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Evolutionary biogeography of the
centipede genus Ethmostigmus from
Peninsular India: testing an ancient
vicariance hypothesis for Old World tropical
diversity
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Abstract

Background: Understanding the relative influence of vicariance and dispersal in shaping Old World tropical biodiversity
remains a challenge. We aimed to infer the roles of these alternative biogeographic processes using a species time-tree
for the centipede genus Ethmostigmus from the Old World tropics. Additionally, we explored fine-scale biogeographic
patterns for an endemic radiation of Ethmostigmus from the peninsular Indian Plate (PIP), an area with complex
geological and climatic history.

Results: Divergence time estimates suggest that Ethmostigmus began diversifying in the Late Cretaceous, 99
(± 25) million years ago (Ma), its early biogeographic history shaped by vicariance. Members of Ethmostigmus
in PIP form a monophyletic group that underwent endemic radiation in the Late Cretaceous, 72 (± 25) Ma. In
contrast, a new species of Ethmostigmus from north-east India formed a clade with African/Australian species.
Fine-scale biogeographic analyses in PIP predict that Indian Ethmostigmus had an ancestor in southern-central
parts of the Western Ghats. This was followed by four independent dispersal events from the southern-central
Western Ghats to the Eastern Ghats, and between different parts of the Western Ghats in the Cenozoic.

Conclusions: Our results are consistent with Gondwanan break-up driving the early evolutionary history of
the genus Ethmostigmus. Multiple dispersal events coinciding with geo-climatic events throughout the
Cenozoic shaped diversification in PIP. Ethmostigmus species in PIP are restricted to wet forests and have
retained that niche throughout their diversification.
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Background
Understanding distribution patterns and processes that
influence Old World tropical biodiversity is a longstanding
question. The respective roles of biogeographic processes
- vicariance and dispersal events - have repeatedly been
debated, along with other ecological and evolutionary pro-
cesses, to explain the origins and distribution of Old
World tropical diversity [1, 2]. The Gondwanan ancient
vicariance hypothesis predicts that each of the areas in
the Old World tropics (e.g. the African subcontinent,
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Australia, and peninsular India) will have sister taxa
with deep and old divergence dates, the latter being
consistent with the age of separation of the Gondwanan
fragments (Fig. 1A i). An alternate biogeographic hypoth-
esis posits that either long-distance dispersal events like-
wise resulted in sister and distinct lineages on each of the
landmasses, but their divergence dates would not coincide
with the breakup of Gondwana (Fig. 1A ii) or there could
have been multiple dispersal/vicariance events, resulting
in non-monophyletic taxa, and again with divergence
dates younger than Gondwana breakup (Fig. 1A iii) [3–6].
In recent years, it has been possible to evaluate these
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Fig. 1 a Phylogenetic predictions for Gondwanan vicariance and long-distance hypotheses for Old World tropical diversity: i) Gondwanan ancient
vicariance; the first vicariance event when East Gondwana (India-Madagascar-Australia) separated from Africa-South America (E-W); another vicariance
event separating Australia from India-Madagascar (I-A); ii) long-distance dispersal across continents, leading to distinct lineages; and iii)
multiple dispersal/vicariance scenario in which each landmass was colonised multiple times with younger divergence dates; b) Geographic
distribution of the genus Ethmostigmus in the Old World tropics (red dots indicate where Ethmostigmus species have been sampled for biogeographic
analyses) and approximate species distribution ranges in the peninsular Indian Plate 1. E. sahyadrensis, 2. E. praveeni, 3. E. coonooranus, 4. E. agasthyamalaiensis,
and 5. E. tristis (based on Joshi and Edgecombe, 2018)
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alternative hypotheses given access to time-calibrated
molecular phylogenies and development of quantitative
biogeographic methods for reconstructing ancestral areas
for clades.
Historical biogeography of multiple taxa from West

Gondwana (Africa and South America) and parts of East
Gondwana (Australia and New Zealand) is well studied.
Gondwana breakup has been invoked in some cases
(e.g., geckos – [7]; plants – [8]; birds – [9]; beetles – [10]),
whereas many others were explained by long-distance dis-
persal (e.g., starfish – [11]; several plant clades – [12–16]).
Interestingly, in some taxa variance shaped the early his-
tory of lineages but was then followed by long-distance
dispersal events or interchange of biotas across land brid-
ges (beetles – [17]; plants – [18, 19]; birds – [9]). However,
little is known about taxa with broader Old World tropical
distributions, including parts of both East and West
Gondwana, i.e., India, Madagascar, Australia, and Africa.
Many ancient lineages with Old World tropical distributions
that could potentially be explained by Gondwanan vicari-
ance remain to be explored using time-calibrated phyloge-
nies with fossils in a quantitative biogeographic framework.
Consequently, understanding the relative contribution of
ancient vicariance and long-distance dispersal remains a
challenge in accounting for the origins of Old World trop-
ical diversity.
Given limited dispersal ability of centipedes and the

ancient age indicated by their fossil record [20], they are
a suitable candidate for assessing the ancient vicariance
and long-distance dispersal scenarios. Among scolopen-
drid centipedes, the genus Ethmostigmus [21] is an ideal
example given its predominantly Old World tropical dis-
tribution. It includes 19 extant species, found across much
of Africa, in India and Sri Lanka, Southeast Asia, the East
Indies, Australia, Melanesia and Polynesia [22–27]. Earlier
molecular phylogenetic studies on the family Scolopendri-
dae suggest that Ethmostigmus began diversifying in the
Early Cretaceous [28], therefore it allows an assessment of
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the roles of ancient vicariance and long-distance dispersal
on its distribution. Detailed taxonomic studies have been
conducted on Ethmostigmus from Australia (5 species,
[24]) and peninsular India (5 species, [23]), describing
endemic radiations. The distribution records for Africa
[27] and Southeast Asia and Melanesia [25, 26] based
on museum collections have also been assessed. There-
fore, the current distribution and diversity patterns of the
genus Ethmostigmus are reliable across the Old World
tropics (Fig. 1B). However, as mentioned earlier, testing
biogeographic hypotheses is contingent upon access to
well-resolved phylogenetic relationships among species
and age estimates for divergences. Therefore, in this study,
we reconstruct a species time-tree including 9 of the 19
species of Ethmostigmus using three fossil calibrations in a
Bayesian framework. These species represent four main
areas, namely peninsular India, Australia, Africa and
Southeast Asia (North-east India), to evaluate the afore-
mentioned biogeographic hypotheses.
In the context of tropical Asia, the peninsular Indian

Plate (PIP) is geologically distinct, being part of the
Gondwanan supercontinent around 200 million years
ago [29]. The region harbours a global biodiversity hot-
spot, the Western Ghats, on the western escarpment on
the west coast. Dry/semi-arid scrub and grassland in the
peninsula comprises a broken, much-isolated chain of low
mountains with patchy wet forests on top on the eastern
escarpment, the Eastern Ghats (Fig. 1B). In addition to
continental breakup and movements, PIP also experienced
prolonged and extensive volcanism around 65Ma ago and
dynamic palaeoclimatic shifts in the Cenozoic [30–33]. A
few recent studies have explored the role of palaeoclimate
on diversification and biogeography of small vertebrates in
PIP. Different palaeoclimate events have been invoked, in-
cluding global C4 grassland expansion, seasonality, the on-
set of the Asian monsoon, wet and dry habitat expansion,
and fragmentation in the Paleogene or Miocene to explain
biogeography and diversification among these taxa. Evolu-
tionary history of many of these groups (especially in liz-
ards and skinks) was shaped by the into-India dispersal
event after the Indian Plate collided with Asia either from
Southeast Asia, the Palearctic, or Sub-Saharan Africa ori-
gins [34–40]. Exceptions to this pattern include caecilians
[41] and snakes [42], which have ancient Gondwanan
origins. However, understanding of biogeography and
diversification of ancient terrestrial invertebrates in PIP
has been very limited, an exception being a study on
the scolopendrid centipede genus Digitipes from the
Western Ghats [32]. Given this, we were interested in
exploring evolutionary biogeography of the endemic
Ethmostigmus species in PIP. Specifically, we focused
on the following questions: 1) When did Ethmostigmus
start diversifying in PIP? Was the biogeographic history
shaped by Gondwanan breakup or one/more long-distance
dispersal events in PIP? 2) Given that Ethmostigmus species
in PIP are largely restricted to the wet forests, were they
influenced by Paleogene or Miocene or more recent Pleis-
tocene climatic fluctuations and associated expansion and
fragmentation of the forests?

Methods
Molecular phylogeny and divergence time estimation
Three centipede fossils can be used to calibrate the phyl-
ogeny for divergence time estimation. Among these, only
one named fossil species has been identified as a mem-
ber of the family Scolopendridae but none have yet been
recognised as the subfamily Otostigminae or the genus
Ethmostigmus. The oldest named fossil available for Scolo-
pendridae is Cratoraricrus oberlii, from the Lower Cret-
aceous (Aptian) Crato Formation of Brazil [43]. We used
this as crown group Scolopendridae based on extended
sternal paramedian sutures indicative of the subfamily
Scolopendrinae [20]. A minimum age of 113 ± 0.4 Ma
dates the Aptian/Albian boundary, an Aptian age for
the Nova Olinda Member of the Crato Formation being
constrained by palynomorphs [44]. The second calibration
fossil is Devonobius delta, from the upper part of the
Panther Mountain Formation at the Middle Devonian
Gilboa locality, Schoharie County, New York State, USA.
Phylogenetic analysis resolves it as sister group of Epi-
morpha ([45], Fig. S3, therein) and thus it constrains
crown-group Pleurostigmophora (Craterostigmomorpha,
Geophilomorpha and Scolopendromorpha) with a mini-
mum age of 382.7 ± 0.1Ma. This dates the Givetian/Fras-
nian boundary, palynomorphs from the Panther Mountain
Formation being of Givetian age [41]. Earlier phylogenetic
analyses [46, 47] are also consistent with a crown-group
Pleurostigmophora assignment, even if an alternative sister
group relationship with Craterostigmomorpha is advocated.
The third fossil calibration is provided by Mazoscolopendra
richardsoni, from Pennsylvanian deposits of Mazon Creek,
Illinois, USA. This total-group scolopendromorph (phyl-
ogeny from ([45], Fig. S3, therein) constrains crown group
Epimorpha, with a minimum age of 307 ± 0.1Ma. This
dates the Francis Creek Shale Member of the Carbondale
Formation to Westphalian D, or latest Moscovian in the
global timescale, the absolute date being that of the Mos-
covian/Kasimovian boundary [41].
In recent literature, several studies have argued for the

use of multiple fossil calibrations in divergence date esti-
mation and have highlighted the limitations of secondary
calibrations [48]. Hence, to obtain robust divergence es-
timates in which all three calibrations can be used, a lar-
ger dataset than the focus taxa of the current study was
compiled. DNA sequences were assembled for the family
Scolopendridae, exemplars of the families Cryptoptidae,
Plutoniumidae and Scolopocryptopidae (also belonging
to Scolopendromorpha), exemplars of several families
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from the sister order Geophilomorpha, and more distantly
allied Craterostigmomorpha to constrain divergence esti-
mates for Ethmostigmus. Species from the centipede orders
Lithobiomorpha and Scutigeromorpha served as outgroups.
A dataset of 368 specimens for three markers, two mtDNA
genes (16S ribosomal RNA – 16S rRNA and cytochrome c
oxidase subunit I - COI) and one nuclear gene (28S riboso-
mal RNA – 28S rRNA), was compiled for published studies
[23, 28, 46, 49–60] (See SI Table1 for details). Additionally,
we also sequenced two individuals of a new Ethmostigmus
species from northeast India. DNA extraction, PCR purifi-
cation and DNA sequencing protocols were as described
in earlier work on the family Scolopendridae [23, 28].
Chromas Lite 2.1.1. was used to view and edit DNA se-
quences. Individual gene alignments were done using
CLUSTAL W and MAFT [61, 62] in Geneious 8.1.4
(https://www.geneious.com/; [accessed on 6th Sept 2018]).
We used a species tree to account for lineage or spe-

cies discord arising from random gene-lineage coales-
cence. The species tree reconstruction was carried out
in starBEAST2 using a multi-species coalescent (MSC)
framework for the family Scolopendridae and was imple-
mented in BEAST 2.5 under a random relaxed clock
with an exponential distribution [63]. PartitionFinder 2
was implemented to select a nucleotide substitute model
and best partition scheme (gene partitions) using the
greedy algorithm, and the Akaike Information Criterion
(AIC) to compare the fit of different models. The best
scheme selected was a three-gene partition (COI, 16S
and 28S) with a GTR + I + G substitution model. There-
fore, GTR + I + G was parameterized and set as a substi-
tution model for all three partitions. For estimates of
gene trees and clock models, the mitochondrial loci COI
and 16S were treated as a single locus independent of
the nuclear gene 28S. The ploidy assignments for
mtDNA genes were set to haploid and 28S rRNA to dip-
loid. For a speciation prior, a Yule speciation model was
selected. The population model was set as “Analytical
Population Size Integration”. BEAST was run for 5 × 109

generations on the CIPRES server [64] in which parame-
ters and trees were stored every 5 × 103 generations, and
convergence was determined by assessing stationary dis-
tribution using the program Tracer (v1.6) as well as by
evaluating the effective sample sizes (> 200). Species
Trees were resampled in LogCombiner v2.4.7 with a fre-
quency of 2 × 105 and 25% burn-in. A consensus tree
was then obtained in TreeAnnotator (v1.8) and was visu-
alized with FigTree (v1.4.3). The divergence date estima-
tion was carried out using the three node calibrations
described above with lognormal distribution priors.

Biogeographic analyses
Historical biogeographic analyses for Ethmostigmus were
performed using the R package “BioGeography with
Bayesian (and likelihood) Evolutionary Analysis of RangeS
(BioGeoBEARS)” [65]. This compares alternative biogeo-
graphic models and approaches in a hypothesis-testing
framework using maximum likelihood, with a goal of testing
the relative roles of ancient vicariance and long-distance dis-
persal. Specifically, we performed dispersal-vicariance ana-
lysis (DIVA) and dispersal-extinction-cladogenesis (DEC) in
which probabilistic inference of ancestral geographic ranges
was evaluated in a maximum likelihood framework. The an-
cestral area reconstruction was carried out at two scales, at
the broad-scale across the Old World tropics and then to
examine finer patterns within peninsular India. Each species
was assigned to the following biogeographic regions based
on known distributional ranges: Peninsular Indian Plate (A);
Continental Asia (including northeast India, which is bio-
geographically closer to mainland Southeast Asia (B); the
African subcontinent (C); Australia (D). For fine-scale ana-
lyses only for the peninsular Indian Plate each species was
assigned based on their distribution to the following areas:
northern Western Ghats (E); central Western Ghats (F);
southern Western Ghats (G); and Eastern Ghats (H). For
both datasets the maximum number of areas allowed was
set to four. Four models were implemented in BioGeo-
BEARS (DIVA, DIVA+J, DEC, and DEC+ J), and likelihood
scores compared under AIC. In these analyses, we explored
the role of three processes (dispersal, vicariance, and extinc-
tion), implemented as free parameters in a maximum likeli-
hood framework and estimated from the data.

Results
The family Scolopendridae started diversifying towards
the end of Permian to the Early Triassic, around 250.6
Ma (95% HPD range 303–190 Mya) (Fig. 2). The targeted
group, Ethmostigmus, began its diversification in the Late
Cretaceous, at 99Ma (95% HPD range 150–54 Mya), when
Australian species separated from other congeners. The
African and North-east Indian species separated from a
peninsular Indian clade in the Late Cretaceous (82.9Ma,
95% HPD 145–45 Mya). Diversification of the peninsular
Indian clade began around 72.2Ma (95% HPD range 118–
35 Mya) (Fig. 3), and species-level diversification com-
menced in the Cenozoic, 47.3–30.3 Mya. In historical
biogeographic analyses of Ethmostigmus, both DEC and
DIVA methods with or without the ‘j’ parameter (for
founder event speciation) resulted in identical ancestral
areas and likelihood scores (Table 1), and thus the re-
sults of only one of the models, DEC (LnL = − 6.51), are
shown in Fig. 2. Both the methods suggested a wide-
spread ancestor in the Old World tropics. This was
followed by a vicariance event in the Late Cretaceous in
which Australian species separated from peninsular Indian,
North-east Indian and African species. Another vicariance
event separated peninsular India from NE India and Africa
(Fig. 3). Given the uncertainty in phylogenetic relationships
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Fig. 2 Time-tree for the family Scolopendridae, estimating diversification beginning near the Permian-Triassic boundary

Fig. 3 Species time-tree with ancestral areas for Ethmostigmus in the Old World tropics; reconstructed ancestral areas are shown at each node
and vicariance events shown on the branches
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Table 1 Ancestral range reconstruction inferred in BioGeoBEARS for Ethmostigmus and for its PIP clade alone using two methods,
dispersal–extinction–cladogenesis (DEC) and dispersal–vicariance analysis (DIVA) with a founder-event speciation (j) parameter

Models LogLikelihood No. of Parameters in model AIC AIC weight Dispersal rate (d) Extinction rate (e) Jump dispersal
(j-founder-event speciation)

Ethmostigmus

DEC −6.51 2 17.02 0.1 1.00E-12 1.00E-12 0

DEC + J −6.93 3 19.85 0.035 1.00E-12 1.00E-12 0.033

DIVALIKE −5.10 2 14.24 0.58 1.00E-12 1.00E-12 0

DIVALIKE+J −5.12 3 16.20 0.21 1.00E-11 1.00E-12 0.008

Ethmostigmus peninsular Indian clade

DEC −11.83 2 27.66 0.0041 0.0025 0.0047 0

DEC + J −6.17 3 18.34 0.43 1.00E-12 1.00E-12 2.17

DIVALIKE −10.43 2 24.85 0.017 0.0018 1.00E-12 0

DIVALIKE+J −6.06 3 18.12 0.49 1.00E-12 1.00E-12 1.43

The AIC weights compare pairs of models (e.g. DEC vs. DEC + J). The models marked in bold are discussed in the text and presented in Figs. 2 and 3, respectively
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between African (E. trigonopodus) and North-east Indian
species (E. n. sp.), no inference was made on the ancestral
area reconstruction for those two species (Additional file 1:
Figure S1).
Further, we reconstructed historical biogeography of

the endemic PIP clade, which consists of five species, to
examine fine-scale biogeographic and diversification pat-
terns. DEC and DIVA both yielded identical ancestral area
reconstructions (Table 1), thus only DEC + j (LnL = − 6.17)
is shown in Fig. 4. The southern and central Western
Ghats are inferred to be the ancestral area to the PIP
clade, with four independent dispersal events (Fig. 4). One
of these was from the southern-central Western Ghats to
the Eastern Ghats during the Late Cretaceous, making the
Eastern Ghats the ancestral area for the E. agasthyama-
laiensis and E. tristis clade. This was followed by a back
dispersal event from the Eastern Ghats to the southern
Western Ghats leading to E. agasthyamalaiensis. Both
Fig. 4 Ethmostigmus species time-tree for peninsular Indian taxa with ance
dispersal events shown on the branches
species diverged from each in the Eocene (40.6Ma, 95%
HPD range 80–20 Mya). Within the Western Ghats clade,
the Southern-Central WG was again inferred as the ances-
tral area, with one dispersal event into northern parts of
the Western Ghats in the Eocene (47Ma, 95% HPD range
80–20 Mya), making northern parts of the WG the ances-
tral area for a clade of E. praveeni and E. sahyadrensis.
There was then dispersal from northern to central parts of
the Western Ghats where E. praveeni and E. sahyadrensis
beginning to diverge in the Oligocene, 33.3Ma (95% HPD
range 54–10 Mya).

Discussion
Old World tropical biogeography
The deep divergence estimates and biogeographic ana-
lyses for Ethmostigmus suggest that its early evolutionary
history was shaped by Gondwanan break-up. Historical
biogeographic analyses suggested a widespread ancestor
stral areas; reconstructed ancestral areas are shown at each node and
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across East and West Gondwanan landmasses (Africa,
Australia, and the Indian subcontinent). Both vicariance
events that separating the peninsular Indian clade from
Australian and African species occurred during the Late
Cretaceous. The credible intervals around the median
ages are large but nonetheless fall within the timeframe
of Gondwana breakup. Ethmostigmus can be inferred to
have a Gondwanan origin and has an in-situ radiation in
peninsular India [23], as is likely the case in Australia as
well [24]. Currently, we have included only one endemic
species from North-east India (geographically closest to
Southeast Asia). Interestingly, it was not part of the
peninsular Indian clade but was part of a clade compris-
ing of species from Australia and Africa, a trichotomy
observed between these regions in Bayesian phylogenetic
analyses (Additional file 1: Figure S1). Therefore, we
retained the uncertainty in biogeographic analyses and
refrain from commenting on the ancestral area recon-
struction specifically for African and North-east Indian
species. A detailed taxon sampling across Southeast
Asia, Wallacea and Melanesia is needed in order to
evaluate possible scenarios for species in these regions,
e.g., whether their evolutionary history was influenced
by dispersal/vicariance from Australasia or dispersal out
of India or Africa.
To our knowledge, this is one of few studies on an-

cient terrestrial invertebrates using fossils to calibrate
phylogenetic trees to defend Gondwanan break-up play-
ing a significant role in shaping a clade’s biogeographic
history at the scale of the Old World tropics. Examples
from other groups of organisms are likewise uncommon.
A study on the plant family Exaceae used calibrated mo-
lecular phylogeny to evoke Gondwanan vicariance as an
explanation for disjunct distributions of the genus Exacum
in Africa, Madagascar and the Indian subcontinent [66].
One of the main limiting factors in testing Gondwana vic-
ariance and/or long-distance dispersal hypotheses in many
studies has been incomplete taxon sampling, wherein the
Indian subcontinent and/or Asian taxa are missing, or re-
liable fossils are unavailable to calibrate molecular phylog-
enies. At a more restricted geographic scale, a few studies
on taxa from India-Madagascar or India-Seychelles have
invoked Gondwana breakup. Among aquatic beetles of
the family Hydrophilidae, a dated molecular phylogeny
showed that lineages from India–Madagascar diverged in
the Cretaceous, consistent with Gondwanan vicariance,
and the authors compiled information from other studies
in which Gondwana breakup influenced distributions, in-
cluding frogs, plants, and likely caecilians [67]. In contrast,
in the case of Mycalesina butterflies, a group with an Old
World tropical distribution, both vicariance and dispersal
events explained the biogeographic patterns, but these
events happened relatively recently, in the Oligocene and
Miocene [68]. Similarly, many other taxa with typical
Gondwanan distributions have been attributed to dispersal
because of their younger divergence time estimates [69].

Biogeography and diversification in PIP
The divergence and biogeographic analyses suggested a
Gondwanan origin of the Ethmostigmus clade in peninsular
India. The PIP clade started diversifying in the Late Cret-
aceous when the peninsular Indian plate was drifting to-
wards Asia and was mostly isolated from other landmasses.
This is consistent with an earlier study on Indian Scolopen-
dridae in which four other genera, namely Cormocephalus,
Digitipes, Rhysida, and Scolopendra were also inferred to
have Late Cretaceous origins [28]. Apart from scolopendrid
centipedes, a few other taxa have been suggested to have an
ancient Gondwanan history in PIP, including frogs – family
Nasikabatrachidae [70]; family Nyctibatrachidae [71];
caecilians – family Indotyphlidae [41]; beetles – family
Hydrophilidae; plants – Exacum [66]. Most of these an-
cient endemic lineages are restricted to the wet forests
of the Western Ghats, although it has also been argued that
the Eastern Ghats could also potentially harbour ancient
lineages but they remain poorly explored [41, 72, 73]. In
this study, we report one of the oldest divergences and lack
of gene flow among the Eastern and Western Ghats wet
forest endemics, between E. agasthyamalaiensis - E. tristis,
dated to 40Ma (95% HPD range 80–20 Mya). Another
known example of ancient divergence in the Eastern and
Western Ghats comes from caecilians with a Gondwanan
origin (the genus Gegeneophis). This was dated to ca 35Ma
and attributed to pre-Miocene wet-zone fragmentation
[41]. In a group of co-occurring geckos (Genus: Geckoella),
the Eastern-Western Ghats split was shown to date to
32–24 Mya [35] and in another group of lizards
(Genus: Sarada and Sitana), it was much more recently
in the mid-Miocene [37]. It is noteworthy that irre-
spective of the evolutionary origins, either Gondwanan
or Asian, Eastern and Western Ghats taxa have been
distinct and lack gene flow.
The PIP clade underwent in-situ speciation, forming

an endemic radiation of five species through four dispersal
events throughout the Cenozoic (Fig. 4). Ethmostigmus oc-
cupies a wide variety of habitats, ranging from rain forests
to savanna in Africa and Australia, whereas in PIP species
diversified only in wet forests in both in the Western and
Eastern Ghats and not in the adjacent dry forests. Among
the four dispersal events inferred for the PIP radiation, one
was at the supraspecific clade level and occurred in the Late
Cretaceous to Paleocene interval. It was from the southern-
central part of the Western Ghats to the Eastern Ghats
(Fig. 4). Based on plant fossils it was postulated that western
and north-western parts of PIP were re-established with
wet evergreen forests in the Early Paleocene after extensive
volcanic activity [32, 33]. Some recent studies also argue
that the monsoon or seasonal wet climates existed
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throughout the Paleogene [74]. In another scolopendrid
genus in the Western Ghats, Digitipes, dispersal events are
inferred to have shaped its early evolutionary history in
the Paleocene from southern to central and northern
parts of the Western Ghats [32]. It was suggested that
the re-establishment of the wet forests in the Paleocene
may have facilitated these dispersal events, southern
parts acting as a refugium during volcanic activity. One
of the oldest species in the present study, E. coonooranus,
has a relatively broad geographic distribution in the central
and southern parts of the Western Ghats, its diversification
commencing in the Early Eocene (ca 47.3Ma). Additionally,
two dispersal events date to the Eocene, one from the
Eastern Ghats to the southern Western Ghats (ca 40.6Ma)
and another from the central-southern Western Ghats to
the northern Western Ghats (ca 47.3Ma). The Eocene was
marked by the regionalization and diversification of Indian
flora during the Early Eocene Climatic Optimum as well as
the establishment of monsoonal seasonal climate [75, 76].
Species-level diversification of the scolopendrid Digitipes in
the Western Ghats is dated to the Eocene [32]. Apart from
centipedes, the frog genus Nyctibatrachus (family Nyctiba-
trachidae) and lizards from the genus Hemidactylus also
diversified in the Eocene in PIP [35, 71]. The last dispersal
event was in the Oligocene (ca 30Ma), from the northern
Western Ghats to the central Western Ghats. Late Eocene
and Oligocene climate was marked by decreased tempera-
tures, with pronounced cooling and drying at ca. 34Ma
[77, 78]. In a few groups, initial diversification has been
noted in the Oligocene, such as bush frogs (Genus: Raorch-
estes) [79], geckos (Genus: Geckoella) [35], and caecilians
(Genus: Gegeneophis) [41].
Thus, multiple palaeoclimatic events throughout the

Cenozoic likely influenced the diversification of the Ethmos-
tigmus species in PIP. However, the low species number
(five species) does not allow assessment of the effect of any
of the palaeoclimatic events in a quantitative framework
(e.g., Bayesian Analysis of Macroevolutionary Mixtures
-BAMM). Centipedes are carnivorous predators and low
species diversity within a genus is a common phenomenon
(http://chilobase.biologia.unipd.it/ [22, 80]). Similar diver-
sity patterns may likewise occur in other carnivorous terres-
trial invertebrates such as spiders and scorpions. It would
be worth exploring entire assemblages of predatory ter-
restrial invertebrates using molecular phylogenies with
divergence time estimates and then assessing their di-
versification patterns and underlying processes across
tropical landscapes.

Conclusions
The genus Ethmostigmus has a Gondwanan origin and
higher-level evolutionary history of the genus was influenced
by Gondwanan vicariance events (Fig. 3), whereas multiple
independent dispersal events governed diversification and
speciation in PIP (Fig. 4) in the Cenozoic. Comparable
studies using detailed species-level molecular phylogenies
with divergence dates for multiple taxa will be important in
understanding the roles played by vicariance and dispersal
events on evolutionary history and diversification of biotas
of the Old World tropics.

Additional files

Additional file 1: Figure S1. Bayesian phylogenetic tree based on
combined data for Ethmostigmus indicating Bayesian posterior probability
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Additional file 2: Table S1. List of centipede taxa included in the
phylogenetic analyses and divergence time estimation along with
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Abbreviations
16S rRNA: 16S ribosomal RNA; 28S rRNA: 28S ribosomal RNA; AIC: Akaike
Information Criterion; BAMM: Bayesian Analysis of Macroevolutionary
Mixtures; BioGeoBEARS: BioGeography with Bayesian (and likelihood)
Evolutionary Analysis of RangeS; COI: Cytochrome c oxidase subunit I;
DEC: Dispersal-extinction-cladogenesis; DIVA: Dispersal-vicariance analysis;
MSC: Multi-species coalescent; PIP: Peninsular Indian Plate

Acknowledgements
Not applicable

Funding
This work was supported by a Royal Society-SERB Newton International
Fellowship to JJ. This funding source had no role in the design of the
study and collection, analysis, and interpretation of data and in writing
the manuscript.

Availability of data and materials
DNA sequence data generated and analysed in this manuscript are
deposited in a public database, NCBI. Accession numbers can be found in
Additional file 2: Table S1.

Authors’ contributions
JJ and GE conceived the study, JJ collected the data, JJ analysed the data
with input from GE, JJ and GE wrote the manuscript. JJ and GE read and
approved the manuscript.

Authors’ information
Jahnavi Joshi is an evolutionary ecologist interested in biogeography and
diversification of terrestrial invertebrates with focus on the Indian
subcontinent and Old World tropical forests.
Gregory D. Edgecombe is a systematist working on higher-level phylogenetics
of Arthropoda, and the taxonomy, morphology, phylogeny and biogeography
of centipedes (Chilopoda).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

http://chilobase.biologia.unipd.it/
https://doi.org/10.1186/s12862-019-1367-6
https://doi.org/10.1186/s12862-019-1367-6


Joshi and Edgecombe BMC Evolutionary Biology           (2019) 19:41 Page 9 of 10
Received: 14 September 2018 Accepted: 18 January 2019

References
1. Wiens JJ, Donoghue MJ. Historical biogeography, ecology and species

richness. Trends Ecol Evol. 2004;19(12):639–44.
2. Wiens JJ, Sukumaran J, Pyron RA, Brown RM. Evolutionary and

biogeographic origins of high tropical diversity in old world frogs (Ranidae).
Evolution. 2009;63(5):1217–31.

3. Cox CB, Ladle R, Moore PD. Biogeography: an ecological and evolutionary
approach. 8th ed. Hoboken, NJ: John Wiley & Sons; 2016.

4. Lomolino M, Riddle B, Brown J. Biogeography. 3rd ed. Sunderland, MA:
Sinauer Associates; 2006.

5. Sanmartin I, Ronquist F. Southern hemisphere biogeography inferred by event-
based models: plant versus animal patterns. Syst Biol. 2004;53(2):216–43.

6. Storey BC. The role of mantle plumes in continental breakup: case histories
from Gondwanaland. Nature. 1995;377:301.

7. Gamble T, Bauer AM, Greenbaum E, Jackman TR. Evidence for Gondwanan
vicariance in an ancient clade of gecko lizards. J Biogeogr. 2008;35(1):88–104.

8. Thomas N, Bruhl JJ, Ford A, Weston PH, Ebach M. Molecular dating of
Winteraceae reveals a complex biogeographical history involving both
ancient Gondwanan vicariance and long-distance dispersal. J Biogeogr.
2014;41(5):894–904.

9. Claramunt S, Cracraft J. A new time tree reveals earth history’s imprint on
the evolution of modern birds. Sci Adv. 2015;1(11):e1501005.

10. Toussaint EFA, Bloom D, Short AEZ. Cretaceous West Gondwana vicariance
shaped giant water scavenger beetle biogeography. J Biogeogr. 2017;44(9):
1952–65.

11. Waters JM, Roy MS, Crandall K. Out of Africa: the slow train to Australasia.
Syst Biol. 2004;53(1):18–24.

12. Bartish IV, Antonelli A, Richardson JE, Swenson U. Vicariance or long-
distance dispersal: historical biogeography of the pantropical subfamily
Chrysophylloideae (Sapotaceae). J Biogeogr. 2011;38(1):177–90.

13. Kainulainen K, Razafimandimbison SG, Wikström N, Bremer B. Island
hopping, long-distance dispersal and species radiation in the Western
Indian Ocean: historical biogeography of the Coffeeae alliance (Rubiaceae).
J Biogeogr. 2017;44(9):1966–79.

14. Renner SS, Strijk JS, Strasberg D, Thébaud C. Biogeography of the
Monimiaceae (Laurales): a role for East Gondwana and long-distance
dispersal, but not West Gondwana. J Biogeogr. 2010;37(7):1227–38.

15. Clayton JW, Soltis PS, Soltis DE. Recent long-distance dispersal overshadows
ancient biogeographical patterns in a pantropical angiosperm family
(Simaroubaceae, Sapindales). Syst Biol. 2009;58(4):395–410.

16. Muellner AN, Savolainen V, Samuel R, Chase MW. The mahogany family
“out-of-Africa”: divergence time estimation, global biogeographic patterns
inferred from plastid rbcL DNA sequences, extant, and fossil distribution of
diversity. Mol Phylogenet Evol. 2006;40(1):236–50.

17. Toussaint EFA, Short AEZ. Biogeographic mirages? Molecular evidence for
dispersal-driven evolution in Hydrobiusini water scavenger beetles. Syst
Entomol. 2017;42(4):692–702.

18. Crisp MD, Cook LG. How was the Australian flora assembled over the last 65
million years? A molecular phylogenetic perspective. Annu Rev Ecol Evol
Syst. 2013;44:303–24.

19. Luebert F, Couvreur TL, Gottschling M, Hilger HH, Miller JS, Weigend M.
Historical biogeography of Boraginales: west Gondwanan vicariance
followed by long-distance dispersal? J Biogeogr. 2017;44(1):158–69.

20. Edgecombe GD. Chilopoda–the fossil history. In: Treatise on
zoology—anatomy, taxonomy, biology. The Myriapoda. Vol. 1; 2011: 355–361.

21. Pocock RI. List of the Arachnida and ‘Myriapoda’ obtained in Funafuti by
prof. W. J. Sollas and Mr. Stanley Gardiner, and in Rotuma by Mr. Stanley
Gardiner. Annals and Magazine of Natural History, Series. 1898;7(1):321–9.

22. Bonato L, Chagas Jr A, Edgecombe G, Lewis J, Minelli A, Pereira L, Shelley R,
Stoev P, Zapparoli M. ChiloBase 2.0–A World Catalogue of Centipedes
(Chilopoda). In: Available online at: http://chilobase.biologia.unipd.it
[Accessed 09/04/2016]. 2016.

23. Joshi J, Edgecombe G. Molecular phylogeny and systematics of the
centipede genus Ethmostigmus Pocock, 1898 (Chilopoda:
Scolopendromorpha) from peninsular India. Invertebr Syst. 2018;32:1316–35.

24. Koch LE. A taxonomic study of the centipede genus Ethmostigmus Pocock
(Chilopoda: Scolopendridae: Otostigminae) in Australia. Aust J Zool. 1983;
31(5):835–49.
25. Schileyko A, Stagl V. The collection of scolopendromorph centipedes
(Chilopoda) in the Natural History Museum in Vienna: a critical re-evaluation of
former taxonomic identifications. Ann Nat Hist Mus Wien. 2004;105:67–137.

26. Schileyko AA, Stoev PE. Scolopendromorpha of New Guinea and adjacent
islands (Myriapoda, Chilopoda). Zootaxa. 2016;4147(3):247–80.

27. Simaiakis SM, Edgecombe GD. Scolopendromorph centipedes (Chilopoda:
Scolopendromorpha) in the Natural History Museum (London): a review of
the hitherto unidentified species collected in Africa, with remarks on
taxonomy and distribution, and a new species of Otostigmus
(Parotostigmus). Zootaxa. 2013;3734(2):169–98.

28. Joshi J, Karanth KP. Cretaceous–tertiary diversification among select scolopendrid
centipedes of South India. Mol Phylogenet Evol. 2011;60(3):287–94.

29. Chatterjee S, Scotese CR. The breakup of Gondwana and the evolution and
biogeography of the Indian plate. Indian Nat Sci Acad Part A. 1999;65(3):
397–426.

30. Singh R, Kar R, Prasad G. Palynological constraints on the age of mammal-
yielding Deccan intertrappean beds of Naskal, Rangareddi district. Andhra
Pradesh Curr Sci. 2006:1281–5.

31. Samant B, Mohabey D. Palynoflora from Deccan volcano-sedimentary
sequence (Cretaceous-Palaeogene transition) of Central India: implications
for spatio-temporal correlation. J Biosci. 2009;34(5):811–23.

32. Joshi J, Karanth P. Did southern Western Ghats of peninsular India serve as
refugia for its endemic biota during the Cretaceous volcanism? Ecol Evol.
2013;3(10):3275–82.

33. Prasad V, Farooqui A, Tripathi S, Garg R, Thakur B. Evidence of late
Palaeocene-early Eocene equatorial rain forest refugia in southern Western
Ghats, India. J Biosci. 2009;34(5):777.

34. Agarwal I, Bauer AM, Jackman TR, Karanth KP. Insights into Himalayan
biogeography from geckos: a molecular phylogeny of Cyrtodactylus
(Squamata: Gekkonidae). Mol Phylogenet Evol. 2014;80:145–55.

35. Agarwal I, Karanth KP. A phylogeny of the only ground-dwelling radiation
of Cyrtodactylus (Squamata, Gekkonidae): diversification of Geckoella across
peninsular India and Sri Lanka. Mol Phylogenet Evol. 2015;82:193–9.

36. Agarwal I, Ramakrishnan U. A phylogeny of open-habitat lizards (Squamata:
Lacertidae: Ophisops) supports the antiquity of Indian grassy biomes. J
Biogeogr. 2017;44(9):2021–32.

37. Deepak V, Karanth P. Aridification driven diversification of fan-throated
lizards from the Indian subcontinent. Mol Phylogenet Evol. 2018;120:53–62.

38. Bansal R, Karanth KP. Molecular phylogeny of Hemidactylus geckos
(Squamata: Gekkonidae) of the Indian subcontinent reveals a unique Indian
radiation and an Indian origin of Asian house geckos. Mol Phylogenet Evol.
2010;57(1):459–65.

39. Datta-Roy A, Singh M, Karanth KP. Phylogeny of endemic skinks of the
genus Lygosoma (Squamata: Scincidae) from India suggests an in situ
radiation. J Genet. 2014;93(1):163–7.

40. Datta-Roy A, Singh M, Srinivasulu C, Karanth KP. Phylogeny of the Asian
Eutropis (Squamata: Scincidae) reveals an ‘into India’endemic Indian
radiation. Mol Phylogenet Evol. 2012;63(3):817–24.

41. Gower DJ, Agarwal I, Karanth KP, Datta-Roy A, Giri VB, Wilkinson M, San
Mauro D. The role of wet-zone fragmentation in shaping biodiversity
patterns in peninsular India: insights from the caecilian amphibian
Gegeneophis. J Biogeogr. 2016;43(6):1091–102.

42. Cyriac VP, Kodandaramaiah U. Paleoclimate determines diversification
patterns in the fossorial snake family Uropeltidae Cuvier, 1829. Mol
Phylogenet Evol. 2017;116:97–107.

43. Wilson HM. A new scolopendromorph centipede (Myriapoda: Chilopoda)
from the lower Cretaceous (Aptian) of Brazil. J Paleontol. 2003;77(1):73–7.

44. Wolfe JM, Daley AC, Legg DA, Edgecombe GD. Fossil calibrations for the
arthropod tree of life. Earth-Sci Rev. 2016;160:43–110.

45. Fernández R, Edgecombe GD, Giribet G. Exploring phylogenetic
relationships within Myriapoda and the effects of matrix composition and
occupancy on phylogenomic reconstruction. Syst Biol. 2016;65(5):871–89.

46. Edgecombe G, Giribet G. Adding mitochondrial sequence data (16S rRNA
and cytochrome c oxidase subunit I) to the phylogeny of centipedes
(Myriapoda: Chilopoda): an analysis of morphology and four molecular loci.
J Zool Syst Evol Res. 2004;42(2):89–134.

47. Shear WA, Bonamo PM. Devonobiomorpha, a new order of centipeds
(Chilopoda) from the Middle Devonian of Gilboa, New York State, USA, and the
phylogeny of centiped orders. American Museum novitates; no. 2927. 1988.

48. Schenk JJ. Consequences of secondary calibrations on divergence time
estimates. PLoS One. 2016;11(1):e0148228.

http://chilobase.biologia.unipd.it


Joshi and Edgecombe BMC Evolutionary Biology           (2019) 19:41 Page 10 of 10
49. Edgecombe GD, Giribet G. A New Zealand species of the trans-Tasman
centipede order Craterostigmomorpha (Arthropoda: Chilopoda)
corroborated by molecular evidence. Invertebr Syst. 2008;22(1):1–15.

50. Giribet G, Carranza S, Riutort M, Baguñà J, Ribera C. Internal phylogeny of
the Chilopoda (Myriapoda, Arthropoda) using complete 18S rDNA and
partial 28S rDNA sequences. Philos Trans R Soc Lond Ser B Biol Sci.
1999;354(1380):215–22.

51. Giribet G, Edgecombe GD, Wheeler WC. Arthropod phylogeny based on
eight molecular loci and morphology. Nature. 2001;413(6852):157.

52. Hwang UW, Friedrich M, Tautz D, Park CJ, Kim W. Mitochondrial protein
phylogeny joins myriapods with chelicerates. Nature. 2001;413(6852):154.

53. Joshi J, Karanth KP. Coalescent method in conjunction with niche modeling
reveals cryptic diversity among centipedes in the Western Ghats of South
India. PLoS One. 2012;7(8):1–12.

54. Murienne J, Edgecombe GD, Giribet G. Including secondary structure, fossils
and molecular dating in the centipede tree of life. Mol Phylogenet Evol.
2010;57(1):301–13.

55. Siriwut W, Edgecombe GD, Sutcharit C, Panha S. The centipede genus
Scolopendra in mainland Southeast Asia: molecular phylogenetics,
geometric morphometrics and external morphology as tools for species
delimitation. PLoS One. 2015;10(8):e0135355.

56. Siriwut W, Edgecombe GD, Sutcharit C, Tongkerd P, Panha S. First record of the
African-Indian centipede genus Digitipes Attems, 1930 (Scolopendromorpha:
Otostigminae) from Myanmar, and the systematic position of a new species
based on molecular phylogenetics. Zootaxa. 2015;3931(1):71–87.

57. Siriwut W, Edgecombe GD, Sutcharit C, Tongkerd P, Panha S. Systematic
revision and phylogenetic reassessment of the centipede genera Rhysida
wood, 1862 and Alluropus Silvestri, 1911 (Chilopoda: Scolopendromorpha) in
Southeast Asia, with further discussion of the subfamily Otostigminae.
Invertebr Syst. 2018. https://doi.org/10.1071/IS17081.

58. Vahtera V, Edgecombe GD. First molecular data and the phylogenetic
position of the millipede-like centipede Edentistoma octosulcatum
Tömösvary, 1882 (Chilopoda: Scolopendromorpha: Scolopendridae).
PLoS One. 2014;9(11):e112461.

59. Vahtera V, Edgecombe GD, Giribet G. Evolution of blindness in
scolopendromorph centipedes (Chilopoda: Scolopendromorpha): insight
from an expanded sampling of molecular data. Cladistics. 2012;28(1):4–20.

60. Vahtera V, Edgecombe GD, Giribet G. Phylogenetics of scolopendromorph
centipedes: can denser taxon sampling improve an artificial classification?
Invertebr Syst. 2013;27(5):578–602.

61. Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res.
1994;22(22):4673–80.

62. Katoh K, Misawa K, Ki K, Miyata T. MAFFT: a novel method for rapid multiple
sequence alignment based on fast Fourier transform. Nucleic Acids Res.
2002;30(14):3059–66.

63. Heled J, Drummond AJ. Bayesian inference of species trees from multilocus
data. Mol Biol Evol. 2009;27(3):570–80.

64. Miller MA, Pfeiffer W, Schwartz T. Creating the CIPRES science gateway for
inference of large phylogenetic trees. In: Gateway Computing Environments
Workshop (GCE), 2010: 2010. Ieee: 1–8.

65. Matzke NJ. Model selection in historical biogeography reveals that founder-
event speciation is a crucial process in island clades. Syst Biol. 2014;63(6):
951–70.

66. Pirie MD, Litsios G, Bellstedt DU, Salamin N, Kissling J. Back to
Gondwanaland: can ancient vicariance explain (some) Indian Ocean disjunct
plant distributions? Biol Lett. 2015;11(6):20150086.

67. Toussaint EFA, Fikáček M, Short AE. India–Madagascar vicariance explains
cascade beetle biogeography. Biol J Linnean Soc. 2016;118(4):982–91.

68. Aduse-Poku K, Brattstrom O, Kodandaramaiah U, Lees DC, Brakefield PM,
Wahlberg N. Systematics and historical biogeography of the old world
butterfly subtribe Mycalesina (Lepidoptera: Nymphalidae: Satyrinae). BMC
Evol Biol. 2015;15:167.

69. Datta-Roy A, Praveen Karanth K. The out-of-India hypothesis: what do
molecules suggest? J Biosci. 2009;34(5):687–97.

70. Biju SD, Bossuyt F. New frog family from India reveals an ancient
biogeographical link with the Seychelles. Nature. 2003;425:711.

71. Van Bocxlaer I, Biju SD, Willaert B, Giri VB, Shouche YS, Bossuyt F. Mountain-
associated clade endemism in an ancient frog family (Nyctibatrachidae) on
the Indian subcontinent. Mol Phylogenet Evol. 2012;62(3):839–47.
72. Agarwal I, Dutta-Roy A, Bauer AM, Giri VB. Rediscovery of Geckoella
jeyporensis (Squamata: Gekkonidae), with notes on morphology, coloration
and habitat. Hamadryad. 2012;36:17–24.

73. Deepak V, Giri VB, Asif M, Dutta SK, Vyas R, Zambre AM, Bhosale H, Karanth
KP. Systematics and phylogeny of Sitana (Reptilia: Agamidae) of peninsular
India, with the description of one new genus and five new species.
Contributions Zool. 2016;85(1):67–111.

74. Spicer RA. Tibet, the Himalaya, Asian monsoons and biodiversity-in what
ways are they related? Plant Divers. 2017;39:233–44.

75. Morley RJ. Origin and evolution of tropical rain forests: John Wiley & Sons;
Chichester 2000.

76. Shukla A, Mehrotra R, Guleria J. Emergence and extinction of
Dipterocarpaceae in western India with reference to climate change: fossil
wood evidences. J Earth Syst Sci. 2013;122(5):1373–86.

77. Morley RJ. Cretaceous and Tertiary climate change and the past distribution
of megathermal rainforests. Tropical rainforest responses to climatic change:
(ed. by M.B. Bush and J.R. Flenley). Springer; Berlin. 2007. p. 1–31.

78. Zachos J, Pagani M, Sloan L, Thomas E, Billups K. Trends, rhythms, and
aberrations in global climate 65 ma to present. Science. 2001;292(5517):686–93.

79. Vijayakumar S, Menezes RC, Jayarajan A, Shanker K. Glaciations, gradients,
and geography: multiple drivers of diversification of bush frogs in the
Western Ghats escarpment. Proc R Soc B. 2016;283(1836):20161011.

80. Minelli A. Treatise on Zoology–The Myriapoda Volume. 2011;1:363–443.

https://doi.org/10.1071/IS17081

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Molecular phylogeny and divergence time estimation
	Biogeographic analyses

	Results
	Discussion
	Old World tropical biogeography
	Biogeography and diversification in PIP

	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

