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Populations of the large scolopendrid centipede Ethmostigmus Pocock 1898, from five islands of the Bismarck volcanic arc
between New Guinea and New Britain comprise a monophyletic group within which three species can be identified based
on each forming a strongly supported clade based on concatenated sequence data for three genes, diagnostic morphologi-
cal characters, and ecology. Two species occurred in sympatry on four of the islands, and all three species are sympatric on
the island of Umboi. The two best-sampled and most widely geographically overlapping species are each other’s closest
relative, one of them only collected from the ground and the other from trees, a pattern consistent across all islands on
which they occur. The tree-dwelling species, Ethmostigmus arboreus sp. nov., is distinguished from the ground species,
Ethmostigmus platycephalus (Newport, 1845), by having longer legs. This pair’s sister species, Ethmostigmus krausi sp.
nov. from the islands of Umboi and Sakar, is readily distinguished by rugose and coarsely granulate tergal sculpture. This

radiation exhibits ecological partitioning at a spatial scale that has not previously been documented in centipedes.
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Introduction

Islands and island archipelagos have inspired the study of evo-
lutionary processes and speciation ever since the works of

Darwin (1859) and Wallace (1880). The study of insular faunal
communities has formed the basis for the conceptualization of
speciation processes such as adaptive radiation (Darwin 1845),
character displacement (Brown and Wilson 1956), and the
taxon cycle (Wilson 1961). Islands have been particularly use-
ful for understanding competitive interactions (or the absence
of them) due to their depauperate and disharmonic species
assemblages often lacking entire ecological guilds that are pres-
ent on mainland areas (eg most mammals, amphibians). The
reduced competition faced by island colonizers provides novel
ecological opportunities, which can lead to niche expansion,
niche shift, and/or density compensation (higher population

densities) (Diamond 1970). On an evolutionary timescale, these
ecological shifts can manifest themselves in morphological
adaptations to new habitats and eventually the formation of
new species.

The oceanic barrier between islands separates the founder
population from its source and establishes opportunities for
allopatric speciation. In an island archipelago, newly formed
species may then colonize additional islands, or return to the
ancestral species’ source region, and come into competition with
close relatives. These competitive interactions can result in fur-
ther ecological and morphological segregation and be the start
of the so-called “archipelago mode of adaptive radiation” (Grant
and Grant 2008, Price 2008). Insular evolutionary processes in
arthropods specifically have been reviewed by several authors
(eg Gillespie and Roderick 2002, Pérez-Delgado et al. 2022).
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Melanesia—a region spanning from New Guinea to Fiji—is
composed of around 2000 islands of varying ages, sizes, eleva-
tions, isolation, and geological origins. In relation to land area,
it holds an exceptionally high level of biodiversity, particularly
for some taxonomic groups (Camara-Leret et al. 2020, Oliver
et al. 2022, Slavenko et al. 2023, Oliver et al. 2024). The level
of regional/local endemism is also high in many taxa (Duffels
1986, Polhemus et al. 2004, Oliver et al. 2022). Altogether,
this makes it an intriguing area for the study of evolutionary
processes (Wilson 1961, Diamond et al. 1989).

The Bismarck volcanic arc includes a string of cinder-cone
islands of Quaternary origin located to the west of New Britain
along the northern coast of New Guinea (Fig. 1) (Johnson et al.
1972, Robinson and Jaques 1978). The largest of these is Umboi
at 880km?, but most others are much smaller. Compared to New
Guinea and New Britain, they have depauperate species com-
munities, and only a few taxa are presumed to be endemic (Kraus
and Weijola 2019, Kraus et al. 2023, Kraus et al. 2024).

The chilopod order Scolopendromorpha dates at least to the
Late Carboniferous and contains 27 extant genera and over
700 species (Edgecombe 2011, Edgecombe and Bonato 2011,
Schileyko ef al. 2020). The largest family within this order,
Scolopendridae Leach (1814), includes some 400 species
divided among 19 genera. One of these, the Old World genus
Ethmostigmus Pocock (1898), forms a modest radiation of 18
recognized species (Joshi and Edgecombe 2018), with its high-
est diversity being in India, the New Guinea region, and Aus-
tralia, with little species diversity in the westernmost part of its
range, across tropical Africa. Ethmostigmus, like many other
scolopendromorph genera, is morphologically conservative in
some parts of its geographic range (eg Peninsular India: Joshi
and Edgecombe 2018), whereas in other regions, such as Aus-
tralia, it exhibits considerable variation among species (Koch
1983) and captures most of the size variation shown in the
genus as a whole (Edgecombe and Bonato 2011).

Our understanding of ecology and habitat use of scolopen-
drids is mostly known in only a very broad sense (Voigtlinder
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2011). Within Ethmostigmus, phenology and life-history data
are best known from Nigerian populations of the widespread
African species Ethmostigmus trigonopodus (Lewis 1972). A
few partly amphibious scolopendrid species have been recorded
(eg Siriwut ef al. 2016, Tsukamoto et al. 2021), and some
others have been documented to lead a partly arboreal lifestyle
(Kronmiiller 2009, Hodges and Goodyear 2021). Few studies
have been made on niche partitioning among closely related
sympatric species (eg different species or relative abundances
are noted in communities from low- and high-canopy rainforest
epiphytes; Phillips ez al. 2020). Although data on species dis-
tributions are in many cases fragmentary, available data suggest
that multiple large species of Ethmostigmus may occur in sym-
patry in regions such as Wallacea and Melanesia, but if and
how these differ ecologically is unknown (Schileyko and Stoev
2016, Joshi and Edgecombe 2018, Chilobase [accessed Novem-
ber 2025]).

Based on transcriptomics, phylogenetic relationships within
Scolopendromorpha are well known at the deepest (interfamil-
ial) levels (Benavides et al. 2021), and multi-locus Sanger data
provide reasonable resolution at shallower nodes (Vahtera
et al. 2012, 2013). There are, however, only a few detailed
phylogenetic studies focused on specific genera or geographical
regions, such as Melanesian Ethmostigmus. Exceptions include
an integrative taxonomic revision of Scolopendra in Southeast
Asia (Siriwut e al. 2015, 2016) and for scolopendrids of Pen-
insular India (Joshi et al. 2020), including Ethmostigmus (Joshi
and Edgecombe 2018, 2019).

During herpetological surveys of several islands (Crown,
Tolokiwa, Umboi, and Sakar) in the Bismarck volcanic arc in
Papua New Guinea, 2 of the authors (V.W. and B.1.) noted an
unusually high abundance of 3 different large-sized Ethmostig-
mus spp. (Fig. 2). One species was collected in pit-fall traps
installed for ground-dwelling lizards and blind snakes, while a
second species was hand-collected from trees during nocturnal
surveys of arboreal geckos. A third species was restricted to
just 2 of the islands (Umboi and Sakar), and the limited number

Fig. 1. Map of islands in the Bismarck volcanic arc from which Ethmostigmus specimens were collected.
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Fig. 2. Habitus photographs of Ethmostigmus specimens from the Bismarck volcanic arc. A) E. platycephalus (Newport 1845) (top) and E. arboreus sp.
nov. (bottom) from Crown; B) E. arboreus from Crown; and C) E. krausi sp. nov. from Umboi.

of observations failed to resolve whether that species displays
a similarly specialized use of habitat.

In order to gain an understanding of the evolutionary history
resulting in this ecological diversification, we reconstructed
phylogenetic relationships and analyzed differences in limb
length and article proportions between the 3 species.

Materials and Methods
Field Sampling

Specimens were collected between February and May 2018 on
the islands of Karkar, Crown, Tolokiwa, Umboi, and Sakar
(Fig. 1) in Madang and Morobe Provinces in Papua New
Guinea. Centipedes were caught either as bycatch in bucket
traps connected with plastic drift fences set up to catch leaf-litter
lizards and snakes or by actively catching them from tree trunks
at night, or from inside rotten logs or the leaf axils of pandanus
trees during day time. On Umboi and Sakar, several specimens
were also brought to us by locals. To preserve specimens and
their DNA, all samples were stored in 96 % EtOH before being
deposited at the Zoological Museum of the University of
Turku (ZMUT).

Taxonomy

Standard meristic data used in otostigmine species-level taxon-
omy were tabulated for all specimens collected. These include
number of antennal articles; number of glabrous articles; legs
that bear spurs on the prefemur, femur, tibia, and tarsus; num-
ber of tarsal spurs on each leg; numbers of apical, subapical
dorsal, and lateral spines on the coxopleural process; the first
tergite with complete margination; and number of spines in 3
rows on the ultimate leg prefemur. Species descriptions follow
a format used in recent work on Ethmostigmus in India (Joshi
and Edgecombe 2018).

Type specimens of several named species of Ethmostigmus
from Melanesia and Southeast Asia were examined, supple-
mented with published descriptions and illustrations. Species
are identified in our sample based on monophyly and strong
node support in molecular phylogenetic trees, pairwise distance
from other putative species, results of 2 different species delim-
itation methods, and diagnostic morphological characters; 2
of 3 such clades also present distinct ecologies. We name 2 of
these clusters as new species and assign 1 to a species identified
from New Guinea in the most recent morphology-based tax-
onomy from the region (Schileyko and Stoev 2016).
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Because differences in relative length of the legs were appar-
ent in our sample, these were measured and analyzed as
described in the following section.

Morphometric Analysis

There are no standardized procedures for analyzing limb and arti-
cle morphology in centipedes. In this study, measurements were
restricted to 1 anterior trunk leg from leg pair 6 and 1 posterior
leg from leg pair 20 of each specimen. These are referred to as
LP6 and LP20, respectively. The length of the strongly sclerotized
cephalic plate was used as a proxy for specimen size and is referred
to as HL (“head length”) in the remainder of the text. Legs in LP6
and LP20 were first removed and then photographed and mea-
sured using a CANON 7D mark 2 digital camera attached to an
OLYMPUS SZX16 stereomicroscope, with QuickPHOTO
MICRO 3.1 software. Measurements were taken for each leg
article (prefemur, femur, tibia, tarsus 1, tarsus 2) to the nearest
0.01mm. The claw length was not included in the analyses due
to the difficulty in retrieving reliable measurements. Sample num-
bers for the respective species were 10, 22, and 25 (for morpho-
metric data, see Supplementary File S1).

As the use of ratios to correct morphometric values for body
size has been criticized by Humphries ez al. (1981), we followed
their recommendation to also evaluate differences in the lengths
of articles using ordination analysis (Linear Discriminant Anal-
ysis [LDA] in this case) on log-adjusted article values. To con-
firm that the proportions of articles scaled isometrically with
HL, we analyzed the correlation of logarithmic values of HL
in relation to the lengths of articles (prefemur, femur, tibia,
tarsus 1, and tarsus 2) in LP6 and LP20 using the “stat_cor”
function integrated to the “ggplot”-package (v3.4.3; Wickham
2016) in R (R Core Team 2021) and RStudio (RStudio Team
2021). Isometry proved to be a reasonable assumption based
on our initial analyses (Supplementary File S2). To detect
potential differences among species between the total leg length
of LP6 and LP20 and the lengths of the separate articles, we
conducted an analysis of covariance (ANCOVA). For this, HL
was used as a covariate to control for the size of the specimen
as suggested in Foster et al. (2018). An ANCOVA is a technique
used to assess the impact of 1 or more independent variables
on a dependent variable while controlling for the influence of
1 or more covariates. We concluded that an ANCOVA is a
suitable method for testing our hypothesis, as it combines ele-
ments of both analysis of variance and regression analysis,
making it a powerful tool for examining group differences
while accounting for the effects of continuous covariates. We
also formally tested if the use of HL as a covariate was appro-
priate in this case by comparing the adjusted R-square values
from confounded (excluding the covariate, HL) vs. controlled
models (including HL). The controlled model resulted in higher
adjusted R-squared values for all articles, suggesting the use of
a covariate in this case was required to obtain statistically
sound results.

Each dependent variable (prefemur, femur, tibia, tarsus 1,
tarsus 2, and total leg length) was then tested in the ANCOVA
model, including HL as the covariate to remove the effect of
body size from the studied variables. All models included “Spe-
cies” (“Arboreal,” “Granulated,” “Ground”) as the indepen-
dent variable. The homoscedasticity and normality of residuals
were assessed prior to conducting the analyses of variance using
Levene’s test from the “car” package (Fox and Weisberg 2019)
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and Shapiro-Wilk’s test from the “stats” package (R Core
Team 2021), respectively. Potential outliers were removed (1
data point in any case) from the data sets, if necessary, to fulfill
the technical requirements for analyses of variance. Tukey’s
post hoc tests (“multicomp-package”) (v1.4-25; Hothorn ez al.
2008) were used to analyze pairwise differences (between spe-
cies) of articles. As recommended by Humphries ez al. (1981),
an ordination technique was used to further examine the mor-
phological differences between the 3 species. A LDA was used
to maximize separation between species while minimizing
within-species variance. The LDA analysis was conducted on
log-adjusted articles using R and R Studio. The dataset was
pre-processed to meet the assumptions of LDA, including
normality and homoscedasticity.

Molecular Methods

Samples were stored in 96% EtOH. Total DNA was extracted
from legs using a NucleoSpinTissue kit (Macherey-Nagel),
applying the standard protocol for human or animal and cul-
tured cells, incubating samples overnight. Mitochondrial 16S
rRNA and mitochondrial protein-coding cytochrome ¢ oxidase
subunit I (COI) were amplified using the primer pairs 16Sa/16Sb
(Xiong and Kocher 1991, Edgecombe et al. 2002) and
LCO1490/HCO2198 (Folmer et al. 1994), respectively. In
addition, the nuclear 28S rRNA fragment was amplified with
the primer pair 285a/28Sb (Whiting ez al. 1997). All primers
had a universal tail (T7Promoter/T3) attached to them.

Polymerase chain reaction (PCR) amplifications were per-
formed using MyTaqTM HS Red Mix in a total volume of
23 pl. Each reaction contained 7.5 pl of MQ, 12.5ul of MyTaq
HS Red Mix, 0.5 pl of each primer (10 pM), and 2 pl of DNA
template. Initial PCR denaturation occurred at 95 °C for 1 min;
all following denaturation steps occurred at 95°C for 15s.
Annealing occurred for 15s at 44 °C for 16S and COI and at
49°C for 288, followed by extension at 72 °C for 10s, repeated
for 35 cycles. A negative control was included in each run. PCR
products were electrophoresed on 1% agarose gel with Midori
Green Advanced DNA Stain (Nippon Genetics) and purified
with A’SAP PCR clean-up kit (Arctic-Zymes). Sequencing was
performed by Macrogen Europe. Chromatograms were visu-
alized and assembled with Sequencher ver. 5 (Gene Codes
Corporation, Ann Arbor, MI). All new sequences are deposited
in GenBank (Table 1).

Molecular Phylogenetic Analysis

Multiple sequence alignments were first produced in MAFFT7
online service (Kuraku et al. 2013, Katoh et al. 2019) and
then trimmed in Mesquite v 3.10 (Maddison and Maddi-
son 2019).

The 3 separate gene sequences were concatenated with
SequenceMatrix (Vaidya et al. 2011) for the phylogenetic anal-
yses. The final molecular matrix including all 3 genes (COI,
168, 28S) consisted of 1,352 characters and 82 taxa (consisting
of 54 ingroup and 28 outgroup taxa).

Phylogenetic analyses were conducted using parsimony
and maximum likelihood as optimality criteria. For the par-
simony analysis, TNT v. 1.5 (Goloboff and Catalano 2016)
was used, treating gaps as missing data. The parsimony
search strategy consisted of 100 replications and 10 rounds
of both ratchet and tree drifting followed by tree fusing
(Goloboff 1999). The command xmult was executed until
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Table 1. Specimens used for molecular study and their GenBank accession numbers. Novel specimens sequenced in this study are in bold.

Species Specimen code Island Country COI 16S 28S
Ethmostigmus ZMUT.AA11196 Tolokiwa PNG - PV464168 PV464201
arboreus sp. nov.
E. arboreus sp. nov. ZMUT.AA11187 Tolokiwa  PNG - PV464172 PV464210
E. arboreus sp. nov. ZMUT.AA11195 Tolokiwa  PNG - PV464175 PV464215
E. arboreus sp. nov. ZMUT.AA11181 Tolokiwa  PNG - PV464179 PV464216
E. arboreus sp. nov. ZMUT.AA11193 Tolokiwa  PNG - PV464173 PV464202
E. arboreus sp. nov. ZMUT.AA11194 Tolokiwa  PNG - PV464174 PV464203
E. arboreus sp. nov. ZMUT.AA11179 Sakar PNG PV466628 - PV464219
E. arboreus sp. nov. ZMUT.AA11190 Sakar PNG - PV464178 PV464204
E. arboreus sp. nov. ZMUT.AA11188 Sakar PNG PV466626 PV464176 PV464211
E. arboreus sp. nov. ZMUT.AA11182 Sakar PNG PV466635 - PV464213
E. arboreus sp. nov. ZMUT.AA11189 Sakar PNG PV466629 PV464180 PV464205
E. arboreus sp. nov. ZMUT.AA11192 Sakar PNG PV466630 PV464165 PV464206
E. arboreus sp. nov. ZMUT.AA11191 Sakar PNG PV466627 PV464177 PV464208
E. arboreus sp. nov. ZMUT.AA11186 Umboi PNG PV466631 PV464166 PV464200
E. arboreus sp. nov. ZMUT.AA11178 Umboi PNG - PV464169 PV464217
E. arboreus sp. nov. ZMUT.AA11184 Umboi PNG PV466632 PV464171 PV464207
E. arboreus sp. nov. ZMUT.AA11185 Umboi PNG PV466633 - PV464214
E. arboreus sp. nov. ZMUT.AA11183 Umboi PNG PV466634 PV464170 PV464209
E. arboreus sp. nov. ZMUT.TYPE964 Crown PNG PV466624 - PV464220
E. arboreus sp. nov. ZMUT. TYPE966 Crown PNG - PV464167 PV464218
E. arboreus sp. nov. ZMUT.TYPE965 Crown PNG PV466625 - PV464212
E. krausi sp. nov. ZMUT.TYPE968 Umboi PNG PV466623 PV464162 PV464252
E. krausi sp. nov. ZMUT.TYPE969 Umboi PNG - PV464163 PV464250
E. krausi sp. nov. ZMUT. TYPE970 Umboi PNG - PV464159 PV464248
E. krausi sp. nov. ZMUT. TYPE971 Umboi PNG - PV464160 PV464251
E. krausi sp. nov. ZMUT.TYPE973 Umboi PNG - PV464161 -
E. krausi sp. nov. ZMUT.TYPE967 Sakar PNG - PV464164 PV464249
E. platycephalus ZMUT.AA11198 Karkar PNG PV466636 PV464181 PV464225
E. platycephalus ZMUT.AA11197 Karkar PNG - PV464182 PV464222
E. platycephalus ZMUT.AA11199 Crown PNG - PV464186 PV464226
E. platycephalus ZMUT.AA11209 Crown PNG PV466645 PV464187 PV464235
E. platycephalus ZMUT.AA11210 Crown PNG PV466646 PV464188 PV464228
E. platycephalus ZMUT.AA11202 Crown PNG PV466651 PV464189 PV464244
E. platycephalus ZMUT.AA11206 Crown PNG - PV464190 PV464238
E. platycephalus ZMUT.AA11208 Crown PNG PV466643 PV464191 PV464239
E. platycephalus ZMUT.AA11177 Crown PNG PV466650 PV464192 PV464224
E. platycephalus ZMUT.AA11207 Crown PNG PV466652 PV464193 PV464229
E. platycephalus ZMUT.AA11213 Crown PNG PV466647 PV464185 PV464236
E. platycephalus ZMUT.AA11203 Crown PNG PV466653 PV464194 PV464242
E. platycephalus ZMUT.AA11201 Crown PNG PV466649 PV464195 PV464221
E. platycephalus ZMUT.AA11212 Crown PNG PV466648 - PV464245
E. platycephalus ZMUT.AA11205 Crown PNG - PV464196 PV464223
E. platycephalus ZMUT.AA11200 Crown PNG PV466654 - PV464233
E. platycephalus ZMUT.AA11211 Crown PNG PV466644 - PV464232
E. platycephalus ZMUT.AA11204 Crown PNG PV466655 - PV464230
E. platycephalus ZMUT.AA11216 Tolokiwa  PNG PV466641 - PV464247
E. platycephalus ZMUT.AA11217 Tolokiwa PNG PV466639 PV464199 PV464241
E. platycephalus ZMUT.AA11218 Tolokiwa PNG PV466638 - PV464240
E. platycephalus ZMUT.AA11219 Tolokiwa ~ PNG PV466637 - PV464231
E. platycephalus ZMUT.AA11180 Tolokiwa PNG PV466640 PV464197 PV464227
E. platycephalus ZMUT.AA11215 Tolokiwa  PNG - PV464198 PV464237
E. platycephalus ZMUT.AA11214 Tolokiwa PNG PV466642 - PV464243
E. platycephalus ZMUT.AA11220 Umboi PNG PV466657 PV464183 PV464246
E. platycephalus ZMUT.AA11221 Umboi PNG PV466656 PV464184 PV464234
Outgroups Sequence
reference
Scolopendra cingulata  12-131446 Spain HM453310 HM453220 AF000782 1,2
Alipes crotalus 1Z-130613 Swaziland AY288742 AY288720 HM453273 3
Rbysida longipes CES091395 India MK273287 MK273411 MK273507 4

(Continued)

920z Areniga z0 uo Jasn ojsidol A unin] Aq Z66E778/0904EX1/L/0 L/3[0e/PS1/W00 dNo oIS pED.//:SA)Y WOI) POPEOJUMO(



Table 1. Continued.

Weijola et al.

Species Specimen code Island Country COI 16S 28S

R. immarginata CUMZ00436 Thailand MF167826 MF167759 MF167893 5
Otostigmus astenus CUMZ00520 Thailand MF167799 MF167732 MF167866 5
O. spinosus CUMZ00552 Thailand MF167784 MF167717 MF167851 5
Sterropristes metallicus CUMZ00549 Thailand MF167840 MF167773 MF167907 5
E. tristis CES08291 India MH908717 MH908698 MH908713 4
E. tristis CES08292 India MH908718 MH908699 MH908714 4
E. tristis CES08293 India MH908719 MH908700 - 4
E. tristis CES0091371 India MH908730 MH908701 MH908715 4
E. agasthyamalaiensis  CES091099 India MH908728 MH908696 MH908711 4
E. agasthyamalaiensis  CES091335 India MH908729 MH908697 MH908712 4
E. agasthyamalaiensis ~ CES091065 India MH908726 MH908695 MH908710 4
E. coonooranus CES091067 India MH908727 MH908693 - 4
E. coonooranus CES091063 India MH908725 MH908692 - 4
E. coonooranus CES07286 India JNO004031 JN003920 - 4
E. sabyadrensis CES07279 India JN004030 JN003919 JN003975 4
E. sabyadrensis CES08947 India MH908721 MH908691 MH908708 4
E. sahbyadrensis CES08931 India MH908720 MH908690 MH908707 4
E. praveeni CES091391 India MH908731 MH908689 MH908706 4
E. praveeni CES091011 India MH908722 MH908686 MH908703 4
E. praveeni CES091025 India MH908724 MH908688 MH908705 4
E. praveeni CES091012 India MH908723 MH908687 MH908704 4
E. trigonopodus AMNH_IZC Malawi HQ402547 HQ402495 - 6

00146501

E. rubripes 1Z-130653 Australia KF676542 KF676475 KF676373 7
E. rubripes 1Z-130652 Australia AF370836 AY288721 HM453276 8,3,1
E. curtipes WAM115537 Australia KF676515 KF676474 KF676372 7

Outgroup sequences downloaded from GenBank, with number codes corresponding to the following publications: (1) Murienne et al. (2010), (2) Giribet
et al. (1999), (3) Edgecombe and Giribet (2004), (4) Joshi and Edgecombe (2018), (5) Siriwut et al. (2018), (6) Vahtera et al. (2012), (7) Vahtera et al.

(2013), and (8) Giribet et al. (2001).

50 independent hits of the shortest tree were found. A strict
consensus of the most-parsimonious (MP) trees was pro-
duced at the end of the analysis. Nodal supports were esti-
mated with jackknife resampling method (Farris et al. 1996)
with 1,000 replicates and with a probability of a character
removal being 0.36.

For the likelihood analysis, RAXML v. 8 (Stamatakis 2014)
via the CIPRES portal (Miller e al. 2010) was used. A unique
general time-reversible (GTR) model of sequence evolution
was applied (RAxML implements only GTR-based models of
nucleotide substitutions) with corrections for a discrete
gamma distribution (GTR +TI'). Nodal support values were
estimated using the rapid bootstrap algorithm with 1,000
replicates together with the GTR-GAMMA model (Stamat-
akis et al. 2008).

Two different species-delimitation methods and 3 different
analyses were used to test proposed species boundaries, 1
tree-based and the other distance-based. The first one was
multi-rate Poisson tree processes (mPTP) method (Kapli et al.
2017) conducted on the web server (http://mptp.h-its.org)
using a phylogeny based on combined- as well as single-locus
(COI) datasets. mPTP was used as a model for species delim-
itation. The second method was Assemble Species by Auto-
matic Partitioning (ASAP) (Puillandre et al. 2021), which
builds species partitions from single-locus (COI) alignments.
Kimura (K80) was used as the substitution model to compute
the distances. ASAP was accessed on the web server https://
bioinfo.mnhn.fr/abi/public/asap. In evaluating species, we
used the most conservative (ie fewest species) estimate in any
of the 3 analyses.

Results

Systematics
Family Scolopendridae Leach (1814)

Subfamily Otostigminae Kraepelin (1903)
Ethmostigmus Pocock (1898)

Type species. Scolopendra trigonopoda Leach (1817).

Remarks. A literature survey of previously named Ethmostignmus
from New Guinea and adjacent islands (eg in North Maluku
Province, Indonesia) by Schileyko and Stoev (2016) listed 8 valid
species or subspecies: Ethmostigmus granulosus Pocock (1898),
Ethmostigmus pygomegas (Kohlraush 1878), Ethmostigmus
rubripes (Brandt 1840), including the 2 subspecies E. 7. rubripes
(Brandt 1840) and Ethmostigmus r. platycephalus (Newport
1845), E. telior (Chamberlin 1939), and E. venenosus (Attems
1897). They treated other nominal species from the region as
synonyms (eg E. relictus Chamberlin 1944) or provisionally valid
(Ethmostigmus rugosus Haase 1887 and E. spinosus nannus
Chamberlin 1939). To these, we add 2 new species and treat E.
platycephalus at the specific rather than subspecific rank.

Ethmostigmus arboreus sp. nov.
(Figs 3 and 4)

http://zoobank.org/urn:lsid:zoobank.org:act:D0394C25-03E3-
4D71-848B-C50DC6A67297
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Diagnosis. Ethmostigmus with arboreal habits; sternal para-
median sulci distinctly impressed along at least half length of
sternite from SS4 to 5, consistently strongly defined from SS6
to 7, impressed along at least 75% length of sternite in poste-
rior trunk segments, often as much as 85%; legs relatively long,
leg 20 2.78 to 3.39 times length of cephalic plate; 2 pairs of
tarsal spurs confined to legs 1 to 3; last tarsal spur usually
on leg 19.

Type material. HOLOTYPE: ZMUT.TYPE964 (Figs 3A, D, and
G and 4C and E). Papua New Guinea: Madang Prov., Crown
Island, 5.132400, 146.968041, 10. -18.ii.2018, coastal/lowland
rainforest, V. Weijola leg.

PARATYPES: Specimens ZMUT.TYPE96S5, ZMUT. TYPE966.
Collecting information: same data as for holotype.

Other Material Examined (registration numbers refer to single
specimens): ZMUT.AA11181, ZMUT.AA11187, ZMUT.
AA11193 to ZMUT.AA11195, all from Tolokiwa; ZMUT.
AA11179, ZMUT.AA11182, ZMUT.AA11188 to ZMUT.
AA11192, all from Sakar; ZMUT.AA11178,ZMUT.AA11183
to ZMUT.AA11186, all from Umboi.

Etymology. The trivial epithet is a Latin masculine adjective
chosen in recognition of the tree-dwelling status of this species.

Description. Length to 165 mm (holotype 130 mm).

Cephalic plate and tergites pale to medium brown; antennae
mostly light brown, glabrous articles darker than distal hirsute
ones (Fig. 4A); forcipular segment dark orange; sternites
yellow-brown to pale orange. Locomotory leg color variation:
specimens from Umboi have distinctly blue legs (Fig. 3F), often
including the ultimate legs; legs of specimens from Crown light/
yellowish brown (Fig. 3A and G); specimens from Tolokiwa
and Sakar have darker/olive brown legs.

Most commonly 20 antennal articles, but 17, 18, and 19
observed in 1 or both antennae of a few specimens; basal 4
articles glabrous dorsally (Fig. 3A) and 3 ventrally. Cephalic
plate and tergites smooth, punctate. Longitudinal median fur-
row on anterior fifth of cephalic plate.

Forcipular coxosternal tooth-plates 1.4 to 1.5 times longer
than wide, with 3 main teeth, the outermost smaller compared
with the inner 2 teeth; a well-defined cusp on the inner tooth
(Fig. 3D); base of tooth-plates defined by oblique sutures
diverging at 110° (Fig. 3B and C); median suture on coxoster-
nite extending behind base of tooth plates. Second maxillary
claw with slender accessory spurs.

T1 overlapping cephalic plate; transverse fold across the
anterior margin of T1 shallow or indistinct. Tergites with para-
median sutures along 85% or more of T3, complete from TT4
to 20. Tergites fully marginate starting from TT[6] 7 to 8, with
incipient margins as far anteriorly as TS5. Paramedian sulci are
distinctly impressed from S4, half or more length of sternites
from S5 (Fig. 3E), and are nearly complete on posterior half of
the trunk (Fig. 3F and G).

Tergite of the ultimate leg-bearing segment 1.5 to 1.8 times
wider than long, with parallel or faintly divergent lateral mar-
gins, variably rounded posteromedially (Fig. 4B), sometimes
with a nearly transverse median extent (Fig. 4A). Sternite of
ultimate leg-bearing segment slightly shorter than wide, lateral

margins convergent, weakly convex (Fig. 4E to G); posterior
margin broadly V-shaped with an angle of 110 to 120°; longi-
tudinal median furrow along half or more length of sternite
(Fig. 4E).

Coxopleural process 2 to 3 times longer than the sternite of
the ultimate leg-bearing segment (Fig. 4E to G), with 2 apical
spines; usually 1 subapical dorsal spine, rarely absent on 1 or
both sides or with 2 subapical spines (Fig. 4C); the subapical
dorsal spine is usually distinctly separated from the apical
spines, but in some specimens, the 3 are close together; 2 (rarely
1 or 3) lateral spines, the posterior of which is variably dis-
placed toward the ventral surface of the coxopleural process;
additional dorsal spines rare (1 on one side in a Tolokiwa spec-
imen). Pores dense; non-porose area on process a narrow strip
more than a third to half the length to posterior margin of
sternite of ultimate leg-bearing segment.

Ultimate legs long; in the holotype, prefemur 9.1 mm, femur
7.0mm, tibia 4.9 mm, tarsus 1 3.2mm, tarsus 2 1.7mm, pre-
tarsus 1.5 mm; tarsus 2 consistently about half the length of
tarsus 1. Prefemur with large spines, as follows: VL3, an iso-
lated spine between the VL and VM rows, VM2, M2, DM2,
corner spine typically larger than other spines (Fig. 4A and D).

First 2 or 3 pairs of legs with 2 tarsal spurs, 2 spurs on leg
1 only on 1 side of the body in a few specimens, legs (3)4 to
19 with 1 tarsal spur, apart from 2 specimens with last spur on
leg 17 or 18; leg 20 only exceptionally with a tarsal spur
(ZMUT.AA11191, Sakar). Leg 1 with 1 tibial spur, usually 1
femoral spur, and occasionally a minute prefemoral spur.

Discussion. Ethmostigmus arboreus sp. nov. and sympatric E.
platycephalus are identical with respect to most taxonomic
characters used for distinguishing between species of the genus.
These include the number of antennal articles (most commonly
20, more rarely 17, 18, or 19), the number of glabrous articles
(4 dorsally), dentition of the coxosternal tooth plates (3 teeth,
the innermost with a well-defined inner cusp), tergal parame-
dian sutures (nearly complete on T3, complete from T4), tergite
margination (usually incomplete margins on TS5 and T6, com-
plete from T7), length and shape of the coxopleural process (2
to 3 times the length of the sternite of the ultimate leg-bearing
segment) and its spine distribution (2 apical spines; usually 1
subapical dorsal spine, 2 lateral spines), and spines on the ulti-
mate leg prefemur (VL3, VM2, M2, DM2, and a corner spine
of the same size in both species). Most of these character states
are also shared by Ethmostigmus krausi sp. nov. We regard
these characters as diagnostic of a clade that unites these species
and have accordingly not used them in species diagnoses.
Two morphological characters consistently distinguish E.
arboreus from E. platycephalus: the depth and length of the
sternal paramedian sulci and leg length. Schileyko and Stoev
(2016) observed the former character to vary in E. platyceph-
alus from being indistinct to being well impressed along
two-thirds of the length of the sternites. We identify the same
maximal expression of the sulci in E. platycephalus (eg ZMUT.
AA11180, from Tolokiwa), but it is possible to separate spec-
imens of the 2 species by the sulci being longer on the same
trunk segment in E. arboreus than in E. platycephalus (eg Figs
3E versus 5B and 3F versus 5C). Sulci are consistently strongly
impressed and long from sternites 6 or 7 in E. arboreus. Ordi-
nation analyses detailed below reveal longer legs in E. arboreus
than in E. platycephalus; in E. arboreus, the length of leg 20
relative to the cephalic shield ranges from 2.78 to 3.39 (mean

920z Areniga z0 uo Jasn ojsidol A unin] Aq Z66E778/0904EX1/L/0 L/3[0e/PS1/W00 dNo oIS pED.//:SA)Y WOI) POPEOJUMO(



Weijola et al.

Fig. 3. Ethmostigmus arboreus sp. nov. A, D, G) holotype, ZMUT.TYPE964 (Crown); B, E, F) ZMUT.AA11181 (Tolokiwa); C) ZMUT.AA11188 (Sakar). A)
dorsal view of cephalic plate and forcipular segment; B, C) ventral view of forcipular segment; D) tooth-plate; E, F) ventral views of SS4 to 7 and 17 to 20,
respectively; G) ventral view of SS17 to 21. Scale bars 2mm except C, 1mm, D, 0.5mm.

3.05), whereas the corresponding range for E. platycephalus
in our sample is 2.33 to 3.12 (mean 2.62). The distribution of
tarsal spurs provides 2 additional subtle differences: E. arbo-
reus has not been observed to have 2 tarsal spurs posterior to
leg 3, whereas sympatric E. platycephalus frequently has 2
spurs on leg 4 and exceptionally has 2 spurs on leg 5, and the
last tarsal spur is overwhelmingly on leg 19 in E. arboreus
versus equal frequencies on leg 19 or 20 in E. platycephalus.
Among available species names, Ethmostigmus browni (Butler
1877) is potentially available for the species here treated as E.

arboreus. The type of Heterostoma browni (BMNH #200567
Chilo. 188-35), from Duke of York Island between New Britain
and New Ireland, has been identified as a junior subjective syn-
onym of E. platycephalus since Pocock (1899). It resembles E.
arboreus in its nearly complete sternal sulci in posterior trunk
segments, sulci >70% the length of sternite 5, as well as meristic
characters that both share with E. platycephalus. The antennal
article count (18/18) of the E. browni holotype is matched by
Tolokiwa specimen ZMUT.AA1181; while 20 articles on at least
1 antenna is usual for E. arboreus, this character does not
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Fig. 4. Ethmostigmus arboreus sp. nov. A) ZMUT.AA11181 (Tolokiwa); B, D, F) ZMUTAA11184 (Umboi); C, E) holotype, ZMUT.TYPE964 (Crown); G) ZMUT.
AA11188 (Sakar). A) dorsal view of ultimate leg-bearing segment and anterior view of head; B) dorsal view of ultimate leg-bearing segment; C, D) lateral
view of coxopleuron and prefemur of ultimate leg; E to G) ventral views of S20 and ultimate leg-bearing segment. Scale bars 2 mm.

separate these species. Ethmostigmus browni also has relatively
elongate legs (leg 20 is 3.16 times the length of the cephalic
plate). The coxopleural process of the E. browni type has 2
apical and 2 subapical dorsal spines, the latter uncommon (but
present) in E. arboreus. Paired tarsal spurs are confined to legs
1 and 2, as is common in E. arboreus. Our molecular and eco-
logical data from records in the Bismarck volcanic arc, combined
with the morphological arguments made above, suggest that E.
browni may warrant revalidation as distinct from E. platyceph-
alus, as long sternal sulci, long legs, and paired tarsal spurs con-
fined to anterior leg pairs are of taxonomic value in Ethmostigmus
in this region. Without molecular data from the type locality of
E. browni, ca. 500km east of the most easterly record of E.

arboreus, and no observations on whether E. browni is arboreal,
we have treated E. arboreus as a new species rather than apply-
ing a name that has not been in use for 125years. Using the
morphometric criteria applied to legs 6 and 20 of the Bismarck
volcanic arc samples, the holotype of E. browni falls outside the
range of variation of E. arboreus with respect to some propor-
tions, notably the relative length of leg 20 tarsus 1 and femur
(0.557 in E. browni versus 0.603 to 0.708 in E. arboreus).
Among other named species, Ethmostigmus wainanus
Chamberlin (1920), from the Solomon Islands, shares elongate,
deeply impressed sternal paramedian sulci with E. arboreus
(and E. browni). Photographs of the types at the Museum of
Comparative Zoology were kindly provided by Dr L. Benavides
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for comparison. Tarsal spurs provide the most obvious distinc-
tion, Chamberlin’s (1920) description of E. wainanus indicat-
ing no legs with paired tarsal spurs, and the lack of a tarsal
spur on leg 19 (rare in E. arboreus).

Ethmostigmus platycephalus (Newport 1845)
(Fig. 5)

Material Examined (registration numbers refer to single spec-
imens): ZMUT.AA11197, ZMUT.AA11198 (both from

Weijola et al.

KarKar); ZMUT.AA11177, ZMUT.AA11199 to AA11213 (all
from Crown), ZMUT.AA11180, ZMUT.AA11214 to ZMUT.
AA11219 (all from Tolokiwa); ZMUT.AA11220, ZMUT.
AA11221 (both from Umboi).

Discussion. Newport’s holotype of Heterostoma platycephala
is unknown, and its type locality is no more precise than the
islands in the Pacific (“In Insuls Oceani Pacifici”). A specimen
in the NHMUK collection thought to be the type by Joshi and
Edgecombe (2018, Fig. 3) has no definitive type status. Despite
these serious ambiguities, the concept of E. platycephalus has

Fig. 5. Ethmostigmus platycephalus (Newport 18454). A, D, F, G) ZMUT.AA11206 specimen (Crown); B, E) ZMUT.AA11207 specimen (Crown); C) ZMUT.
AA11219 specimen (Tolokiwa); H) ZMUT.AA11217 specimen (Tolokiwa). A) Dorsal view of cephalic plate, antennae, and forcipular segment; B) Ventral
view of SS1 to 8; C) ventral view of SS16 to 20; D) Lateral view of ultimate leg-bearing segment; E) lateral view of ultimate leg-bearing segment and
ultimate leg prefemur; F) dorsal view of T20, ultimate leg-bearing segment and ultimate leg prefemora; G, H) ventral views of ultimate leg-bearing

segment and ultimate leg prefemora. Scale bars 2 mm.
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a coherent evolution of usage over the past century, the name
and morphological concept here corresponding to E. platy-
cephalus platycephalus sensu Attems (1930) and E. rubripes
platycephalus of Schileyko and Stagl (2004). Without molec-
ular data for almost all populations that correspond to this
morphology-based taxonomic concept, we apply the name
iE. platycephalus to the ground-dwelling species in our samples
that matches the scope of that species following the most recent
taxonomic treatment of New Guinea material (Schileyko and
Stoev 2016). Because of its widespread geographic range and
likelihood of variability beyond that in our island populations,
we have not formally rediagnosed E. platycephalus. Its distin-
guishing characters relative to the otherwise most similar,
closely related, and sympatric E. arboreus are cited in the “Dis-
cussion” section under the latter species.

Ethmostigmus krausi sp. nov.
(Figs 6 and 7)

https://zoobank.org/urn:lsid:zoobank.org:act:4F394 ABFB9B1-
4CC7-A5A6-1E5075D53909

Diagnosis. Ethmostigmus with conspicuous punctae on
cephalic plate and T1; lateral parts of trunk tergites from T3
with irregular longitudinal rugose ridges bearing coarse gran-
ules; fine granules sparsely scattered amidst the coarse granules.

Type material. HOLOTYPE: Specimen ZMUT. TYPE967 (Figs
6A and 7B, C, and E). Papua New Guinea: Morobe Prov.,
Sakar Island, -5.411894, 148.114386, 4.4. -12.iv.2018,
coastal/lowland rainforest, V. Weijola leg.

PARATYPES: Specimens ZMUT.TYPE968 to ZMUT.
TYPE973. Papua New Guinea: Morobe Prov., Umboi Island,
-5.712854,148.067349, 30.iii. -3.iv./13. -19.iv.2018, coastal/
lowland rainforest, V. Weijola leg.

Etymology. The specific name is a patronym in honor of Dr Fred
Kraus (University of Michigan) and his extensive contributions
to our understanding of the herpetofauna of Papua New Guinea.

Description. Length to 110mm (holotype).

Cephalic plate and T1 are dark olive green in the holotype
(Sakar: Fig. 6A) and some Umboi specimens (ZMUT.TYPE968),
with the following tergites showing mixed brown and green
pigmentation; in holotype, antennae are mostly pale orange,
glabrous articles olive green, and legs olive green from prefemur
to tibia, with yellow tarsi; Umboi specimens are variably with
dark purplish brown cephalic plate and tergites (Fig. 6E and
F) and pale orange legs.

Twenty antennal articles; the basal 4 articles are glabrous
dorsally (Fig. 6A) and 3 ventrally (Fig. 6B). Cephalic plate and
T1/T2 conspicuously punctate (Fig. 6A). Longitudinal median
furrow on anterior 15% of cephalic plate.

Forcipular coxosternal tooth-plates 1.4 to 1.6 times longer
than wide (Fig. 6B and D), with 3 main teeth, the outermost
smaller compared with the inner 2 teeth; a well-defined cusp
on the inner tooth; base of tooth-plates defined by oblique
sutures diverging at 110°; median suture on coxosternite
extending behind base of tooth plates. Second maxillary claw
with slender accessory spurs.

n

T1 with slight to distinct overlap of cephalic plate; transverse
fold across anterior margin of T1 shallow to moderately
impressed (Fig. 6A). Tergites with paramedian sutures nearly
complete on T3 and complete from TT4 to 20. Tergites fully
marginate, starting from TT[6] 7 to 8, with incipient margins
as far anteriorly as T5. Irregular longitudinal ridges on tergites
as far anteriorly as T3, more pronounced from TT6 to 7 (Fig.
6C, F, and G); coarsest granules concentrated on ridges, but
coarse granules scattered on the median, non-rugose part of
tergites as well. Paramedian sulci are well impressed along the
length of the trunk, 50—ca 75% the length of the sternites (Fig.
7A to C).

Tergite of the ultimate leg-bearing segment is about 2.4 times
wider than long, with parallel lateral margins, rounded pos-
teromedially (Fig. 7F). The sternite of the ultimate leg-bearing
segment is slightly shorter than wide, posterior margins con-
cave with an angle of 140 to 150°; longitudinal median furrow
is present (Fig. 7G).

Coxopleural process 2.6 to 3.1 times the length of sternite
of the ultimate leg-bearing segment (Fig. 7G and H), with 2
apical spines (1 on 1 side in 1 specimen); 1 subapical dorsal
spine variably present or absent; 2 lateral spines (1 on 1 side
in 1 specimen), the posterior of which is variably displaced
toward the ventral surface of the coxopleural process. Pores
dense; non-porose area on process a narrow strip 24 % to 29%
the length to the posterior margin of the sternite of the ultimate
leg-bearing segment.

Ultimate legs long, in holotype, prefemur 11.1 mm, femur
7.6 mm, tibia 5.8 mm, tarsus 1 3.7mm, and tarsus 2 2.1 mm;
tarsus 2 consistently slightly more than half length of tarsus 1;
pretarsus about equal in length to tarsus 2. Prefemur with large
spines, as follows: VL3, VM2, M2, and DM2 (Fig. 7E to H).
Corner spine larger than other spines (Fig. 7E and F).

First 1 or 2 pairs of legs with 2 tarsal spurs, legs (2)3 to 19
with 1 tarsal spur apart from 1 specimen with tarsal spur on
leg 20 (ZMUT.TYPE970, from Umboi). Leg 1 with 1 tibial
spur, usually 1 femoral spur, and sometimes a minute prefem-
oral spur.

Discussion. Another granulate species, E. granulosus Pocock
(1899), from New Britain, is not conspecific with the Umboi and
Sakar specimens assigned to E. krausi. Ethmostigmus krausi has
coarse granulation, especially on the posterior half of its trunk,
versus much finer granulation and less pronounced rugose ridges
in E. granulosus, based on a study of the type, BMNH(E)
#200065 Chilo.1898.16.6.6. They are further distinguished by
E. krausi having 3 VL spines (Fig. 7G and H) on the ultimate
leg prefemur (versus 2 in E. granulosus), 2 versus 1 lateral spine
on each coxopleural process, and the “very obsoletely bisulcate”
sternites described by Pocock (1899) for E. granulosus that
involve a pair of notches along no more than the anterior 10%
of the sternites, versus elongate sulci in E. krausi.
Ethmostigmus rugosus (Haase 1887) was based on a type
from Halmahera in the Moluccas, Indonesia. Its specific name
refers to coarse longitudinal wrinkles (“runzlig” fide Haase
1887) on the tergites. Examination of the holotype, RMNH.
CHIL.99 (Naturalis Biodiversity Center, Leiden), by C.A.M-M.
indicates that these wrinkles are present on tergites 3 to 14 but
become less distinct from ca tergite 13, and the coarse granu-
lation of E. krausi is not present in E. rugosus. The long, taper-
ing forcipular tooth-plates in the holotype of E. rugosus (Haase
1887, fig. 96a) also distinguish it from E. krausi, in which the
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Fig. 6. Ethmostigmus krausi sp. nov. A) Holotype, ZMUT.TYPE967 (Sakar); B, C) specimen ZMUT.TYPE968 (Umboi); D to F) ZMUT.TYPE972 (Umboi); G)
ZMUTTYPE973 (Umboi). A) dorsal view of cephalic plate, antenna, and forcipular segment. B) Ventral view of forcipular segment and antennae. C)
Lateral view of segments 16 to 20. D) ventral view of forcipular segment. E, F) Dorsal view of TT3 to 8 and 17 to 21, respectively. G) Dorsal view of TT15

to 19. Scale bars 2mm except B, D, Tmm.

tooth plates are distinctly wider. Another congener with types
from Halmahera, E. venenosus (Attems 1897), is readily dis-
tinguished from all 3 species considered herein by the presence
of 5 to 7 dorsal spines on the coxopleural process (versus 1
subapical dorsal spine).

Morphometric Analyses

Tukey’s multiple comparisons of means showed significant dif-
ferences between species in terms of the size-adjusted lengths
of several limb articles (Table 2). The largest interspecific dif-
ferences were found between the arboreal E. arboreus and the
terrestrial E. platycephalus, where total limb length and the
length of all articles except for the LP6 tibia of E. arboreus
were significantly longer compared to E. platycephalus. The
largest differences are found in the prefemora, which were on
average 21.1% (leg 20) and 19.4% (leg 6%) longer in E.

arboreus. Total limb length differences were 12.3% (LP6) and
15.0% (LP20).

Ethmostigmus arboreus also had longer total limb lengths
by 7.8% (LP6) and 7.0% (LP20), a longer prefemur by 17.9%
(LP6) and 17.5% (LP20), and longer LP20 femur (by 6.5%)
than E. krausi.

The largest significant differences between E. krausi and E.
platycephalus were found in the lengths of the tarsi, with dif-
ferences of 8.2% (tarsus 2, LP6), 13.0% (tarsus 1, LP20), and
11.1% (tarsus 2, LP 20) and were always longer in E. krausi.
Only in LP20 was the total limb length significantly longer (by
8.1%) in E. krausi.

The LDA clearly differentiated all 3 species in morphological
space (Fig. 8). The prior probabilities of each group were 0.39,
0.18, and 0.43 for E. arboreus, E. krausi, and E. platycephalus,
respectively. The coefficients of linear discriminants (on LD1
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Fig. 7. Ethmostigmus krausi sp. nov. A) ZMUT.TYPE968 (Umboi); B, C, E) holotype, ZMUT.TYPE967 (Sakar); D, F, G) ZMUT.TYPE9S72 (Umboi); H) ZMUT.
TYPE973 (Umboi). A to C) Ventral views of SS1 109, 1 to 7 and 17 to 20, respectively; D) lateral view of segments 19 to 21 and ultimate legs; E) lateral
view of ultimate leg-bearing segment and ultimate leg prefemur; F, G) dorsal and ventral views of ultimate leg-bearing segment; H) ventral view of

ultimate leg-bearing segment and ultimate leg prefemora. Scale bars 2 mm.

and LD2) for each morphometric article are shown in Table 3.
These revealed that the tibia and femur on LP6 contributed most
significantly to the group differences on LDA1, together with
the femur and tibia on LP20. The prefemur on LP20 contributed
mostly to the differences between species on LDA2. In general,
the differences between species were driven more strongly by
articles on LP20. Table 3 also includes the singular value decom-
positions, which give the ratio of the between- and within-group
standard deviations on the linear discriminant variables.

Molecular Phylogenetic Analysis

The 2 analyses (likelihood and parsimony) produced con-
gruent phylogenies (Figs 9 and 10). The final ML optimiza-
tion likelihood was -12053.991575. Parsimony analysis
resulted in 5,739 MP trees of length 2,474 steps. In both

trees (Figs 9 and 10), specimens belonging to E. arboreus
form a monophyletic group with strong nodal support (jack-
knife support [JF from herein] = 98, bootstrap support [BS
from herein] = 100). The sister group (JF=100, BS=99) to
E. arboreus is composed of the specimens belonging to E.
platycephalus. The latter are divided into 2 groups, the first
1 including 2 samples from KarKar (JF=99, BS=100) and
the second with the remaining samples from Crown,
Tolokiwa, and Umboi (JF=99, BS=100). The third Papua
New Guinean clade includes 6 specimens belonging to E.
krausi from Umboi and Sakar islands (JF=100, BS=100)
and is resolved as a sister group (JF=91, BS=97) to E. arbo-
reus + E. platycephalus.

The deeper nodes in the parsimony and likelihood analyses
differ slightly with regard to poorly supported nodes.

920z Areniga z0 uo Jasn ojsidol A unin] Aq Z66E778/0904EX1/L/0 L/3[0e/PS1/W00 dNo oIS pED.//:SA)Y WOI) POPEOJUMO(



14

Table 2. Tukey's multiple test results for all species comparisons and articles

Weijola et al.

Comparison Article p_value Estimate % diff. (normalized) Longer in
E. platycephalus—E. arboreus LP6 prefemur 0.001 -0.494 19.398 E. arboreus
E. platycephalus—E. arboreus LP6 femur 0.001 -0.293 12.844 E. arboreus
E. platycephalus—E. arboreus LP6 tibia 0.111 -0.129 6.735 E. arboreus
E. platycephalus—E. arboreus LP6 tarsusl 0.001 -0.262 13.648 E. arboreus
E. platycephalus—E. arboreus LP6 tarsus2 0.006 -0.105 3.740 E. arboreus
E. platycephalus—E. arboreus LP6 total 0.001 -1.283 12.318 E. arboreus
E. platycephalus—E. arboreus LP20 prefemur 0.001 -1.054 21.065 E. arboreus
E. platycephalus—E. arboreus LP20 femur 0.001 -0.673 13.777 E. arboreus
E. platycephalus—E. arboreus LP20 tibia 0.001 -0.596 13.631 E. arboreus
E. platycephalus—E. arboreus LP20 tarsus1 0.001 -0.519 14.904 E. arboreus
E. platycephalus—E. arboreus LP20 tarsus2 0.001 -0.162 2.612 E. arboreus
E. platycephalus—E. arboreus LP20 total 0.001 -3.012 15.023 E. arboreus
E. krausi—E. arboreus LP6 prefemur 0.001 -0.482 17.871 E. arboreus
E. krausi—E. arboreus LP6 femur 0.066 -0.187 8.100 E. arboreus
E. krausi—E. arboreus LP6 tibia 0.778 -0.049 3.146 E. arboreus
E. krausi—E. arboreus LP6 tarsusl 0.137 -0.134 6.641 E. arboreus
E. krausi—E. arboreus LP6 tarsus2 0.998 0.002 4.420 E. arboreus
E. krausi—E. arboreus LP6 total 0.009 -0.85 7.792 E. arboreus
E. krausi—E. arboreus LP20 prefemur 0.001 -0.897 17.498 E. arboreus
E. krausi—E. arboreus LP20 femur 0.03 -0.345 6.522 E. arboreus
E. krausi—E. arboreus LP20 tibia 0.075 -0.238 4.549 E. arboreus
E. krausi—E. arboreus LP20 tarsusl 0.233 -0.14 1.959 E. krausi
E. krausi—E. arboreus LP20 tarsus2 0.533 -0.031 8.491 E. krausi
E. krausi—E. arboreus LP20 total 0.002 -1.595 6.994 E. arboreus
E. platycephalus—E. krausi LP6 prefemur 0.988 -0.012 1.540 E. krausi
E. platycephalus—E. krausi LP6 femur 0.377 -0.106 4.756 E. krausi
E. platycephalus—E. krausi LP6 tibia 0.491 -0.08 3.591 E. krausi
E. platycephalus—E. krausi LP6 tarsusl 0.146 -0.128 7.023 E. krausi
E. platycephalus—E. krausi LP6 tarsus2 0.012 -0.107 8.157 E. krausi
E. platycephalus—E. krausi LP6 total 0.249 -0.433 4.536 E. krausi
E. platycephalus—E. krausi LP20 prefemur 0.403 -0.157 3.600 E. krausi
E. platycephalus—E. krausi LP20 femur 0.03 -0.328 7.272 E. krausi
E. platycephalus—E. krausi LP20 tibia 0.002 -0.358 9.096 E. krausi
E. platycephalus—E. krausi LP20 tarsusl 0.001 -0.379 12.954 E. krausi
E. platycephalus—E. krausi LP20 tarsus2 0.001 -0.193 11.097 E. krausi
E. platycephalus—E. krausi LP20 total 0.003 -1.417 8.049 E. krausi

Significant P-values (<0.05) are highlighted in bold. The estimate represents the mean difference in mm between the group means for a specific pairwise

comparison.

Parsimony analysis resolves 2 Ethmostigmus species from Aus-
tralia together with an African species, E. trigonopodus (JF =
56), as a sister group (JF=71) to the “Papuan clade,” whereas
likelihood analysis resolves Australian specimens (BS=635) as
a sister group (BS=82) to the “Papuan clade,” leaving the Afri-
can E. trigonopodus as a sister (BS=3535) to all of them. Deeper
in the tree, a clade of 5 Ethmostigmus species from the Eastern
and Western Ghats of India (JF=95, BS=96) is resolved as a
sister group (JF=77, BS=74) to all other congeners.

Species Delimitation and Taxonomy

Our molecular phylogenetic analyses recover the 3 species
from islands of the Bismarck volcanic arc (E. platycephalus,
E. arboreus, and E. krausi) as a strongly supported mono-
phyletic group. While there is a distinct possibility that a
larger sampling from New Guinea, New Britain, and perhaps
even the Solomon Islands, would add further species to this
clade, this would not affect the common ancestry and close
phylogenetic affinity of the 3 species discussed here. As noted
above, the 3 species share a set of conserved morphological
characters, including typically 20 antennal articles, of which

4 are glabrous dorsally, paramedian sutures complete from
tergite 4, a long coxopleural process with 2 apical spines, 1
subapical dorsal spine, and 2 lateral spines, and ultimate leg
prefemoral spines including VL3, VM2, M2, DM2, and a
corner spine.

In the species delimitation analyses, the tree with the high-
est ASAP score, together with passing the set significance
threshold, was chosen as preferred, whereas mPTP provided
only 1 result. Results from both delimitation methods were
in congruence with the new species described here (see Figs
8 and 9). The most conservative results obtained from both
mPTP and ASAP analyses showed E. krausi, E. arboreus,
and E. platycephalus as distinct species. However, the spec-
imens from Karkar were also suggested to belong to a sep-
arate species in the combined mPTP and ASAP analyses.
Similarly, the 2 E. arboreus specimens from Crown Island
were shown as a separate species in mPTP analysis based on
COI only and in the ASAP analysis. As noted above, we
recognize species boundaries as the fewest recovered in any
of the 3 delimitation analyses and by morphological
diagnosability.
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Fig. 8. Linear Discriminant Analysis (LDA) performed on the log normalized morphometric data of the 3 species (E. arboreus = blue, E. krausi = yellow,
E. platycephalus = red). The 2 axes represent the first 2 linear discriminants (LD1 and LD2), which are the linear combinations of the original features that
best separate the different species. Each point corresponds to an observation, colored according to its class label. The plot shows a distinct clustering of
observations based on the species, indicating that LDA effectively separates the differences in the morphological characteristics. LD1 explains 83.2% of
the between-species variability, while LD2 explains 16.8% of the variability, suggesting that these 2 components capture a significant portion of the

differences.

Table 3. The coefficients of linear discriminants provide insights into how
the original features (articles) contribute to the linear discriminants, which
are the new axes that maximize the separation between the species

Leg article LDA 1 LDA 2

LP6 prefemur 14.77598 13.123997
LP6 femur 46.00419 6.086669
LP6 tibia 52.79578 -42.820031
LP6 tarsus 1 19.56369 -9.072617
LP6 tarsus 2 -30.625095 10.645016
LP6 total length -81.62398 47.745855
LP20 prefemur 252.42826 263.427914
LP20 femur 308.33044 250.219403
LP20 tibia 261.18178 225.877751
LP20 tarsus 1 149.24094 135.004267
LP20 tarsus 2 80.62093 44.641774
LP20 total -1125.21303 -951.380282
SVD 12.08 4.75
Proportion of trace 0.8315 0.1685

The singular value decompositions (SVD) are indicative of the strength and
importance of each discriminant in explaining the between-species
variance. The proportion of trace shows the proportion of the total
variance explained by each linear discriminant (LD) in the LDA model.

Species delimitation in Ethmostigmus has mostly been based
on morphology alone and conducted in a framework in which
species are conceptualized as geographically widespread and
polymorphic. Traditional taxonomic practice would assign E.
platycephalus in our samples and likely also E. arboreus to E.
rubripes platycephalus (Newport 1845), as in the recent taxo-
nomic description of material from New Guinea and adjacent
islands (Schileyko and Stoev 2016). Therein, E. rubripes platy-
cephalus is conceived as distributed across Tahiti, the Solomon
Islands, New Guinea, the Bismarck Archipelago, eastern Indo-
nesia, the Philippines, Spratly Island, possibly Australia, Sri
Lanka, Laos, Vietham, Cambodia, and China. A specimen from

Umboi was assigned to E. rubripes platycephalus by Schileyko
and Stagl (2004). Herein, we recognize E. platycephalus as a
species separate from E. rubripes. Australian material of E.
rubripes (E. rubripes rubripes sensu Schileyko and Stagl 2004)
is not resolved in our phylogenetic analyses as most closely
related to New Guinea material that corresponds morpholog-
ically and geographically to E. platycephalus, and we find it to
be sister to Ethmostigmus curtipes. Our phylogenetic results
suggest that species are more morphologically and genetically
discrete than has been captured in taxonomy predicated on
subspecies intergrading morphologically across vast geo-
graphic ranges.

Drawing on multi-locus sequence data as well as morphology
in an integrative taxonomic framework, species of Ethmostig-
mus in the Western Ghats, India, were found to consist of
clades with narrower, almost wholly allopatric geographic dis-
tributions and subtle, but diagnostic, morphological characters
(Joshi and Edgecombe 2018). Our data from the Bismarck
Archipelago are consistent with this species delimitation con-
cept, finding that 3 sympatric species share a suite of conserved
phenotypic characters, but are readily identified based on
molecular phylogeny, in which they form clearly separated
clades. We have elected to name 2 of them as new species,
having morphological and/or ecological traits that allow for
their diagnosis from other named species. Between-group mean
distances of COI/16S sequences are 15.3%/10.3%, respec-
tively, for E. krausi and E. arboreus, 12.5%/12.9% for E.
krausi and E. platycephalus, and 10%/9.1% for E. arboreusi
and E. platycephalus. These distances approximate those
between the Western Ghats species, which are 17.3%/9.4%,
respectively, for Ethmostigmus coonooranus and Ethmostig-
mus praveeni, 15%/10% for E. coonooranus and Ethmostig-
mus sahyadrensis, and 14.2%/9.4% for E. praveeni and E.
sabyadrensis. Within-group distances for COI/16S sequences
are 4%/1% for E. arboreus and 2%/1% for E. platycephalus
(E. krausi sequences were identical).
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Fig. 9. Likelihood-based phylogeny of Ethmostigmus species and outgroups based on COI, 16S, and 28S sequence data. Numbers at nodes are
bootstrap support. Bars at the right margin show the species delimitations by ASAP and mPTP,
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Fig. 10. Strict consensus of 5736 trees of length 2474 steps based on COI, 16S and 28S sequence data. Numbers at nodes are jackknife support values.

Bars at the right margin show the species delimitations by ASAP and mPTR

Ecology

A clear partitioning of habitat use between 2 of the species
was evident during collection of the specimens. All individuals
(n=25) of E. platycephalus were collected as bycatch in
bucket traps on the forest floor or while digging through
rotten logs. In contrast, all individuals of E. arboreus (n=22)
were either caught from trees at night or while dissecting the
leaf axils and masses of dead leaves of standing pandanus
trees during the day. In no case were they obtained from
the ground.

We were unable to gather reliable habitat data for E. krausi
as the number of collected specimens was relatively low (z=10)
and most were brought to us by locals employed to collect on
Sakar and Umboi.

Discussion

At least 2 of the species showed clearly distinct use of habitats,
E. platycephalus being ground-dwelling and E. arboreus being
arboreal. Ethmostigmus arboreus has significantly longer limbs

920z Areniga z0 uo Jasn ojsidol A unin] Aq Z66E778/0904EX1/L/0 L/3[0e/PS1/W00 dNo oIS pED.//:SA)Y WOI) POPEOJUMO(



18

(12.3% in LP6 and 15.0% in LP 20) than E. platycephalus.
The proportions of the different limb articles also differ between
the 2 species, with the largest differences found in the prefemur
(19.4% in LP6 and 21.1% in LP20) and the smallest differences
in tarsus 2 (3.7% in LP6 and 2.6% in LP20).

While ecological data are missing for E. krausi, it is interest-
ing to note that the largest differences in article proportions
between that and E. arboreus are found in the prefemur (17.9%
[LP6] and 17.5% [LP20] longer in E. arboreus). In contrast,
the largest difference between E. krausi and E. platycephalus
is found in tarsus 1 and 2 (tarsus 2 is 8.2% longer in E. krausi
in LP6 and tarsus 1 is 13.0% longer in LP20). The total limb
length in E. krausi is intermediate to that of E. arboreus and
E. platycephalus, possibly pointing to a more generalized ecol-
ogy or adaptation to a different microhabitat altogether.

The question arises whether longer limbs represent a specific
adaptation to arboreality. There are surprisingly few studies
on the correlation of limb length and arboreality in arthropods.
Ober (2003) found no evidence that adaptation to an arboreal
lifestyle in carabid beetles resulted in longer limbs.

Most research on the correlation between limb length and
lifestyle has been done in lizards, where arboreality is usually
divided into at least 2 different niches: “trunk” and “crown/
twig,” each with its own ecomorphological adaptations. Ano-
lis, Tropidurus, and Draco species adapted to living on tree
trunks tend to have longer limbs, whereas those adapted to
using thinner branches and twigs tend to have shorter limbs
(Losos 1994, Kohlsdorf et al. 2001, Ord and Klomp 2014). In
Cyrtodactylus, the longest legs are generally found in scansorial
species living on tree trunks or rocks and cliffs when compared
to terrestrial and crown-dwelling species (Riedel ez al. 2024).
A similar correlation between arboreality and longer limb
length is found in skinks (Foster et al. 2018).

Longer limbs provide higher sprint speed (Garland and Losos
1994), which may be more important for species exposed on
open surfaces, such as tree trunks, when compared to species
living in more sheltered habitats such as leaf litter or canopy
(Goodman et al. 2008).

Another possibility is that the terrestrial species has adapted
to life in the leaf litter by a reduction in limb length. Limb
reduction in lizards is associated with adaptations to “closed”
habitats such as subterranean (sand, humus layer), grassland,
or crevices where long limbs form an impediment to movement
(Camaiti e al. 2021, 2023). One example would be skinks of
the genus Sphenomorphus, which, during our fieldwork, were
found to broadly share microhabitat with the E. platycephalus
in the leaf litter and the crevices of rotten logs. Indeed, most
specimens of this species of Ethmostigmus were found while
searching for Sphenomorphus spp.

An impediment to understanding the correlation between
microhabitat and limb length in centipedes is the lack of pre-
vious studies, resulting in a large gap in data, which makes it
difficult to determine whether the limbs have become elongated
in the arboreal species, reduced in the terrestrial species, or
both. Here, it is notable that E. krausi, which is phylogeneti-
cally sister to E. arboreus and E. platycephalus, exhibits an
intermediate limb length, possibly reflecting the ancestral state.
With all 3 species being sympatric (at least on Umboi), however,
it is possible that competition could have driven morphological
evolution affecting limb length in E. krausi as well.

Our observation during fieldwork was that the population
densities of giant centipedes were unusually high on the islands
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visited in the Bismarck volcanic arc (Crown, Tolokiwa, Sakar,
and Umboi) compared to other regions in Papua New Guinea
where we have worked. For example, efforts to collect Eth-
mostigmus during 2 weeks of fieldwork in Central Province
(Varirata and the Port Moresby region) resulted in the capture
of only a single specimen, whereas several animals were usually
encountered during night surveys on the islands. Although total
centipede densities appeared to be significantly lower on these
mainland sites, the generic diversity of large centipedes was
higher and included species of Scolopendra and Rhysida in
addition to Ethmostigmus; both of these genera were absent
from the Bismarck volcanic arc islands. The limited size of
oceanic islands accompanied by dispersal barriers often lead
to depauperate species assemblages (Konig e al. 2021). It is
possible that the resident Ethmostigmus species have experi-
enced release from more distantly related competitors and
predators, which could have resulted in density compensation
(higher population densities) (Diamond 1970). The intensified
interspecific competition could then have driven character dis-
placement and niche partitioning in a way not seen in mainland
communities.

It is worth noting here that divergence dates for all Indian
species of Ethmostigmus have been estimated to be Paleogene
(Joshi and Edgecombe 2019). Comparison of between-species
branch lengths for India and the Bismarck volcanic arc in our
maximum-likelihood tree (Fig. 8) suggests that all 3 species in
the latter region are likewise older than the islands themselves,
which are estimated to be of Quaternary origin (Robinson and
Jaques 1978). Hence, it is likely that all 3 species originated on
New Guinea or one of the Paleo islands, which have accreted
to form that island and subsequently colonized the islands of
the volcanic arc in geologically recent time. Future work is
clearly needed to better understand the distribution and diver-
sity of centipedes in the New Guinea region.

Conclusions

Taxonomic interpretation of chilopod diversity in the New
Guinea region has hitherto mainly relied on a limited number
of historical collections and species descriptions dating back
to the late 19th and early 20th centuries. The morphological
conservatism and small number of informative characters make
species identification and the understanding of species bound-
aries challenging, but the situation is assisted by an integrative
taxonomic approach that includes molecular sequence data.

Our study, which integrated dense sampling of a limited
geographical region, molecular data, and ecological observa-
tions, strongly indicates that the taxonomic and ecological
diversity of Ethmostigmus (and potentially other chilopod
genera) is underestimated. It also provides an interesting case
of niche partitioning and ecomorphological divergence between
closely related species of Ethmostigmus.

Specimen Collection Statement

Nagoya Protocol: The authors attest that all legal and regula-
tory requirements, including export and import collection per-
mits, have been followed for the collection of specimens from
source populations at any international, national, regional, or
other geographic level for all relevant field specimens collected
as part of this study.
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Nomenclature

This paper and the nomenclatural acts it contains have been
registered in Zoobank (www.zoobank.org), the official register
of the International Commission on Zoological Nomenclature.
The LSID (Life Science Identifier) number of the publication
is: urn: Isid:zoobank.org:pub:89F02509-7EBA-40DF-B194-8D
E2DCBDA4FEL1.
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