007); thus, species descriptions and final
species determinations are based on multiple lines of evidence,
including molecular (phylogenies, pairwise comparisons, MSC
delimitation) and morphological comparisons.

Results from BPP have been found to be sensitive to settings
of its ancestral population size (theta) and divergence time (tau)
priors (Leaché and Fujita, 2010; Yang and Rannala, 2010; Ruane
et al., 2016, 2018). To avoid this issue, we ran BPP using a
variety of different theta and tau prior options (Table 3). Four
population size parameters (8s) were used, assigned the inverse-
gamma prior IG(3, 0.004), with mean 0.004/(3-1) = 0.002, IG(3,
0.04), with mean 0.02, IG(21, 0.004), with mean 0.0002, and
IG(21, 0.04), with mean 0.002. Four divergence times at the root
of the species tree (10) were assigned the inverse-gamma prior
IG(3, 0.002), with mean 0.001, IG(3, 0.02), with mean 0.01, IG(21,
0.002), with mean 0.0001, and IG(21, 0.02), with mean 0.001
(Flouri et al., 2018). Each chosen combination was run three
times, confirming convergence of runs on the same number of
delimited species. Each run comprised 1,000,000 generations,
with a 10% burn-in and a sampling frequency of five. Recent
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versions (4.0 and newer) of BPP use an inverse gamma
distribution for both theta and tau priors instead of the previous
gamma distribution of previous versions. An inverse gamma
distribution reduces the size of the parameter space, which
typically leads to improved mixing of the MCMC.

REesuLts
Toxicocalamus goodenoughensis, sp. nov.
Figures 1-6

Holotype—LSUMZ 98043 (CCA 15692), an adult female
(confirmed by pCT scans), collected by Christopher Austin at
low-elevation camp along the banks of the Blawin River among
mixture of bush and gardens (—9.2650667, 150.2238833, elevation
147 m), Goodenough Island, Milne Bay Province, Papua New
Guinea, on 10 July 2012.

Paratype—LSUMZ 98042 (CCA 15458), juvenile, Papua New
Guinea, Milne Bay Province, Goodenough Island, collected by
Christopher Austin crossing bush track near camp along small
creek that is a tributary of Moniu River (—9.2899667, 150.21425,
elevation 992 m), Goodenough Island, Milne Bay Province,
Papua New Guinea, on 20 June 2012.

Diagnosis—A moderately sized species (holotype 691 total
length, 14.1 maximum width) with 15-15-15 dorsal scale rows,
178-186 ventral scales, 37-49 paired subcaudals, preocular scale
present and not fused with prefrontal, preocular in contact with
prefrontal, internasal, and nasal; prefrontal separated from nasal
by contact between preocular and internasal; frontal not fused
with supraoculars; internasals not fused; three circumoculars
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Reference(s)
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Saint et al., 1998
Burbrink et al., 2000; Metz

Groth and Barrowclou

Reverse primer

16SR 5'-CCGGTCTGAACTCAGATCACGT-3'

G74 5'-TGAGCATCCAAAGTCTCCAATC-3’
H16064 5'-CTTTGGTTTACAAGAACAATGCTTTA-3’

G397 5'-GATGCTGCCTCGGTCGGCCACCTTT-3'

Fic. 2. Photos in life showing (A) Toxicocalamus goodenoughensis n.
sp., holotype (LSUMZ 98043); (B) Toxicocalamus goodenoughensis
paratype (LSUMZ 98042); and (C) an earthworm regurgitated by T.
goodenoughensis (paratype, LSUMZ 98042) after collection, Casio watch
case diameter, 44 mm.

Forward primer

16SF 5'-CGCCTGTTTATCAAAAACAT-3’
G303 5-ATTATGCCATCMCCTMTTCC-3’

(holotype has three on the left and four on the right side
[fragmented third supralabial adds a preocular; see description
below])—one supraocular, one or two preoculars, one postocular;
nasals entire; one anterior temporal, one or two posterior
temporals not fused with supralabials; six supralabials, the
second in contact with the nasal, preventing contact between
nasal and third supralabial; divided cloacal plate; uniform
mottling of dark brown on yellowish ventral scales, ventrals
progressively become darker brown posteriorly, with ontogenetic
lightening of ventrals from dark brown to lighter brown.

L14910 5'-GACCTGTGATMTGAAAAACCAYCGTTGT-3’
G396 5-TCTGAATGGAAATTCAAGCTGTT-3'

Primers used for loci amplification.

TaBLE 1.
Locus

16S
c-mos
cyth
RAG-1
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TaBLE 2. Sequences and individuals included in sequence alignments.

J. R. ROBERTS AND C. C. AUSTIN

Genus Species Catalog no. 16S c-mos cyth RAG-1 Latitude Longitude
Aspidomorphus  schlegeli BPBM 23433 GQ397234 GQ397223 GQ397167 GQ397196 —3.39329  142.528
Aspidomorphus  schlegeli Uncataloged (Metzger GQ397238 GQ397228 GQ397169 GQ397200 NA?® NA

et al., 2010)
Aspidomorphus  muelleri ABTC 50600 KF736326 EU366448 AF217814 EU366434 NA NA
Aspidomorphus  muelleri BPBM 23453 GQ397233 GQ397224 GQ397153 GQ397195 —3.42457  142.519
Aspidomorphus  lineaticollis Uncataloged )(Metzger GQ397237 GQ397227 GQ397131 GQ397198 NA NA
et al., 2010
Aspidomorphus  lineaticollis Uncataloged (Metzger GQ397239 GQ397229 GQ397132 GQ397199 NA NA
et al.,, 2010)
Demansia papuensis MAGNC":F-R20514/ EU547142 EU546910 EU547044 EU546871 NA NA
ABTC 29355
Demansia psammophis AMS 147748 GQ397240 GQ397230 GQ397172 GQ397201 NA NA
Demansia vestigiata SAMA-R34265/ EU547143 EU546911 EU547045 EU546872 —12.65 132.88
ABTC 11765
Toxicocalamus® loriae clade 3 LSUMZ 93563 MT313296 MT298113 MT298107 MT298110 —9.339 149.1588333
Toxicocalamus goodenoughensis LSUMZ 98042 MT313295 MT298111 MT298105 MT298108 —9.2899667 150.21425
n. sp.
Toxicocalamus goodenoughensis LSUMZ 98043 NA MT298112 MT298106 MT298109 —9.2650667 150.2238833
n. sp.
Toxicocalamus ~ preussi AM 136279 EU547141 EU546909 EU547043 EU546870 —3.3933 142.5283
Toxicocalamus ~ lorige clade 6 BPBM 17987 GQ397235 GQ397225 GQ397170 GQ397197 —10.0145 149.597
Toxicocalamus  loriae clade 2 BPBM 41390 KT968664 KU128770 KT778513 KU128742 —7.9538 147.0567
Toxicocalamus  loriae clade 2 BPBM 41391 KT968665 KU128771 KT778514 KU128743 —7.9289 147.0458
Toxicocalamus ~ holopelturus BPBM 20823 KT968666 KU128772 KT778515 KU128744 —11.3345 154.2239
Toxicocalamus  holopelturus BPBM 20824 KT968667 KU128773 KT778516 KU128745 —11.3544 154.2232
Toxicocalamus ~ holopelturus BPBM 20825 KT968668 KU128774 KT778517 KU128746 —11.3555 154.2246
Toxicocalamus ~ holopelturus BPBM 20826 KT968669 KU128775 KT778518 KU128747 —11.3366 154.2236
Toxicocalamus  holopelturus BPBM 20827 KT968670 KU128776 KT778519 KU128748 —11.3345 154.2239
Toxicocalamus ~ stanleyanus BPBM 23455 KT968671 KU128777 KT778520 KU128749 —3.4246 142.5189
Toxicocalamus ~ preussi BPBM 23456 KT968672 KU128778 KT778521 KU128750 —3.3933 142.5283
Toxicocalamus ~ longissimus BPBM 39702 KT968673 KU128779 KT778523 KU128751 —9.0844 152.8353
Toxicocalamus ~ lorige clade 3 BPBM 39813 KT968674 KU128780 KT778524 NA —9.2238 149.1561
Toxicocalamus  longissimus BPBM 42183 KT968675 KU128781 KT778526 KU128752 —9.0378 152.744
Toxicocalamus  lorige clade 4 UMMZ 242534 KT968677 NA KT778528 KU128754 —10.06 151.075
Toxicocalamus ~ pachysomus BPBM 15771 KT968679 NA KT778530 KU128756 —10.3471 150.233
Toxicocalamus ~ nigrescens BPBM 16544 KT968680 NA KT778531 KU128757 —9.4263 150.8015
Toxicocalamus — nigrescens BPBM 16545 KT968681 NA KT778532 KU128758 —9.4562 150.5596
Toxicocalamus ~ misimae BPBM 17231 KT968682 KU128784 KT778533 KU128759 —10.6703 152.7206
Toxicocalamus ~ lorige clade 6 BPBM 17988 KT968683 KU128785 KT778534 KU128760 —10.0145 149.597
Toxicocalamus ~ lorige clade 6 BPBM 17989 KT968684 KU128786 KT778535 KU128761 —10.0171 149.6002
Toxicocalamus ~ loriae clade 6 BPBM 18164 KT968685 KU128787 KT778536 KU128762 —10.0171 149.6002
Toxicocalamus ~ lorige clade 6 BPBM 18166 KT968686 KU128788 KT778537 KU128763 —10.0171 149.6002
Toxicocalamus  lorige clade 1 BPBM 19502 KT968687 KU128789 KT778538 KU128764 —9.4439 147.9838
Toxicocalamus ~ lorige clade 1 BPBM 19503 KT968688 KU128790 KT778539 KU128765 —9.4447 148.0092
Toxicocalamus  lorige clade 1 BPBM 19504 KT968689 KU128791 KT778540 KU128766 —9.4447 148.0092
Toxicocalamus ~ lorige clade 1 BPBM 19505 KT968690 KU128792 KT778541 KU128767 —9.4439 147.9838
Toxicocalamus ~ lorige clade 1 BPBM 19506 KT968691 KU128793 KT778542 KU128768 —9.4439 147.9838
Toxicocalamus ~ mintoni BPBM 20822 KT968692 NA KT778543 KU128769 —11.4961 153.4241

* NA = not applicable.

® Bold entries indicate new sequences generated for this study that are now deposited on GenBank.

Toxicocalamus goodenoughensis can be distinguished from T.
holopelturus by having paired subcaudals (vs. single); from T.
mintoni, T. stanleyanus, T. cratermontanus, T. misimae, T. longissi-
mus, T. pumehanae, T. buergersi, and T. preussi by having a
preocular scale unfused to the prefrontal scale (vs. fused in
listed congeners); and from T. nigrescens, T. loriae, T. spilolepido-
tus, T. grandis, and T. ernstmayri by having internasal scales
contacting preocular scales, preventing contact between nasals
and prefrontals (vs. internasals and preoculars separated by
contact between nasals and prefrontal scales).

Toxicocalamus goodenoughensis is most similar morphologically
to T. pachysomus but differs by having undivided (or entire)
nasal scales completely surrounding the nares; pale yellow on
supralabials (vs. purple blotches); yellow nape band present (vs.
nape unbanded); more than 175 ventral scales (vs. 171 ventral
scales); dark gray-brown dorsum (vs. medium brown); and
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dark brown mottling on yellow ventral scales, darkening
toward cloaca (vs. uniform light brown).

Description of Holotype.—Adult female. Rostral broader (4.0)
than tall (2.4); internasals triangular, wider (3.2) than long (1.8);
prefrontals unfused to preoculars (Figs. 3C, 4), right slightly
longer (3.9) than wide (3.2) and left wider (3.2) than long (3.1),
bordered below by preoculars and internasals; preoculars not
bilaterally symmetrical, with two on the right side and one on the
left (smaller of two on right side appears to be result of
fragmented third supralabial; see additional comments in
Remarks and Figs. 3C, 4A), primary preocular rectangular with
rounded anterior and posterior margins, not fused with supra-
oculars; parietal scales more than twice as long (right 8.1, left 8.2)
than wide (each 3.3). Nasals undivided, surrounding entirety of
nares; postocular single, round, larger than eye (diameter 1.6);
anterior temporal single, rectangular, positioned above fifth and
six supralabials; posterior temporals two, dorsal posterior
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FiG. 3. Toxicocalamus goodenoughensis n. sp., showing the (A) dorsum of T. goodenoughensis holotype (LSUMZ 98043), (B) venter of holotype, (C)
right view of head of holotype, (D) dorsum of T. goodenoughensis paratype (LSUMZ 98042), (E) venter of paratype, and (F) right view of head of
paratype. Scale bars aside dorsum and venter images (A), (B) and (D), (E) are each 2 cm. Scale bars aside head images (C) and (F) are each 5 mm.
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Fic. 4. Line drawings highlighting head scalation of the holotype.
Left (A) and (B) dorsal view of the T. goodenoughensis holotype (LSUMZ
98043). The scale bar for (A) and (B) is 6 mm.

temporal larger than more ventral, positioned above the sixth
supralabial and separating it from the parietals. Supralabials six,
third and fourth touching eye (except only fourth on right eye;
see Remarks); infralabials six, first four in contact with anterior
genials (anterior and posterior). Mental triangular, wider (3.0)
than tall (1.6); anterior genials touching, separated anteriorly by
both first infralabials touching; posterior genials touching; gular
scale between posterior genials, 2.5 long by 2.0 wide. Eye small
(diameter 1.3); pupil round.

Dorsal scale rows 15-15-15, smooth without apical pits.
Ventrals 186, 3.5 times wider than long; cloacal scale divided;
subcaudals 37. Tail with conical spine (length 4).

Measurements of the Holotype.—Total length = 691, SVL = 602,
tail length = 89, eye-naris distance = 4.2, internarial distance =
3.3, head length (rostral to posterior margin of parietals) = 16.3,
head width (widest point anterior to quadrate) = 11.1.

Dentition of the Holotype—Maxilla with seven teeth (II, five);
dentary with 11 teeth; palatine with 11 (right) and 10 (left) teeth;
pterygoid with teeth extending posteriorly to level of the
basisphenoid and basioccipital suture, teeth decreasing in size
posteriorly.

Counts and Measurements of the Paratype—Dorsal scale rows
15-15-15. Ventrals 178; subcaudals 49. Total length = 321, SVL =
271, tail length = 50, eye—naris distance = 2.4, internarial distance
= 1.6, eye width = 1, head length = 9.5, head width = 6.5.

Dentition of the Paratype—Maxilla with 7 teeth (I, five); dentary
with 11 teeth; palatine with 12 teeth; pterygoid with teeth
extending posteriorly to level of the basisphenoid and basioccip-
ital suture, teeth decreasing in size posteriorly.

Morphological Variation.—Regarding scalation, the only impor-
tant difference between the holotype and paratype is with the
preoculars. In the holotype, as mentioned above, there are two
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TabLe 3. BPP priors and posterior probabilities for multispecies
coalescent-based species delimitation.

No. of

Run  Theta Theta Tau Tau species Posterior
no. shape  parameter  shape  parameter  delimited  probability
3 0.004 3 0.002 14 0.999932
14 0.999916
14 0.999910
3 0.004 3 0.02 14 0.999912
14 0.999921
14 0.999920
3 0.04 3 0.002 14 0.896352
14 0.896636
14 0.895612
3 0.04 3 0.02 14 0.896093

14 0.895232
14 0.895203

21 0.004 21 0.002 14 0.999937
14 0.999934
14 0.999941
21 0.004 21 0.02 14 0.999999
14 0.999999
14 1.0000
21 0.04 21 0.002 14 0.999775
14 0.999760
14 0.999772
21 0.04 21 0.02 14 0.999838

14 0.999852
14 0.999864

WNRPWNRPWNRP,WNRP,WNRFR,WONR,ONR,WOWN -

preoculars on the right side, with only one on the left side. In the
paratype, both sides have a single preocular. Because of the
asymmetry in the holotype, symmetry in the paratype, and the
“X” shaped markings on the third supralabial directly under-
neath the preocular in question (Fig. 3C), we think that this
second preocular could be because of fragmentation of the third
supralabial, perhaps from an injury. The left side has been
illustrated (Fig. 4A) to show an unfragmented preocular.

Genetic Variation.—Phylogenetic analyses indicate that T. good-
enoughensis is most closely related to T. nigrescens from Fergusson
Island (Figs. 1, 6). Of the four loci, T. goodenoughensis is most
divergent from T. nigrescens in cytb, with 5.67% sequence
divergence. The T. goodenoughensis + T. nigrescens clade is sister
toa T. loriae clade 4 + T. pachysomus clade, with T. goodenoughensis
having 6.65 and 7.15% cytb sequence divergence to these species,
respectively.

Color in Life—The holotype (Fig. 2A) has a universally colored
dorsum that is a dark gray-brown with light iridescence. All dorsal
patterning is found on the nape and face but is faint and mottled.
On the nape, immediately after the temporal scales, pale mottled
yellow coloring extends toward dorsum from venter on both sides,
but it does not connect into a complete band, leaving the space
immediately posterior from parietals the dark gray brown seen on
rest of dorsum. On the face, the pale yellow seen on the venter and
chin scales extends up onto the supralabials about halfway. Again,
the color is not uniform, with some mottling. Lastly, the pale
yellow extends from the chin anterior to the eye and onto the
preocular and prefrontal scales, almost connecting and forming a
snout band at the prefrontal suture. The ventrals are pale yellow
with dark brown mottling that increases posteriorly toward the
cloaca, making the last ventral scale the darkest. The subcaudal
scales are uniform dark brown and darker than all ventral scales.

The paratype (Fig. 2B) exhibits the same overall patterning of
the holotype, but the contrast between the dark gray-brown
dorsum and pale yellow venter is stronger. The nape band again
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Fic. 5. pCT scans of the new species, highlighting postfrontal bone variation compared with selected congeners. Each species is represented by a
right and dorsal view and then a close up of the postfrontal bones. Postfrontal bones were photographed in direction and orientation that they are
attached to the skull to highlight the difference in angles. All skull scale bars are 5 mm. All postfrontal bone scale bars are 1 mm, except that of (F),
which is 0.5 mm. (A—C) Holotype (LSUMZ 98043) of T. goodenoughensis n. sp. (D-F) Paratype (LSUMZ 98042) of T. goodenoughensis. (G-I) A voucher
(LSUMZ 93563) of T. loriae clade 3. (J-L) Holotype (BPBM 20822) of T. mintoni. (M-O) Holotype (BPBM 16545) of T. nigrescens. (P-R) Holotype (BPBM
15771) of T. pachysomus. (S-U) Holotype (AMNH 76660) of T. holopelturus. (V-X) Holotype (AMNH 85745) of T. spilolepidotus.
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FiG. 6.  Toxicocalamus spp. phylogeny representing 11 of the 16 proposed species, based on the concatenated sequence alignment. Also included are

undescribed clades of cryptic diversity identified as T. loriae (see Stricklan

d et al., 2016). Phylogeny was inferred using RAXML. Circles above branches

correspond to bootstrap support values: black meaning >95 and white meaning 75-94. Circles below branches correspond to posterior probabilities
produced by MrBayes: black meaning >0.95 and white meaning 0.85-0.94. Bootstrap support or posterior probabilities below 75 or 0.85, respectively,
have been indicated. Symbols aside species relates to localities on Figure 1. There was 100% concordance between RAXML and MrBayes trees of the

concatenated dataset.

almost completes behind the parietal scales, but does not. A pale
yellow band at the frontal-prefrontal suture is present, but it
does not connect with the pale yellow extending toward the
dorsum from the ventral side of chin on supralabials two and
three. The pale color from the venter extends further up the
dorsum at supralabial five and six, extending toward dorsum
all the way to the anterior margin of the parietal scales but
stopping short of the frontal scale. The ventral scales again
become darker toward the cloaca, but they are darker than the
ventrals of the holotype.

Color in Preservative—The color in preservative of both type
specimens is the same as the color patterns in life. Both specimens
still remain iridescent.

Etymology—The specific epithet, goodenoughensis, refers to
Goodenough Island, where both specimens were found. Good-
enough is the northernmost island in the D’Entrecasteaux
Archipelago (Fig. 1).

Distribution.—These are the only two specimens known of this
species and the first representatives of Toxicocalamus collected
from Goodenough Island. For now, the species can be considered
endemic to the island because no other representatives of this
species have been found.

Ecological Notes—As with many species in this genus,
ecological observations are limited for this species. Austin
observed that the paratype regurgitated an earthworm while in
a collecting bag (Fig. 2C). This observation coincides with
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previous reports of Toxicocalamus species feeding on earthworms
(O’Shea, 1996; Shine and Keogh, 1996; O’Shea et al., 2015).

Deposited Material —nCT scans of holotype and paratype
comprise scans of the bodies and heads deposited on Morpho-
source (545879 for holotype scans, 545878 for paratype). See Table
2 for GenBank accessions information.

Remarks.—Despite being most similar scalationally to T.
pachysomus, phylogenetic analysis demonstrates that T. good-
enoughensis is most closely related to T. nigrescens from Fergusson
Island, the middle island in the three-island D’Entrecasteaux
Archipelago (Figs. 1, 6). Together, T. goodenoughensis + T.
nigrescens are sister to a clade comprising a mainland +
Normanby Island (D’Entrecasteaux) clade, T. pachysomus + T.
lorige clade 4.

Species Delimitation—All BPP runs, independent of theta and
tau prior settings, found strong evidence (>0.95 posterior
probability) for the delimitation of T. goodenoughensis as a distinct
species. Regarding delimitation of all species included, all used
combinations of parameters delimited 14 species with strong
support (>0.99 poster probability) except for two combinations,
theta-IG(3, 0.04) and tau-IG(3, 0.002) and theta-IG(3, 0.04) and
tau-IG(3, 0.02), which returned posterior probabilities ~0.90. In
each of these delimitations, the alternative delimitation to all 14
species being distinct was the collapsing of T. loriae clade 4 and T.
pachysomus as one species (~0.10 posterior probability) (Table 3).
Looking at the phylogeny (Fig. 6), this relationship has the
weakest support of any terminal clades and cytb sequence
divergence 6.14% between these species. The common parameter
setting between these two combinations was the theta parameter,
i.e., ancestral population size, as IG(3, 0.04). Because of all other
parameter settings delimiting with high posterior probability the
presence of 14 species in our dataset, the low (~0.10) probability
of the collapsed species, and the fact that T. pachysomus and T.
lorige clade 4 are both morphologically diagnosable and
geographically isolated (Fig. 1), we do not identify these species
as one.

UCT Scans.—CT scans reveal similarities in postfrontal bone
shape between the holotype and paratype of this species (Fig.
5A-F). Postfrontal bones in both individuals are curved, or sickle-
shaped, and directed forward toward the snout. Maxillary
dentition was identical between the holotype and paratype.
Cranial differences observed in pCT scans include the width of
the parietal bone (holotype parietal width/length = 3.5/7.4
[47.3%], paratype = 2.9/4.9 [59.2%)) and the depth of the sagittal
crest (holotype crest depth/parietal depth = 0.76/4.6 [16.5%],
paratype = 0.23/2.9 [7.9%])), differences that have been shown to
be related to ontogenetic changes in snakes (holotype SVL = 602,
paratype SVL = 271) (Rossman, 1980).

DiscussioN

Toxicocalamus goodenoughensis of Goodenough Island com-
prises the second described species of the genus endemic to the
D’Entrecasteaux Archipelago (Fig. 1). The middle island of the
Archipelago, Fergusson Island, hosts the endemic T. nigrescens
described in 2017 (Kraus, 2017b) (Fig. 1). The third, and
southern-most island of the D’Entrecasteaux Archipelago,
Normanby Island, hosts a species morphologically indistin-
guishable from T. nigrescens (see Kraus, 2017b) but genetically
unique and is included in the analyses herein as T. lorige clade 4
(Fig. 6; also see Strickland et al., 2016). Both Toxicocalamus and
another terrestrial hydrophiine, Aspidomorphus, exhibit this
unique pattern of one endemic lineage per island within the
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D’Entrecasteaux Archipelago. Metzger et al. (2010) showed
within Aspidomorphus the presence of many cryptic lineages that
are likely undescribed species, including splits between Aspido-
morphus cf. lineaticollis specimens found on each island within
the D’Entrecasteaux Archipelago. Toxicocalamus and Aspidomor-
phus are closely related and comprise the only terrestrial
hydrophiines found within the D’Entrecasteaux Archipelago.
The islands within the D’Entrecasteaux Archipelago host a
diversity of non-elapid snakes as well, including boids
(Candoia), colubrids (Boiga, Dendrelaphis, Stegonotus, Tropidono-
phis), pythonids (Apodura, Morelia), and gerrhopilid and
typhlopid blindsnakes (O’Shea, 1996; Kraus, 2017a). However,
non-elapid genera found within the archipelago are usually
represented by one species found archipelago-wide (O’Shea,
1996). Perhaps this is because of reduced vagilities or speciation
histories of the semifossorial hydrophiines compared with other
herpetofauna, but it may likely be because of the need to revisit
population level biogeography and systematics of all New
Guinea reptiles and amphibians found among the offshore
islands of New Guinea.

To date, there are 16 accepted species (including T. good-
enoughensis) that are found as far east as Rossel Island within the
Louisiade Archipelago (Fig. 1) and as far west as the Fakfak
Peninsula south of the Bird’s Head in Indonesian Papua, with
no records of the genus from the Southern Trans-Fly region (see
fig. 1 of O’Shea et al., 2018). Currently, the epicenter of diversity
appears to be the eastern New Guinea peninsula and associated
archipelagos, with four species reported from the mainland and
six species (including T. goodenoughensis) reported from nearby
archipelagos (O’Shea et al., 2018). The complex tectonic history
of the eastern New Guinea and its peripheral archipelagos
further complicates the evolutionary history of Toxicocalamus.
Before the formation of the Woodlark Rift, the modern-day
Woodlark (northern boundary of Woodlark Basin) and
Pocklington (southern boundary) rises were once a contiguous
extension of a much larger ancestral and subaerial eastern
Papuan Peninsula. Beginning ~6 mya, Woodlark rifting split the
Papuan Peninsula, created the Woodlark Basin, and commenced
the sinking of the Woodlark and Pocklington rises because of
crustal extension (Taylor et al., 1995, 1999; van Ufford and
Cloos, 2005; Baldwin et al., 2012). It is thus possible that
modern-day island endemics on the Louisiade and Woodlark
archipelagos are products of vicariant allopatric speciation via
rising sea levels and Woodlark Rift formation and resulting
tectonic plate movement. Therefore, combined increases in sea
level and rise sinking are thought to have created the modern-
day Louisiade, Trobriand, and Woodlark archipelagos, invoking
the more probable scenario that these snakes are products of
vicariant allopatry after island formation and not over-water
dispersal from the mainland. By contrast, the modern-day
D’Entrecasteaux Archipelago is the result of significant uplift
above sea level ~3 mya (after the onset of Woodlark rifting)
because of the presence of metamorphic core complexes within
the island chain (Little et al., 2011; Baldwin et al.,, 2012). In
addition, during glacial maxima, it is quite possible that the
three D’Entrecasteaux islands were reconnected to the mainland
(Mayr and Diamond, 2001; Lavery et al., 2016). Regarding
D’Entrecasteaux-endemic Toxicocalamus species, two biogeo-
graphic hypotheses seem likely: 1) metamorphic core complex
uplift created these islands from previously submerged land-
masses, allowing dispersal of Toxicocalamus to these islands
during glacial maxima; or 2) metamorphic core complex uplift
of previously subaerial landmasses allopatrically separated the
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most recent common ancestor (MRCA) of these taxa in similar
manner and timing as the Louisiade, Trobriand, and Woodlark
archipelagos. At this time, without a dated phylogeny and
rigorous biogeographic reconstructions, we cannot differentiate
between these two hypotheses.

Phylogenetic analyses used a dataset comprising of mostly
sequences generated from a well-executed phylogenetic assess-
ment of Toxicocalamus by Strickland et al. (2016). The primary
objective for our study was to describe the new species and to
generate a hypothesis of phylogenetic relatedness of the new
species to their congeners; however, our resulting phylogeny
possesses some topological discrepancies compared with the
tree of Strickland et al. (2016; see fig. 3). The primary difference
between our phylogeny (Fig. 6) and their phylogeny relates to
the position of T. holopelturus, a species endemic to Rossel Island
of the Louisiade Archipelago (Fig. 1). Our phylogeny finds, with
strong support, T. holopelturus sister to the T. stanleyanus + T.
preussi clade, both mainland New Guinea endemics, and the
westward-most—included samples in our dataset. Strickland et
al. (2016) finds T. holopelturus sister to all other congeners except
the T. stanleyanus + T. preussi clade, also with strong support.
An additional discrepancy includes the placement of the T.
misimae + T. longissimus clade. Our analysis finds this clade
sister to a clade comprising all other congeners but T.
holopelturus + (T. stanleyanus + T. preussi). Strickland et al.
(2016) found the T. misimae + T. longissimus clade to be sister to
T. lorige clade 1 (“true” T. loriae [see Kraus, 2017b]), where we
did not find this sister relationship. Other than the differences
described above, topologies between our tree and that of
Strickland et al. (2016) were identical. All discrepancies in
topology between our tree and that of Strickland et al. (2016)
occur at early branching points. The trees also differ in the
datasets that generated them. Our dataset comprised four
Sanger-sequenced loci, compared with seven of Strickland et al.
(2016). However, despite fewer loci, our tree has comparable or
stronger support values at the nodes in question.

Small multilocus datasets for groups that have rapidly
diversified within short time frames such as Toxicocalamus can
be susceptible to incomplete lineage sorting. For this reason, we
used BPP, a coalescent-based species delimitation method, to
provide an additional line of evidence for the new species
described herein. In addition to all species being monophyletic
in phylogenetic analyses, BPP analyses provided strong support
that the 14 taxa included in the dataset (9 accepted, 5 cryptic
and undescribed) appear to be unique evolutionary units and
not because of incomplete lineage sorting. Because BPP has been
demonstrated to delimit genetic structure and not species
(Sukumaran and Knowles, 2017), we accept these delimited
taxa as species and not populations because in addition to the
BPP results, the delimited taxa can be diagnosed morpholog-
ically as well, adhering to the unified species concept (de
Quieroz, 2007), thus taking multiple lines of evidence into
decision-making before final species determination.

Using pCT scanning, we identify species-specific variation in
postfrontal bone shape within Toxicocalamus (Fig. 5). Although
pCT scans elucidated novel interspecific differences, McDowell
(1969) first identified postfrontal (described as postorbital in his
work; Palci and Caldwell, 2013; Garberoglio et al., 2019)
presence-absence variation that led him to separate some
species into separate subgenera: Apistocalamus Boulenger, 1898
(postfrontal present); Toxicocalamus Boulenger, 1896 (absent);
and Ultrocalamus Sternfeld, 1913 (absent). According to Mc-
Dowell (1969), species lacking postfrontal bones comprise T.
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longissimus, T. misimae, T. stanleyanus, T. preussi, and T. buergersi,
leaving T. holopelturus, T. grandis, T. loriae, and T. spilolepidotus
with postfrontal bones. Species descriptions since McDowell
(1969) have not addressed the presence or absence of the
postfrontal bone; however, a preliminary, and growing, dataset
of genus-wide pPCT scanning aimed at revising the genus
morphologically and with next-generation sequencing (Roberts
and Austin, unpubl. data) has confirmed the presence of
postfrontal bones in the holotypes of T. holopelturus, T. mintoni,
T. nigrescens, T. pachysomus, and T. spilolepidotus; a voucher
identified as T. lorige clade 3; and the new species described
herein. We have also confirmed the absence of a postfrontal
bone in the T. misimae holotype.

Based on the dataset presented herein (Fig. 5), it appears that
postfrontal bone morphology can be placed into three categories
within Toxicocalamus: directed forward (Figs 5A-R; five species),
directed lateral or perpendicular to cranium (Figs 55-X; two
species), and absent (T. misimae). Based on the work from
Strickland et al. (2016) and the phylogeny produced herein (Fig.
6), the subgenera proposed by McDowell are paraphyletic. Of
the nine species included in our pCT dataset, all but one, T.
spilolepidotus, are represented in our phylogeny. Toxicocalamus
spilolepidotus is known only from its type material, and no
ethanol-preserved tissue exists.

Of the five species McDowell reported with absent post-
frontals, four are represented in our phylogenetic analysis (T.
longissimus, T. misimae, T. preussi, T. stanleyanus), and these four
species are represented by two strongly supported sister pairs
(T. preussi + T. stanleyanus, T. longissimus + T. misimae). We have
not scanned representatives of T. loriae clade 1, clade 2, clade 4,
and clade 6, but if we assume these species do have postfrontal
bones because of their morphological affinity to T. loriae, it is
unclear whether the common ancestor to all Toxicocalamus had
postfrontal bones or not. Both scenarios are equally parsimoni-
ous in our analyses, with two independent losses assuming
postfrontals in the MRCA or two independent acquisitions of
postfrontals with a bone-less MRCA. The same is true if we
assign postfrontal bone presence-absence on to Strickland’s
phylogeny, with one acquisition and one subsequent loss (still
two steps) with the bone-less MRCA scenario. However, in
accordance with Dollo’s law (Dollo, 1893; Gould, 1970), we are
inclined to think that the MRCA most likely had postfrontals
and that subsequent losses have resulted in extant congeners
lacking these features. Other elapid groups have lost the
postfrontal bone, i.e., Asian coral snakes (Sinomicrurus) and
New World coral snakes—Micruroides and Micrurus (Slowinski
et al., 2001). However, in these other genera, postfrontal absence
is synapomorphic. Toxicocalamus may be the only known genus
with intrageneric variation in postfrontal presence and absence
and postfrontal shape (between species that have the bone).

Sampling deficiencies from across the island could likely be
obscuring our understanding of true species diversity and
genetic structure within wide-ranging species of Toxicocalamus.
Future field collections along the southern coast and north-
western regions of Papua New Guinea are critical for improving
our hypotheses regarding evolutionary relatedness and phylo-
geography of Toxicocalamus. In the meantime, the next actions
for better assessing phylogeography lie in next-generation
sequencing (NGS). The applications of NGS to diverse groups
with cryptic taxa facilitate systematics through amount of data,
with thousands of loci compared with a handful of Sanger-
sequenced loci, and through access to new methods that are
optimized for large-scale NGS datasets. Thousands of loci
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compared with several will provide more robust hypothesis
testing of phylogenetic relationships. Importantly, recent proto-
cols have had success using formalin-fixed intractable tissues
(Ruane and Austin, 2017; McGuire et al., 2018), permitting the
inclusion of species known from just their type material or other
intractable specimens, ie., T. buergersi, T. cratermontanus, T.
ernstmayri, T. grandis, T. pumehanae, and T. spilolepidotus.

DicHoromous Key To ToxicocALAMUS*

la) Subcaudals entire .................... T. holopelturus
1b) Subcaudals divided .....................oo 2
2a) Preocular unfused to prefrontal .................. 3
2b) Preocular fused to prefrontal ..................... 9
3a) Internasal and preocular in contact, separating
nasal from prefrontal ...................... .. 4
3b) Internasal and preocular not in contact, sepa-

rated by contact of nasal with prefrontal
Nasal scales clearly divided by large nares;
purple markings on supralabials; nape uniform
and unbanded; medium brown dorsum; ven-
trals <175, light brown .............. T. pachysomus
Nasal scales entire, surrounding nares; pale
yellow markings on supralabials; yellow nape
band; dark gray-brown dorsum; ventrals >175,
with dark brown mottling on yellow, darkening
toward cloaca T. goodenoughensis n. sp.
Dorsum uniform dark gray, without pale spots ... 6
Dorsum dark grey or brown with pale spots or
markings
6a) Ventrum banded with dark gray; subcaudals
uniformly gray ..................L T. nigrescens
Ventrum immaculately yellow; subcaudals yel-
low with gray margins ..................... T. loriae
7a) Almost all dorsal scales except vertebral row
with distinct pale yellow spot; ventrals with
broad black spot oneach ........... T. spilolepidotus
Posterior half of dorsal scales pale, lacking
distinct pale spot in scale
8a) Postocular single, not paired ............. T. grandis

4a)

4b)

5a)
5b)

6b)

7b)

8b) Postocular paired, not single ......... T. ernstmayri
9a) Frontal fused to supraoculars ........... T. mintoni
9b) Frontal unfused to supraoculars ................ 10

10a) Prefrontal unfused with internasal .............. 11
10b) Prefrontal fused with internasal
11a) Cloacal scale entire; 5 supralabials; venter
without dark stripes ...................oo 12
11b) Cloacal scale divided; 6 (rarely 7) supralabials;
venter with a pair of longitudinal dark stripes .. 13
12a) Ventral scales <260; last supralabial taller than
broad; ventrals and subcaudals immaculate
white or white with small, lateral brown spots;
pale nuchal collar present ........... T. stanleyanus
12b) Ventral scales >260; last supralabial broader
than tall; ventrals and subcaudals brown,
barred with dark brown anteriorly and posteri-
orly; pale nuchal collar absent ... T. cratermontanus
13a) 15 dorsal scale rows at midbody ......... T. mismae
13b) 17 dorsal scale rows at midbody T. longissimus
14a) Temporal scale unfused with supralabial, sepa-
rating last supralabial from parietal .. T. pumehanae

*Based on Kraus (2009) and modified with updated morphological
data from Kraus (2017b), O’Shea et al. (2015, 2018), and the new
species described in this paper.
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14b) Temporal scale fused with supralabial, last
supralabial contacting parietal

15a) Four supralabials; postocular fused with supra-
ocular; 15 dorsal scale rows at midbody ......

T. buergersi

15b) Five supralabials; postocular usually distinct
from supraocular; usually 13 (rarely alternating
between 13 and 15) dorsal scale rows at
midbody ... T. preussi
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APPENDIX 1

Specimens Examined.—Toxicocalamus ernstmayri: Papua New
Guinea: Western Province: Wangbin: Ok Tedi, 1,463 m (MCZ R-
145946).

Toxicocalamus holopelturus: Papua New Guinea: Milne Bay
Province (AMNH R-76660, holotype). Morphosource identifier
(545894).

Toxicocalamus lorige (clade 3): Papua New Guinea: Oro Province:
Mt. Trafalgar (BPBM 39813, voucher). Oro Province: Collingwood
Bay (LSUMZ 93563, voucher). Morphosource identifier (523281).

Toxicocalamus mintoni: Papua New Guinea: Milne Bay Province:
Sudest Island: western slope Mt. Rio, 400 m (BPBM 20822,
holotype). Morphosource identifier (545909).

Toxicocalamus misimae: Papua New Guinea: Milne Bay Province:
Misima Island (AMNH R-76684, holotype). Morphosource identi-
fier (545892).

Toxicocalamus nigrescens: Papua New Guinea: Milne Bay Province:
Fergusson Island: Oya Waka (BPBM 16545, holotype). Morpho-
source identifier (545908).

Toxicocalamus pachysomus: Papua New Guinea: Milne Bay
Province: along Upaelisafupi Stream, Cloudy Mountains (BPBM
15771, holotype). Morphosource identifier (545907).

Toxicocalamus spilolepidotus: Papua New Guinea: Eastern High-
lands Province (AMNH R-85745, holotype); Papua New Guinea:
Eastern Highlands Province: Yaiya, Kratke Mountains (PNGNM
22132). Morphosource identifier (545891).





