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Abstract

Southeast Asia is a hotspot of karst systems in the tropics and many relictual taxa have been documented in
caves across the region. The ancient, relictual scorpion family Pseudochactidae Gromov 1998 has a disjunct
distribution and includes two hypogean subfamilies from caves in the Khammouan-Phong Nha-Ké Bang Karst
in the northern Annamite (Trudng Son) Mountains of Laos and Vietnam, and one epigean subfamily from
Central Asia. A recent revision identified six species in the family; however, how these taxa dispersed and
diversified into Southeast Asian cave systems has not been tested. In the present contribution, the phylogeny
of Pseudochactidae is reconstructed using three mitochondrial and three nuclear markers and 140 morpho-
logical characters, divergence time and ancestral range estimation analyses are conducted, and the evolu-
tion of troglomorphic characters is investigated. Results confirm a previous hypothesis that Pseudochactidae
originated in Eurasia, most likely near the Tajik block in the Carboniferous, supporting the ‘Out of Eurasia’
hypothesis and contradicting the ‘Eurogondwana’ and ‘Out of India’ hypotheses for the origin of Southeast
Asian scorpions. Pseudochactidae dispersed across Southeast Asia after the collision of the Cimmerian con-
tinent and Indochina with Eurasia in the Late Jurassic. Colonization of Southeast Asian caves began in the Late
Cretaceous and was completed by the Miocene. The onset of aridification in Southeast Asia during the Late
Miocene resulted in the extinction of epigean Pseudochactidae, whereas hypogean members of the family
likely survived within caves in the limestone massifs of the Annamite Mountains, supporting the ‘Climate
Relict’ hypothesis.
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Many caves harbor relictual species (Howarth 1973,1993; Day and
Urich 2000; Deharveng and Bedos 2000; Gibert and Deharveng
2002; Clements et al. 2006; Wessel et al. 2007; Niemiller et al.
2008; Assmann et al. 2010; Juan et al. 20105 Prendini et al. 2010;
Deharveng and Bedos 2012). These are mostly ancient taxa with
disjunct distributions, often lacking sympatric epigean relatives
(Howarth 1973, 1993; Deharveng and Bedos 2000; Gibert and
Deharveng 2002; Clements et al. 2006; Wessel et al. 2007; Assmann
et al. 2010; Juan et al. 2010; Prendini et al. 2010; Deharveng and

Bedos 2012). Many of these taxa exhibit troglomorphic characters
(cave adaptations), including loss or reduction of pigmentation, loss
of eyes, and elongation of appendages, the result of millions of years
of isolation in darkness (Howarth 1993, Deharveng and Bedos
2000, Gibert and Deharveng 2002, Wessel et al. 2007, Niemiller et
al. 2008, Assmann et al. 2010, Juan et al. 2010, Prendini et al. 2010,
Deharveng and Bedos 2012). The presence of relicts in caves is often
explained by the ‘Climate Relict’” model (Barr 1968, Romero and
Green 2005, Niemiller et al. 2008, Juan et al. 2010). According to
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this hypothesis, caves acted as ‘museums’ or refugia when environ-
mental stresses resulted in extinction of their epigean relatives (Barr
1968, Romero and Green 2005, Niemiller et al. 2008, Assmann et
al. 2010, Juan et al. 2010), e.g., during Pleistocene glaciation (Barr
1968, Howarth 1973, Romero and Green 2005, Wessel et al. 2007,
Assmann et al. 2010, Juan et al. 2010, Bryson et al. 2014). The
‘Climate Relict” model has mostly been tested on relictual taxa
in temperate caves, which experienced drastic changes in climate
during Pleistocene glaciation, but how this aligns with the growing
body of evidence demonstrating that tropical caves also house
relictual taxa has not been tested (Clements et al. 2006, Deharveng
and Bedos 2012).

Southeast Asia is a hotspot for tropical caves (Deharveng and
Bedos 2000, 2012; Clements et al. 2006). More than 400,000
km? of karst occurs throughout this region in southern China,
Indonesia, Laos, Malaysia, Myanmar, the Philippines, Thailand,
and Vietnam (Clements et al. 2006). Karst age varies with some
cave systems dating to the Cambrian and others to the Quaternary
(Clements et al. 2006). The vast differences in karst age can be ex-
plained by the region’s complex geological history. Southeast Asia
is a mosaic of landmasses that rifted from Gondwana and collided
with Eurasia at different times (Metcalfe 2011). Given the complex
geological history, cave biodiversity in the region is expected to
be high. Preliminary surveys ranked Southeast Asian cave systems
among the top 10 in terrestrial species richness, but this is prob-
ably an underestimate as many cave systems remain poorly studied
(Deharveng and Bedos 2012). Surveys of Southeast Asian caves re-
sulted in the discovery of numerous relictual species among various
arthropod taxa (e.g., beetles, crabs, millipedes, and scorpions),
contradicting hypotheses that tropical caves are unlikely to harbor
relicts because surface and cave environments share similar cli-
matic conditions (Deharveng and Bedos 2012). Data from geology
and palynology suggest that parts of Southeast Asia experienced
drastic changes in precipitation, temperature, and sea level in the
early Cenozoic, prior to the Pleistocene, but how this coincides with
the timing of evolution among Southeast Asian cave organisms is
poorly understood (Hall 1998, Morley 2012). The relictual scor-
pion family Pseudochactidae Gromov 1998, comprising six species
in four genera and three subfamilies (Table 1), has a disjunct distri-
bution with one epigean genus inhabiting arid valleys near the Tajik
Depression and north Pamir Mountains in Central Asia, and three
hypogean genera restricted to the Khammouan-Phong Nha-Ké
Bang Karst in the Annamite (Trudng Son) Mountains of Southeast

Asia (Fig. 1). The two Central Asian species of Pseudochactas
Gromov 1998 are lapidicolous (Prendini 2001) with an affinity
for humid microhabitats, occurring under stones or in mud cracks
along riverbanks in semi-arid mountainous areas (Prendini et al.
2006, Soleglad et al. 2012). The three Southeast Asian genera,
Aemngvantom Prendini et al. 2021, Troglokhammouanus
Lourenco 2007, and Vietbocap Lourengo and Pham 2010, occur
below the surface in limestone caves, and were collected along
walls, under stones or in rock cracks (Prendini et al. 2021).
Although the three Southeast Asian genera are exclusively sub-
terranean, records of their distance from the surface environment
vary. Troglokhammouanus steineri Lourengo 2007 was collected
from the twilight zone of the cave to ca. 3 km from the downstream
entrance, whereas Vietbocap canhi Lourengo and Pham 2010 and
the two species of Aemngvantom were recorded from 200 m to 5
km from the cave entrance (Lourengo 2007,2012,2017; Lourengo
and Pham 2012; Lourenco et al. 2018; Prendini et al. 2021). This
variation in ecology among pseudochactid genera is reflected in
their morphology. Pseudochactas and Troglokhammouanus ex-
hibit well-developed ocelli (eyes) and pigmentation, and no notice-
able attenuation of the appendages, whereas Aemngvantom and
Vietbocap are markedly troglomorphic, lacking ocelli and pig-
mentation, and exhibiting marked attenuation of the appendages,
among other troglomorphic characters (Prendini et al. 2021).
Prendini et al. (2021) reviewed the list of cavernicolous,
troglomorphic, and troglobitic scorpions in light of the revised
Schiner-Racovitza system (Trajano 2012, Trajano and Carvalho
2017), which recognizes three ecological categories of cavernicolous
organisms based on the location of source populations: 1) troglobites,
with exclusively hypogean source populations, although sink popu-
lations may be found in epigean habitats; 2) troglophiles, with both
hypogean and epigean source populations, allowing gene flow be-
tween these environments; and 3) trogloxenes, with source popula-
tions in epigean habitats, although sink populations may be present
in hypogean habitats. Prendini et al. (2021) followed Volschenk et
al. (2008) in recognizing a distinction between scorpions that are
cavernicolous, i.e., found in subterranean environments, and those
that are troglomorphic, and restricted the definition of troglobitic
scorpions to species that are both restricted to cavernicolous (hypo-
gean) habitats and exhibit pronounced troglomorphies. Prendini et
al. (2021) presented a key to classify cavernicolous scorpions ac-
cording to their ecology and morphology. The difference in ecology
and morphology among pseudochactid genera led Prendini et al.

Table 1. Subfamilies, genera, and species of the relictual Asian scorpion family Pseudochactidae Gromov 1998 with known countries of

occurrence, based on Prendini et al. (2021)

Subfamily

Species Distribution

Pseudochactinae Gromov 1998

Pseudochactas ovchinnikovi Gromov 1998

Troglokhammouaninae Prendini et al. 2021

Pseudochactas mischi Soleglad et al. 2012

Afghanistan

Tajikistan, Uzbekistan

Troglokhammouanus steineri Lourengo 2007 Laos

= Troglokhammouanus louisanneorum Lourengo 2017

Vietbocapinae Lourenco 2012

Aemngvantom lao (Lourengo 2012) Laos

Aemngvantom thamnongpaseuam Prendini et al. 2021 Laos

Vietbocap canhi Lourenco and Pham 2010

Vietnam

= Vietbocap thienduongensis Louren¢o and Pham 2012

= Vietbocap auriantiacus Lourenco et al. 2018

= Vietbocap quinquemilia Lourencgo et al. 2018
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Fig. 1. Distribution of subfamilies of the relictual Asian scorpion family Pseudochactidae Gromov 1998: Pseudochactinae Gromov 1998, Troglokhammouaninae

Prendini et al. 2021, Vietbocapinae Lourenco 2007.

(2021) to classify Pseudochactas as epigean; Troglokhammouanus
as a hypogean troglophile; and Aemmngvantom and Vietbocap as
hypogean troglobites.

Pseudochactidae are thought to constitute an ancient, relictual
lineage that was once more widespread (Soleglad and Fet 2003a, Fet
et al. 2004, Prendini et al. 2006, Lourengo 2007). These scorpions
have long been considered ‘living fossils’ due to their unique morph-
ology (Prendini et al. 2006, 2021). Although its phylogenetic pos-
ition has been extensively debated, Pseudochactidae has consistently
been placed basal in the scorpion tree with three alternative hypoth-
eses proposed (Coddington et al. 2004, Prendini et al. 2006, 2021):
(1) sister to all Recent (extant) scorpions; (2) sister to Buthidae C.L.
Koch 1837; or (3) sister to Chaerilidae Pocock 1893. Fet (2000)
suggested Pseudochactidae was closely related to Buthidae or
Chaerilidae based on its unique trichobothrial pattern. Lourengo
(2000) placed Pseudochactidae in superfamily Chaeriloidea Pocock
1893, implying a close relationship to Chaerilidae. Soleglad and Fet
(2001) and Prendini et al. (2006) suggested a close relationship be-
tween Pseudochactidae and Buthidae based on trichobothria and
other characters, including the reproductive system. Soleglad and
Fet (2003a, b) placed Pseudochactidae sister to all Recent scorpions,
supporting the original suggestion of Gromov (1998). Recent
phylogenomic analyses placed Pseudochactidae and Chaerilidae in a
clade sister to Buthidae (Sharma et al. 2015, 2018).

Several biogeographical hypotheses have been proposed to ex-
plain the distribution of Pseudochactidae. Soleglad and Fet (2003a)
suggested the family originated on Pangaea in the Permian/Triassic
but did not speculate on its paleodistribution as no other extant or

fossil taxa were known at that time. Fet et al. (2004) hypothesized
that the ancestor of Pseudochactidae inhabited littoral forests on is-
lands in the Tethys Sea near the modern-day Tajik Depression during
the Cretaceous. These island forests were elevated during mountain
uplift in the Tertiary due to the collision of the Indian subcontinent
with Eurasia, shielding them from the onset of aridification in the
Eocene caused by this collision. Prendini et al. (2006) noted that a
more recent divergence was plausible if Pseudochactidae were the
sister group of Buthidae. Following the discovery of T. steineri in
Southeast Asia, Lourenco (2007) suggested that a Pangaean origin
for Pseudochactidae in the Permian/Triassic should be reconsidered
as the only land connection between Central Asia and Laos was
the old Asia core in the Paleozoic. A dated phylogenomic analysis
of scorpions, calibrated using fossil scorpions and other arachnids
under an autocorrelated lognormal model, proposed an even earlier
divergence between Pseudochactidae and Chaerilidae, ca. 329 Ma in
the Carboniferous (Sharma et al. 2015), whereas a second analysis,
applying an uncorrelated gamma rates model, placed this divergence
much later, ca. 198 Ma in the Jurassic (Sharma et al. 2018). Sharma
et al. (2018) preferred the results of the autocorrelated lognormal
model due to its better performance; however, no biogeographical
hypotheses were proposed to explain either of these divergence dates.

Given their unique morphology, disjunct distribution, and vari-
able levels of troglomorphic adaptation, Pseudochactidae repre-
sent a model system for comparative analysis of the origins and
evolution of cave organisms in Southeast Asia. In the present con-
tribution, the phylogeny of Pseudochactidae is reconstructed using
three mitochondrial markers (12S rDNA, 16S rDNA, Cytochrome
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Oxidase Subunit I), three nuclear markers (18S rDNA, 28S rDNA,
Internal Transcribed Spacer) and 140 morphological characters.
Divergence time and ancestral range estimation analyses are con-
ducted and the evolution of troglomorphic characters investigated
to understand how this unique, relictual scorpion lineage dis-
persed and diversified into Southeast Asian cave systems.

Materials and Methods

Taxon Sampling

The ingroup dataset comprised 23 terminals representing seven
populations and all six species of Pseudochactidae (Prendini et al.
2021). Pseudochactas ovchinnikovi Gromov 1998 was represented
by three terminals from a single population in Dikhana Canyon in the
Babatag Mountains, Uzbekistan, ca. 3 kilometers from the type lo-
cality. Pseudochactas mischi Soleglad et al. 2012 was represented by
the subadult female holotype from Uruzugan Province, Afghanistan,
scored from the original description. Troglokhammouanus steineri
was represented by five terminals from the type locality, Tham
Xe Bang Fai. Aemngvantom lao (Lourenco 2007) was repre-
sented by four terminals from the type locality, Tham Nam Lot
and Aemngvantom thamnongpaseuam Prendini et al. 2021 repre-
sented by the holotype and only known specimen. Vietbocap canhi
was represented by nine terminals from two caves: three from the
type locality, Tién Son, and six from Thién Pudng, the type lo-
cality of its three synonyms, Vietbocap aurantiacus Lourengo et al.
2018, Vietbocap quinquemilia Lourengo et al. 2018, and Vietbocap
thienduongensis Lourengo and Pham 2012. All ingroup terminals
were represented by both morphological and molecular data except
for P. mischi, which lacked molecular data. Chaerilus sejnai Kovafik
2003, representing Chaerilidae, and Buthus atlantis Pocock 1889,
representing Buthidae, were included as outgroups. The tree was
rooted on B. atlantis.

Material Examined

Samples of all species of Pseudochactidae, except P. mischi, were
collected for the present analyses. Scorpions were collected on the
surface at night, or in caves during the day and night using ultra-
violet (UV) light detection with portable light emitting diode UV
lamps. Specimens were initially preserved in and injected with
95% ethanol. DNA voucher tissues are stored in 95% ethanol at
-150°C in the Ambrose Monell Cryocollection for Molecular and
Microbial Research (AMCC) at the American Museum of Natural
History (AMNH). All other material is stored in 70% ethanol at
the AMNH. Additional material examined for the present study is
deposited in the following institutions (Supp Appendix 1 [online
only]): Alexander V. Gromov Private Collection (AGPC), Almaty,
Kazakhstan; Institute of Ecology and Biological Resources (IEBR),
Hanoi, Vietnam; Muséum National d’Histoire Naturelle (MNHN),
Paris, France; Phong Nha-Ké Bang National Park (PNKB), B8 Trach,
Vietnam.

Mapping

Maps were produced using QGIS ver. 3.14 (http://www.qgis.org),
by superimposing locality records and borders, coastlines and
rivers from Natural Earth (https:/www.naturalearthdata.com) on
the global multi-resolution terrain elevation data (GTMTED2010;
https://www.usgs.gov/core-science-systems/euros/coastal-changes-
and-impacts/gmted2010). Palaecogeographical reconstructions were
adapted and modified from Metcalfe (2011) and Morley (2018).

Morphological Dataset

A morphological data matrix comprising 140 characters (Supp
Appendices 2 and 3 [online only]) scored for the 25 terminals
and incorporating characters from previously published matrices
by Lamoral (1980), Stockwell (1989), Prendini (2000), Soleglad
and Sissom (2001), Soleglad and Fet (2001, 2003a), and Prendini
(2004), augmented by observations in Prendini et al. (2006) was
prepared using WinClada ver. 1.00.08 (Nixon 2002), and depos-
ited in Morphobank (http://morphobank.org/permalink/P3916).
Characters scored in the matrix included a variety of traits capturing
the morphological diversity within Pseudochactidae, most pertaining
to the adult stage: coloration and infuscation, 4 (2.9%); chelicerae, 5
(3.6%); carapace, 24 (17.1%); pedipalps, 60 (42.9%); coxosternum,
4 (2.9%); legs, 5 (3.6%); genital operculum, 1 (0.7%); male and fe-
male reproductive anatomy, 4 (2.9%); pectines, 12 (8.6 %); tergites, 1
(0.7%); sternites, 3 (2.1%); metasoma, 11 (7.9%); telson, 6 (4.3%).
The breakdown of morphological characters by character system is
as follows: trichobothria, 36 (25.7%); surface macrosculpture, 35
(25%); shape and size, 14 (10%); pectines, 12 (8.6%); surface top-
ography, 7 (5%); ocelli, 7 (5%); pedipalp finger dentition, 6 (4.3%);
cheliceral dentition, 5 (3.6%); genitalia, 5 (3.6%); leg setation and
spination, 5 (3.6%); color patterns, 4 (2.9%); sutures, 2 (1.4%); re-
spiratory spiracles (stigmata), 1 (0.7%); venom glands, 1 (0.7%).
Thirty-four (24%) multistate characters were treated as unordered/
nonadditive (Fitch 1971) to avoid a priori character state transform-
ations, and 58 (41%) characters were uninformative.

DNA Extraction, PCR, and Sequencing

DNA extraction was performed using the Qiagen (Germantown,
MD) DNEasy Blood and Tissue Kit. Muscle tissue was dissected
from the leg, digested in an incubator for 24-56 h and eluted
in 50-200 pl of AE buffer, depending on the quality of spe-
cimen preservation and amount of tissue. PCR was performed
using a combination of reagents, including Taq (Fisher Scientific,
Hampton, NH), TopTaq (Qiagen), REDTaq (Sigma-Aldrich,
St. Louis, MO) and Illustra PuReTaq Ready-To-Go PCR Beads
(GE Healthcare, Chicago, IL), and primers (Table 2). Amplified
loci were purified using Agencourt Ampure (Beckman Coulter,
Brea, CA) or HighPrep (MagBio Genomics, Gaithersburg, MD).
Fluorescent nucleotides were added to amplified loci using the Big
Dye Terminator ver. 3.1 cycle sequencing kit (Life Technologies,
Carlsbad, CA) and cleaned using Agencourt CleanSEQ (Beckman
Coulter) or ethanol precipitation. Purified PCR products
were sequenced using an ABI Prism 3730 XL DNA Sequencer
(Perkin-Elmer, Melville, NY) at the AMNH Sackler Institute of
Comparative Genomics or GeneWiz (South Plainfield, NJ). Loci
were sequenced in forward and reverse directions to substantiate
results. Forward and reverse strands were assembled and edited
into consensus sequences using Sequencher ver. 5.4.6 (Gene
Codes, Corporation, Ann Arbor, MI) and deposited in Genbank
(https://www.ncbi.nlm.nih.gov/genbank; Table 3).

Molecular Dataset

The molecular dataset comprised three mitochondrial loci,
small subunit ribosomal RNA (12S rDNA, hereafter ‘125°),
large subunit ribosomal RNA (16S rDNA, hereafter ‘16S’) and
Cytochrome ¢ Oxidase Subunit I (hereafter ‘COI’), and three nu-
clear loci, large subunit ribosomal RNA (28S rDNA, hereafter
€28S’), small subunit ribosomal RNA (18S rDNA) and Internal
Transcribed Spacer (ITS2, hereafter “18S-1TS2’). The 128,
16S and COI loci were completely sequenced for all terminals
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Table 2. Primers used to generate DNA sequences from the 18S rDNA (18S), Internal Transcribed Spacer (ITS2), 28S rDNA (28S), 12S rDNA
(12S), 16S rDNA (16S), and Cytochrome ¢ Oxidase Subunit | (COIl) loci for phylogenetic analysis of the relictual Asian scorpion family

Pseudochactidae Gromov 1998

Primer Sequence (5-3") Other Name Citation

18S

18S1F TACCTGGTTGATCCTGCCAGTAG Giribet et al. (1996)
18S5R CTTGGCAAATGCTTTCGC Giribet et al. (1996)
18S3F GTTCGATTCCGGAGAGGGA Giribet et al. (1996)
18Sbi GAGTCTCGTTCGTTATCGGA Wheeler et al. (1993)
18Sa2.0 ATGGTTGCAAAGCTGAAAC Wheeler et al. (1993)
18S9R GATCCTTCCGCAGGTTCACCTAC Giribet et al. (1996)
ITS2

CAS18sF1 TACACACCGCCCGTCGCTACTA Jietal. (2003)
CAS5p8sB1d ATGTGCGTTCRAAATGTCGATGTTCA Jietal. (2003)
CAS5p8dFc TGAACATCGACATTTYGAACGCACAT Jietal. (2003)
CAS28sB1d-spid TTCTTTTCCTCCGCTTATTTATATGCTTAA Jietal. (2003)

28S

28S-RD1A CCCSCGTAAYTTAGGCATAT Nunn et al. (1996)
28S-RD4B CCTTGGTCCGTGTTTCAAGAC Nunn et al. (1996)
28S-RD3.2A AGTACGTGAAACCGTTCASGGGT Nunn et al. (1996)
28SB TCGGAAGGAACCAGCTAC D3B Nunn et al. (1996)
28SA GACCCGTCTTGAAGCACG D3A Nunn et al. (1996)
28SBout CCCACAGCGCCAGTTCTGCTTACC Prendini et al. (2005)
28S-RD4.5A AAGTTTCCCTCAGGATAGCTG Nunn et al. (1996)
28S-RD4.8A ACCTATTCTCAAACTTTAAATGG Nunn et al. (1996)
28S-RD7B1 GACTTCCCTTACCTACAT Nunn et al. (1996)
128

12Sai AAACTAGGATTAGATACCCTATTAT SR-N-14588 Kocher et al. (1989)
12Sbi AAGAGCGACGGGCGATGTGT SR-J-14233 Kocher et al. (1989)
16S

16Sa CTCCGGTTTGAACTCAGATCA LR-N-13398 Simon et al. (1991)
16Sb CGCCTGTTTATCAAAAACAT LR-J-12887 Simon et al. (1991)
COI

LCO GGTCAACAAATCATAAAGATATTGG LCO1490-]-1514 Folmer et al. (1994)
COImodF ATCATAAGGATATTGGGACTATGT Bryson et al. (2013)
Nancy CCCGGTAAAATTAAAATATAAACTTC C1-N-2191 Harrison et al. (1987)
HCO TAAACTTCAGGGTGACCAAAAAATCA HCO2198-N-2175 Folmer et al. (1994)
HCOoutout GTAAATATATGRTGDGCTC Prendini et al. (2003)
CruzR CATACCCAAAGARCCAAAAGG Valdez-Cruz et al. (2004)

CI-J01718-spider
CI-N02776-spider GGATAATCAGAATANCGNCGAGG
EXTB CCTATTGAWARAACATARTGAAAATG
EXTA GAAGTTTATATTTTAATTTTACCTGG

GGNGGATTTGGAAATTGRTTRGTTCC

C1-J-1718 Harrison et al. (1987)
Simon et al. (1991)
Simon et al. (1991)

Simon et al. (1991)

(Table 3). The 18S-ITS2 locus was partially sequenced for one
terminal of P. ovchinnikovi, and completely sequenced for one
terminal each of T. steineri, A. lao and A. thamnongpaseuam,
and two terminals of V. canhi, representing both cave popula-
tions, Tién Son and Thién Pudng. The 28S locus was completely
sequenced for all except three terminals of P. ovchinnikovi, which
were partially sequenced.

Sequence length was calculated using the ‘gc_calculator.py” script
in Biopython (Cock et al. 2009). Sequences of the COI locus were
length invariant (1078 bp). The number of haplotypes was calcu-
lated using DNACollapser (https://users-birc.au.dk/palle/php/fabox/
dnacollapser.php) in FaBox (Villesen 2007). The 18S, 16S, and COI
loci each comprised twelve haplotypes, followed by 12S with ten
haplotypes and 28S with eight.
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Table 3. Tissue samples and GenBank accession codes for DNA sequences used for phylogenetic analysis of the relictual Asian scorpion

family Pseudochactidae Gromov 1998

185/18S-
Species AMCC Country ITS2 28S 128 16S COI
Buthidae C.L. Koch 1837
Buthus atlantis Pocock 1889 LP 3489 Morocco MZ041717 MZ041765 MZ041686 MZ041735 MZ032877
Chaerilidae Pocock 1893
Chaerilus sejnai Kovaiik 2005 LP 3685 Malaysia MZ041718 MZ041766 MZ041687 MZ041736 MZ032878

Pseudochactidae Gromov 1998
Pseudochactas ovchinnikovi Gromov 1998
LP 2303B

LP 2303C

LP 11271 Laos
LP 11272

LP 11273

LP 11274

LP 11275

LP 11349

LP 11350

LP 15570

LP 15591

LP 11351

Troglokbhammouanus steineri Lourengo 2007

Aemngvantom lao (Lourengo 2012)

Aemngvantom thamnongpaseuam Prendini et al. 2021

Vietbocap canhi Lourengo and Pham 2010
LP 16750
LP 16751
LP 11348
LP 16533
LP 16534
LP 16535
LP 16536
LP 16537

LP 2303A Uzbekistan MZ041759*

LP 11270 Vietnam

MZ041767* MZ041688 MZ041737 MZ032879
MZ041719 MZ041768* MZ041689 MZ041738 MZ032880
MZ041720 MZ041769* MZ041690 MZ041739 MZ032881

MZ041760 MZ041770 MZ041691 MZ041740 MZ032882
MZ041721 MZ041771 MZ041692 MZ041741 MZ032883
MZ041722  MZ041772 MZ041693 MZ041742 MZ032884
MZ041723 MZ041773 MZ041694 MZ041743 MZ032885

MZ041724 MZ041774 MZ041695 MZ041744 MZ032886

MZ041761 MZ041775 MZ041696 MZ041745 MZ032887
MZ041725 MZ041776 MZ041697 MZ041746 MZ032888
MZ041726 MZ041777 MZ041698 MZ041747 MZ032889
MZ041727 MZ041778 MZ041699 MZ041748 MZ032890
MZ041762 MZ041779 MZ041700 MZ041749 MZ032891
MZ041763 MZ041780 MZ041701 MZ041750 MZ032892
MZ041733  MZ041787 MZ041708 MZ041757 MZ032899
MZ041734 MZ041788 MZ041709 MZ041758 MZ032900
MZ041728 MZ041781 MZ041702 MZ041751 MZ032893
MZ041764 MZ041782 MZ041703 MZ041752 MZ032894
MZ041729 MZ041783 MZ041704 MZ041753 MZ032895
MZ041730 MZ041784 MZ041705 MZ041754 MZ032896
MZ041731 MZ041785 MZ041706 MZ041755 MZ032897
MZ041732 MZ041786 MZ041707 MZ041756 MZ032898

Sequences of the 18S rDNA (18S), Internal Transcribed Spacer (ITS2), 28S rDNA (28S), 12S rDNA (12S), 16S rDNA (16S), and Cytochrome ¢ Oxidase Subunit
1 (COI) loci. Tissue samples deposited in the Ambrose Monell Collection for Molecular and Microbial Research (AMCC) at the American Museum of Natural
History, New York. Asterisks denote partial sequences. Italicized accession codes represent the 18S-ITS locus whereas all others represent the 18S locus only.

Sequence Alignment and Statistics

Sequences were aligned using MAFFT ver. 7.471 (Katoh et al.
2002, Katoh and Standley 2013) on the CIPRES Science Gateway
(https://www.phylo.org; Miller et al. 2010). The COI locus was
aligned using the G-INS-i alignment strategy, whereas the 128, 16S,
18S-ITS2, and 28S loci were aligned using the Q-INS-i alignment
strategy, which considers the secondary structure of RNA. Aligned
sequences were checked in Mesquite (Maddison and Maddison
2019) and concatenated in a text editor to produce a molecular
matrix of 8608 nucleotide base-pairs (bp). The aligned sequence
length for each locus was as follows: 371 bp for 125, 498 bp for
16S, 1078 bp for COI, 2245 bp for 28S, 4416 bp for 18S-ITS2.
Mean nucleotide composition and number of variable positions
(VP) and parsimony informative (PI) sites were calculated for each
locus and the concatenated molecular dataset using MEGA ver.
10.1.7 (Tamura et al. 2004, 2013; Kumar et al. 2018; Stetcher et al.
2020). Mean GC content was higher (Table 4) for the nuclear 28S
(59%) and 18S-ITS2 (52%) loci than for the mitochondrial COI
(37%)), 12S (28%) and 16S (28%) loci, whereas the proportion of

variable positions (VP) and parsimony informative sites (PI) were
higher for the mitochondrial 12S (58% and 41% for VP and PI,
respectively), 16S (49% and 34%) and COI (36% and 30%) loci
than for the nuclear, 18S-ITS2 (22% and 10%) and 28S (19% and
8%) loci. The third codon position of the COI locus was found
to have the highest proportion of variable (27%) and parsimony
informative sites (24%), followed by the first (7% and 5%) and
second (2% and 1%) codon positions.

Phylogenetic Analyses

The morphological and molecular datasets were analyzed separately
and simultaneously. Parsimony analyses were performed in TNT
(Goloboff 1993; Goloboff et al. 2003, 2008; Goloboff and Catalano
2016). Analyses were performed with equal weighting and implied
weighting with five values for the concavity constant (k =1, 3, 10,
60, 100). Gaps were treated as missing data and uninformative char-
acters deactivated in all analyses. A script from Dimitrov et al. (2012,
2013), modified by Santibafiez-Lopez et al. (2014), which includes
mixed sectorial search, tree drifting, and tree fusing, was used to
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search for the most parsimonious tree. Bootstrap sampling with re-
placement for 1,000 iterations was used to evaluate nodal support in
the analysis with equal weighting. For comparison, a jackknife ana-
lysis was used to evaluate nodal support in the analysis with equal
weighting using a script from Dimitrov et al. (2012). Tree length, fit,
retention indices, adjusted homoplasy, and consistency indices were
also calculated (Table 5).

Maximum likelihood (ML) analyses were performed in RAXML-
HPC ver. 8 on CIPRES (Stamatakis 2006, 2014). Each molecular
locus and the morphological dataset were treated as a single par-
tition. A GTRGAMMA model was applied to each partition in the
separate molecular analyses whereas, in the simultaneous analyses,
a MULTIGAMMA model was applied to the molecular partitions,

and an MK model (Lewis 2001) to the morphological partition. An
ascertainment bias using Lewis correction was applied to the mor-
phological partition in one simultaneous analysis. The best scoring
tree was searched for using a rapid bootstrap analysis (-f a) with
1,000 bootstrap iterations.

Analyses with Bayesian inference (BI) were performed using
MrBayes ver. 3.2.7a (Ronquist and Huelsenbeck 2003) on CIPRES.
As in the ML analyses, the molecular dataset was partitioned by
loci and a separate partition was applied to the morphological
dataset. Twenty-four nucleotide substitution models were tested
for each locus using jModelTest2 ver. 2.1.6 (Guidon and Gascuel
2003, Darriba et al. 2012) on CIPRES and the best model chosen
using the Akaike Information Criterion (AIC) or the corrected

Table 4. Statistics for nuclear loci, 18S rDNA (188S), Internal Transcribed Spacer (ITS2), and 28S rDNA, and mitochondrial loci, 12S rDNA,
16S rDNA and Cytochrome ¢ Oxidase subunit | (COI) in phylogenetic analysis of the relictual Asian scorpion family Pseudochactidae
Gromov 1998: number of haplotypes; length (nucleotide base-pairs) of unaligned and aligned sequences; average percent GC content;
number and percent of variable positions (VP); number and percent of parsimony-informative sites (Pl); and model selected for Bayesian

Inference using the Akaike Information Criterion (AIC)

Locus Haplotypes Unaligned Aligned GC VP PI AIC
18S-ITS2 12 1760-3926 4416 52 978 (22) 446 (10) GTR + G
28S 8 1329-2193 2245 59 418 (19) 172 (8) GTR+1+G
128 10 337-344 371 28 217 (58) 151 (41) GTR + G
16S 12 475-483 498 28 244 (49) 171 (34) GTR+1+G
COI 12 1078 1078 37 388 (36) 319 (30) GTR+1+G
COI 1st Codon - - 359 45 79 (7) 49 (5) -

COI 2nd Codon ; ; 359 4 22(2) 8 (1) -

COI 3rd Codon - - 360 25 287 (27) 262 (24) -

Table 5. Tree statistics for phylogenetic analysis of the relictual Asian scorpion family Pseudochactidae Gromov 1998. Length, consistency
index (Cl), retention index (RI), Fit and adjusted homoplasy (AH) of most parsimonious trees (MPTs) obtained by separate and simultan-
eous analyses of the morphological and molecular (concatenated aligned DNA sequences of three nuclear and three mitochondrial gene
markers) datasets, with equal weighting (EW) and implied weighting (IW), applying five values of the concavity constant (k)

Weight MPTs Length I RI Fit AH
Morphology IW: k=1 1 162 0.784 0.930 66.5 15.5
IW: k=3 1 162 0.784 0.930 73.85 8.15
IW: k=10 1 162 0.784 0.930 78.91 3.09
IW: k = 60 1 162 0.784 0.930 81.43 0.57
IW: & =100 1 162 0.784 0.930 81.65 0.35
EwW 1 162 0.784 0.930 73.85 8.15
Molecular IW: k=1 1 2258 0.769 0.899 1029.5 229.5
IW: k=3 1 2258 0.769 0.899 1138.1 120.9
IW: k=10 1 2258 0.769 0.899 1213.02 45.98
IW: k = 60 1 2258 0.769 0.899 1250.49 8.51
IW: k=100 1 2258 0.769 0.899 1253.85 5.15
EW 1 2258 0.769 0.899 1138.1 120.9
Simultaneous IW: k=1 1 2420 0.770 0.901 1096 245
IW: k=3 1 2420 0.770 0.901 1211.95 129.05
IW: k=10 1 2420 0.770 0.901 1291.93 49.07
IW: k = 60 1 2420 0.770 0.901 1331.92 9.08
IW: k =100 1 2420 0.770 0.901 1335.51 5.49
EW 1 2420 0.770 0.901 1211.95 129.05
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AIC (AICc). A Lewis MK model was applied to the morphological
partition. The following parameters were implemented: mcmc;
nchains = 4; print frequency = 1,000; sample frequency = 1,000;
diagnosing frequency = 1,000; burnin = 0.25; savebrlens = yes.
Analyses ran for 25 million generations to ensure that the standard
deviation of split frequencies of the two chains was below 0.01.
All input data files are publicly available in DRYAD (doi: 10.5061/
dryad.4xgxd25d8).

Divergence Time Estimation

A divergence time estimation analysis was performed on the mo-
lecular and morphological datasets using BEAST 2 ver. 2.6.4
(Bouckaert et al. 2019). The molecular dataset was trimmed to
one terminal per species and sequences for all loci aligned in
MAFFT, as described above. The morphological dataset was
also trimmed to one terminal per species and, to capture mor-
phological variation, characters fused among individuals of
each species. xml files were prepared in Beauti (Drummond et
al. 2012). The morphological dataset was imported without re-
cording variable characters only and subsequently divided into
four partitions, and the molecular dataset was partitioned by the
five loci (18S-1TS2, 28S, 12S, 16S, COI), resulting in nine parti-
tions. The tree model was linked and site models were unlinked
across all partitions, whereas clock models were unlinked across
molecular partitions but linked across morphological partitions.
Vietbocapinae Lourengo 2007 was constrained to be monophy-
letic and Chaerilidae was constrained to be the sister group of
Pseudochactidae, with B. atlantis as the outgroup. A simple HKY
model was applied to all molecular partitions with the gamma
category count set to four and base frequencies set to empirical. A
Lewis MK model was applied to all morphological partitions, with
the gamma rate category count set to four and the gamma shape
parameter linked across all morphological partitions by manually
editing the xml files. A Yule model was implemented for the tree
prior and a gamma distribution was applied to the birthrate prior
with o =0.001 and B =1,000. A relaxed lognormal molecular
clock was set for the clock model of each partition. Clock priors
were set to the default uniform distribution for the morphological
partition and a uniform distribution applied to all loci with the
following parameters: ucld.min = 0.002, ucld.max = 0.5 for 128,
16S, COI, and ucld.min = 0.0001, ucld.max = 0.01 for 28S and
18S-ITS2 (Bryson et al. 2013, Loria and Prendini 2020). The tree
was calibrated using the estimated divergence date (ca. 329 Ma)
between Chaerilidae and Pseudochactidae, following Sharma et
al. (2018) who estimated divergence dates among scorpion fam-
ilies using genomic data from 30 taxa and five fossil calibrations
under an autocorrelated lognormal model. Although Sharma et al.
(2018) recovered a younger divergence date between Chaerilidae
and Pseudochactidae (198 Ma) using an uncorrelated gamma
rates model, the results of the autocorrelated lognormal model
were preferred as simulations and empirical studies (Lepage et
al. 2007, Paradis 2013) have shown this model to be superior
compared to the uncorrelated gamma rates model (Sharma et
al. 2018). A normal distribution was applied to the divergence
between Chaerilidae and Pseudochactidae with p =329 Ma and
sigma 0 =10 Ma. Two MCMC runs were performed using dif-
ferent starting seed values, to test for convergence. Each analysis
ran for 500 million generations on CIPRES with tracelog = 10,000
and treelog = 10,000. Convergence was assessed using Tracer ver.
1.7.2 (Rambaut et al. 2014). After multiple initial runs with poor
convergence, operators were adjusted for several priors following

recommendations in BEAST 2 output files. In the final analysis,
trees were combined in LogCombiner by removing 25% of burnin
from each run, and the maximum clade credibility tree selected
using TreeAnnotator. Input data files are publicly available in
DRYAD (doi: 10.5061/dryad.4xgxd25d8).

Ancestral Range Estimation

Ancestral range reconstruction for the time-calibrated phylogen-
etic tree was performed using the BioGeoBEARS ver. 1.1.1 package
(Matzke 2013a, b, 2014) in R ver. 4.0.0 (R Core Team 2020).
Outgroup taxa were removed as the ancestral areas of Buthidae and
Chaerilidae are unknown. Four biogeographical areas were defined:
1) Tajik and north Pamir blocks (northern Afghanistan and southern
China, Uzbekistan and Tajikistan), 2) western Cimmeria, including
only the Farah, Helmand, south-central Pamirs, Karakorum and
Band-e Bayan blocks (present-day Afghanistan and northern
Pakistan), 3) northwest Annamite Mountains (Khammouan Karst,
Laos), 4) northeast Annamite Mountains (Phong Nha-Ké Bang
Karst, Vietnam). Each species was scored present or absent in each
area and the maximum number of areas a species was allowed to
occupy, set to four. Three models were compared in the analysis:
Dispersal-Extinction-Cladogenesis, DIVALIKE and BAYAREALIKE,
and an additional parameter (j), which allows a founder speciation
event, was tested for each. Statistical analyses were performed to
determine the likelihood of the dataset for each model, and the
model with lowest likelihood was selected as the best fit. Input data
files and R scripts are publicly available in DRYAD (doi: 10.5061/
dryad.4xgxd25d8).

Troglomorphism and Ancestral State Reconstruction
Ancestral state reconstruction was performed on fifteen mor-
phological characters pertaining to cave adaptation to under-
stand the evolution of troglomorphism in Pseudochactidae.
Species isolated in cave environments are known to exhibit
several troglomorphic characters, including reduced (pale) pig-
mentation, reduced ocelli (eyes), and elongated appendages or
enhanced non-visual sensory organs to compensate for the ab-
sence of visual systems and/or assist with locomotion and pre-
dation in subterranean environments (Prendini et al. 2021). A
morphological matrix was prepared including the following
characters (Table 6): presence/absence of pigmentation on the
carapace, tergites, and legs, 4 (26.7%); presence/absence of the
median and lateral ocelli, 6 (40%); attenuation of the pedipalps,
1 (6.7%); presence/absence of spurs, spinules and macrosetae
on the legs, 3 (20%); and shape of the telson vesicle, 1 (6.7%).
Following Ojanguren-Affilastro et al. (2016) and Loria and
Prendini (2021), character states were scored and summed for
each species and scaled to create an ensemble index of cave
adaptation with values ranging from 1 to 10. Scaled scores were
treated as discrete characters and ancestral state reconstruction
performed on the divergence time tree applying three models, all
rates equal (ER), symmetric (SYM), and all rates different (ARD),
using the phytools package (Revell 2012) in R. Absolute values
of log-likelihoods were mapped onto nodes and chi-squared tests
performed to select the best-fitting reconstruction. Scaled scores
were then classified on a troglomorphic continuum from epigean
species (score = 1) to hypogean species progressively more
adapted to caves (score = 10): 1-5 (epigean), 6-8 (troglophilic),
9-10 (troglobitic). Input data files and R scripts are publicly
available in DRYAD (doi: 10.5061/dryad.4xgxd25d8).
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Table 6. Distribution of 15 morphological characters used to recon-
struct ancestral ecomorphotypes for the relictual Asian scorpion
family Pseudochactidae Gromov 1998

Species Character Matrix Score
Buthus atlantis 11000 00000 20000 (2]
Chaerilus sejnai 00000 10011 01100 [2.5]
Pseudochactas mischi 11110 11011 10110 [5.5]
Pseudochactas ovchinnikovi 10000 11011 10110 [4]
Troglokbammouanus steineri 00011 11111 10211 [6]
Aemngvantom lao 11112 11211 21211 [9.5]
Aemnguvantom thamnongpaseuam 11112 11211 21211 [9.5]
Vietbocap canhi 11112 11211 31211 [10]

Terminology follows Supp Appendix 3 (online only).

—_

. Tegument base coloration: brown [0]; yellowish [+1].

2. Carapace infuscation: present [0]; absent (immaculate) [+1].

3. Mesosomal tergites infuscation: present (entirely or partially infuscate)
[0]; absent (immaculate) [+1].

4. Legs, femoral and patellar prolateral surfaces infuscation: present [0];

absent (immaculate) [+1]

[

. Carapace median ocelli: present, pigmented [0]; present, not pigmented

in some individuals [+1]; absent [+2].

N

. Carapace lateral ocelli, anterolateral major (ALMa) ocelli: present, pig-
mented [0]; absent [+1].

. Carapace lateral ocelli, mediolateral major (MLMa) ocelli: present, pig-
mented [0]; absent [+1].

. Carapace lateral ocelli, posterolateral major (PLMa) ocelli: present,

~

o«

pigmented [0]; present, not pigmented in some individuals [+1]; absent
[+2].

. Carapace lateral ocelli, anterodorsal minor (ADMi) ocelli: present, pig-
mented [0]; absent [+1].

10. Carapace lateral ocelli, posterodorsal minor (PDMi) ocelli: present, pig-
mented [0]; absent [+1].

. Pedipalps shape: segments very robust, chela manus incrassate [0]; seg-

Nel

1

—_

ments moderately robust, chela manus globose [+1]; segments gracile,
chela manus globose [+2]; segments gracile, chela manus elongate [+3].

12. Legs I and IV, tibial spurs: present [0]; absent [+1].

13. Legs I-IV basitarsi and telotarsi, spinules: absent [0]; short [+1];
long [+2].

14. Legs I-IV telotarsi, ventrosubmedian rows of (socketed) macrosetae:
present [0]; absent [+1].

15. Telson vesicle, shape: globose [0]; elongate [+1].

Results

Phylogenetic Analyses

Separate analyses of the molecular dataset with BI, ML, and parsi-
mony with equal and implied weighting (k = 1, 3, 10, 60, 100) re-
covered all subfamilies, genera, species, and both cave populations
of V. canhi (Tién Son and Thién Duong) as monophyletic (Table 7).
Posterior probability and bootstrap support values were high for all
taxa and clades in the analyses with BI (20.99), ML (296%) and
parsimony with equal weighting (> 100%). Jackknife support values
were generally high (285%) in the parsimony analysis with equal
weighting except for intraspecific relationships among A. lao, V.
canbi, P. ovchinnikovi and T. steineri (>10%).

Separate analyses of the morphological dataset with parsimony
and equal or implied weighting (k = 1, 3, 10, 60, 100) were congruent
with separate analyses of the molecular dataset. Bootstrap support
values in separate analyses of the morphological dataset with parsi-
mony and equal weighting were mostly high (299%) except for the
following taxa and clades, which received low to moderate support:

P. ovchinnikovi (68%), Pseudochactas (58 %), the Thién Pudng popu-
lation of V. canhi (28%), and the Southeast Asian clade comprising
Troglokhammouaninae Prendini et al. 2021 and Vietbocapinae.
Jackknife support values in the separate analysis of the morphological
dataset with parsimony and equal weighting were also high (= 79%)
except for P. ovchinnikovi (70%), A. lao (66%), the Thién Pudng
population of V. canhi (54%) and intraspecific relationships among A.
lao, P. ovchinnikouvi, T. steineri and V. canhi (> 10%).

Simultaneous analyses of the morphological and molecular
datasets with BI, ML and parsimony with equal or implied weighting
(k=1, 3,10, 60, 100) were congruent with separate analyses of the
molecular and morphological datasets and recovered all subfam-
ilies, genera, species and populations as monophyletic. Posterior
probability and bootstrap support values obtained by simultaneous
analysis of the morphological and molecular datasets were gener-
ally high in the analyses with BI (>0.99), ML (>99%), and parsi-
mony with equal weighting (> 100%). Jackknife support values were
also high (283%) in the parsimony analysis with equal weighting
except for the following, which received low to moderate support:
P. ovchinnikovi (63%) and intraspecific relationships among V.
canhi and T. steineri (>10%). Unambiguous morphological synapo-
morphies were optimized on the ML tree obtained by simultaneous
analysis of the morphological and molecular datasets, the preferred
phylogeny (Fig. 2). Output files from phylogenetic analyses are pub-
licly available in figshare: 10.6084/m9.figshare.21067528.

Divergence Time Estimation

The two independent MCMC chains from the divergence time estima-
tion analysis in BEAST 2 produced 50,000 trees each. Examination
of the logfiles in Tracer indicated convergence of the two chains. ESS
values were above 200 for all parameters in both MCMC runs ex-
cept with the gamma shape parameter, which was below 100 in one
run, and the standard deviation of the morphological matrix, which
was below 100 in both runs. The maximum clade credibility tree
(Fig. 3), produced after removing 25% burnin and combining trees
from both chains, was a fully dichotomous phylogeny. In accord-
ance with the calibrated node, the divergence between Chaerilidae
and Pseudochactidae occurred in the Late Mississippian of the
Carboniferous (327 Ma, 95% HPD: 318-337 Ma). The divergence
between Pseudochactinae Gromov 1998 and the Southeast Asian
subfamilies, Troglokhammouaninae and Vietbocapinae, occurred in
the Jurassic (157 Ma, 95% HPD: 115-184 Ma), whereas the diver-
gence between Troglokhammouaninae and Vietbocapinae occurred
in the Early Cretaceous (116 Ma, 95% HPD: 90-142 Ma). Within
Vietbocapinae, the divergence between Aemngvantom and Vietbocap
occurred in the Late Cretaceous (97 Ma, 95% HPD: 74-121 Ma),
and within Pseudochactinae, the divergence between P. mischi and
P. ovchinnikovi also occurred in the Late Cretaceous (79 Ma, 95%
HPD: 4-109 Ma). The divergence between the two troglobitic spe-
cies of Aemngvantom, A. lao and A. thamnongpaseuam, occurred in
the Miocene (18 Ma, 95% HPD: 11-25 Ma). Output files from the
divergence time estimation analysis are publicly available in figshare:
10.6084/m9.figshare.21067528.

Ancestral Range Estimation

Based on comparison of the AIC, AICc, and log-likelihood values
from the ancestral range estimation analysis in BioGeoBEARS,
the DIVALIKE +; model had the lowest log-likelihood and
was the most appropriate model for the dataset (Table 8; Fig.
4). According to this model, by the Late Jurassic, the ancestral
range of Pseudochactidae comprised western Cimmeria and
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Fig. 2. Preferred phylogeny (A) of the relictual Asian scorpion family Pseudochactidae Gromov 1998 based on simultaneous analysis of the morphological

and molecular datasets using Maximum Likelihood with unambiguous m
apomorphic states, white circles, parallel deviations of apomorphic states.

Appendices 2 and 3 [online only]). Dorsal habitus (B-F) of five species of Ps
(AMNH) (B), Troglokhammouanus steineri Lourengo 2007, Tham Xe Bang Fai,
Nong Pa Seuam, Laos, holotype @ (AMNH) (D), Aemngvantom lao (Lourengo
Pham 2010, Tién Son, Vietnam, @ (AMNH) (F). Scale bars = 10 mm.

the Tajik and north Pamir blocks, and the northwest Annamite
Mountains (Khammouan Karst). Western Cimmeria and the
Tajik and north Pamir blocks were recovered as ancestral for
the Central Asian subfamily, Pseudochactinae, and the north-
west Annamite Mountains (Khammouan Karst) as ancestral for
the Southeast Asian subfamilies, Troglokhammouaninae and
Vietbocapinae. Given criticism of the j parameter in DEC ana-
lyses (Ree and Sanmartin 2018), ancestral range estimations

orphological synapomorphies optimized. Black circles indicate uniquely derived
Numbers above circles indicate characters, numbers below indicate states (Supp
eudochactidae: Pseudochactas ovchinnikovi Gromov 1998, Babatag, Uzbekistan, ¢
Laos, @ (AMNH) (C), Aemngvantom thamnongpaseuam Prendini et al. 2021, Tham
2012), Tham Nam Lot (Lod), Laos, ¢ (AMNH) (E) and Vietbocap canhi Lourengo and

of the second best-fit model, BAYAREALIKE, were compared
(Table 9). According to this model, although the ancestral range
of Pseudochactinae was the same as the DIVALIKE +; model,
the ancestral ranges of Pseudochactidae, Troglokhammouaninae
and Vietbocapinae were broader (Table 9). However, these dif-
ferences do not alter the biogeographical hypothesis proposed
below. Output files from BioGeoBEARS are publicly available in
figshare: 10.6084/m9.figshare.21067528.
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Fig. 3. Estimation of divergence times (A) in evolution of the relictual Asian scorpion family Pseudochactidae Gromov 1998 with palaeogeographical
reconstructions (B) indicating tectonic positions and past and present plate boundaries. Geological time periods on phylogeny include Devonian, Carboniferous,
Permian, Triassic, Jurassic, Cretaceous, and Cenozoic. Divergence ages (in millions of years) plotted on phylogeny. Circled numbers denote three divergence
events leading to Pseudochactidae and its three subfamilies. Timeline for origins, dispersal, and diversification of Pseudochactidae as follows: Carboniferous
(340 Ma), Pseudochactidae originates near Tajik block (colored grey area), situated among chain of continental blocks and island arcs between Turkestan and
Palaeo-Tethys Oceans. Jurassic-Triassic Boundary (202 Ma): Cimmerian continent collides with Eurasia and Indochina in the Jurassic, allowing ancestor of
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Table 8. Statistics for models tested (DEC, DIVALIKE, and BAYAREALIKE) including an additional founder effect (j) parameter in ancestral
range estimation of the relictual Asian scorpion family Pseudochactidae Gromov 1998: likelihoods (InL), number of parameters in each
model, dispersal (d), extinction (e), founder effect (j), Akaike Information Criterion (AIC), and corrected AIC (AlCc)

Model InL Parameters d e j AIC AlCc
DEC -16.29 2 0.01000 0.001 0 36.6 40.6
DEC +j -16.29 3 0.01000 0.001 0.00010 38.6 50.6
DIVALIKE -16.34 2 0.01000 0.001 0 36.7 40.7
DIVALIKE +; -5.15 3 0.00000 0.00000 0.14938 16.3 28.3
BAYAREALIKE -11.31 2 0.00114 0.00878 0 26.6 30.6
BAYAREALIKE + -6.89 3 0.00000 0.00000 0.26504 19.8 31.8

Troglomorphism and Ancestral State Reconstruction
The ensemble index of troglomorphic characters identified a con-
tinuum from epigean species (score = 1) to hypogean species pro-
gressively more adapted to caves (score = 10): 1-5 (epigean), 6-8
(troglophilic), 9-10 (troglobitic). The two Pseudochactas were re-
covered as epigean (scores for P. mischi and P. ovchinnikovi = 5.5
and 4, respectively), T. steineri as troglophilic (score = 6), and the
three species of Vietbocapinae, as troglobitic (scores for A. lao, A.
thamnongpaseuam and V. canhi = 9.5, 9.5 and 10, respectively). The
outgroup taxa, B. atlantis and C. sejnai, were recovered as epigean
(scores = 2 and 2.5, respectively).

Ancestral state reconstruction of the cave adaptation index
produced log-likelihood scores of -13.45, -11.83, -10.96 for
the ER, SYM, and ARD models, respectively. Chi-squared tests
of log-likelihood scores selected the ARD as the best fit, although
reconstructions across all models were mostly congruent (Fig. 5).
According to reconstructions from all three models, the ancestors
of Pseudochactidae and Pseudochactinae were epigean, whereas
the ancestors of Troglokhammouaninae and Vietbocapinae
were troglobitic. Output files from the ancestral range esti-
mation analysis are publicly available in figshare: 10.6084/
m9.figshare.21067528.

Discussion

Pseudochactid Systematics

The type species of the family, P. ovchinnikovi, was discovered
in the Babatag Mountains of southeastern Uzbekistan and
southwestern Tajikistan. The distribution of Pseudochactidae was
extended when the cavernicolous T. steineri was discovered in a
cave in the Hin Nam No National Protected Area of central Laos.
Three years later, another cavernicolous species, V. canhi, was de-
scribed from a second cave on the Vietnamese side of the Annamite
Mountains. Pseudochactas mischi from Afghanistan, another three
species of Vietbocap and a second species of Troglokhammouanus
from the Khammouan-Phong Nha-Ké¢ Bang Karst were sub-
sequently described (Lourenco 2012, 2017; Loureng¢o and
Pham 2012; Lourengo et al. 2018). However, a recent revision

of Pseudochactidae by Prendini et al. (2021) synonymized V.
aurantiacus, V. quinquemilia and V. thienduongensis with V. canhi
Troglokhammouanus louiseanneorum Lourengo 2017 with T.
steineriy and created a new cavernicolous genus, Aemngvantom,
to accommodate two species endemic to the Khammouan Karst
of Laos: A. lao and A. thamnongpaseuam. Three subfamilies were
recognized: Pseudochactinae accommodating Pseudochactas;
Vietbocapinae accommodating Aemngvantom and Vietbocap; and
Troglokhammouaninae accommodating Troglokhammouanus.

The phylogenetic analyses presented here confirm recent system-
atic changes in Pseudochactidae implemented by Prendini et al. (2021).
The three subfamilies, Pseudochactinae, Troglokhammouaninae and
Vietbocapinae, were monophyletic with high support across ana-
lyses. Within Pseudochactinae, Pseudochactas and P. ovchinnikovi
were monophyletic. Troglokhammouanus steineri, the sole species
of Troglokhammouaninae, was also recovered as monophyletic. The
genera and species of Vietbocapinae were also monophyletic across
the phylogenetic analyses.

Eurasian Origin in Carboniferous

Pseudochactidae is an ancient, relictual lineage (Soleglad and
Fet 2003a, Fet et al. 2004, Prendini et al. 2006). Soleglad and Fet
(2003a) proposed a Pangaean origin, during the Permian/Triassic,
for the family. Fet et al. (2004) suggested that the ancestor of
Pseudochactidae inhabited littoral forests on islands in the Tethys
Sea in the Cretaceous, which were elevated during Tertiary uplift due
to collision of the Indian subcontinent with Eurasia, shielding them
from the onset of aridification in the Eocene. Prendini et al. (2006)
stated that a more recent divergence was likely if Pseudochactidae
was the sister group of Buthidae. A dated phylogenomic analysis
of scorpions, calibrated using fossil scorpions and other arachnids
under an autocorrelated lognormal model, proposed an even earlier
divergence between Pseudochactidae and Chaerilidae, ca. 329 Ma
in the Carboniferous, whereas a second analysis applying an uncor-
related gamma rates model, placed this divergence much later, ca.
198 Ma in the Jurassic (Sharma et al. 2018). However, Sharma et al.
(2018) preferred the results of the autocorrelated lognormal model

Pseudochactidae to disperse into western Cimmeria (orange arrow), resulting in subfamily Pseudochactinae Gromov 1998, and Indochina (green arrow), leading
to common ancestor of Southeast Asian subfamilies, Troglokhammouaninae Prendini et al. 2021 and Vietbocapinae Lourengo 2007. Early Cretaceous (120
Ma): Southeast Asian pseudochactids diverge into two subfamilies (blue-green stripes): Troglokhammouaninae and Vietbocapinae. Pliocene (3 Ma): Miocene
aridification causes pseudochactids to retreat into subterranean refugia in Annamite Mountains (blue-green stripes) and widespread extinction of surface-
dwelling pseudochactids across ancestral range in Southeast Asia. 340 Ma, 202 Ma, and 120 Ma palaeogeographical reconstructions from Metcalfe (2011,
2013) with Africa, Australia, East Java-West Sulawesi (EJ-WS), East Malaya (EM), India, Indochina (1), Kazakhstan, Laurentia, Lhasa (L), north China (NC), north
Qiangtang-Qamdo-Simao (NQ-QS), Siberia, Simao (Sl), south China (SC), south Qiangtang (SQ), southwest Borneo (SWB), Sibumasu (S), Sukhothai Arc (SA),
Tarim, west Burma (WB), west Sumatra (WS), and western Cimmeria (WC) land blocks; 3 Ma palaeogeographical reconstruction from Morley (2018): open forest
with grasses, scrub and savanna; seasonal evergreen, semi-evergreen and closed deciduous forest; and perhumid rainforest.
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Fig. 4. Estimation of ancestral ranges for the relictual Asian scorpion family Pseudochactidae Gromov 1998 in four biogeographical regions: Tajik and north
Pamir blocks (northern Afghanistan and southern China, Uzbekistan and Tajikistan) (A); western Cimmeria, including only the Farah, Helmand, south and
central Pamirs (SP and CP, respectively), Karakorum (K) and Band-e Bayan (BB) blocks (present-day Afghanistan and northern Pakistan) (B); northwest Annamite
Mountains (Khammouan Karst, Laos) (C); northeast Annamite Mountains (Phong Nha-Ké Bang Karst, Vietnam) (D). Geological reconstructions following
Montenat (2009), Collett et al. (2015), Robinson (2015), Siehl (2017), and Li et al. (2020).
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Table 9. Most probable ancestral areas of the relictual Asian scor-
pion family Pseudochactidae Gromov 1998 and its subfamilies
based on the best-fit DIVALIKE + j model and the second best-fit
BAYAREALIKE model

Taxon DIVALIKE +j BAYAREALIKE
Pseudochactidae A,B, C A,B,C,D
Gromov 1998
Pseudochactinae A,B AB
Gromov 1998
Troglokhammouaninae C C,D
Prendini et al. 2021
Vietbocapinae C C,D

Lourenco 2007

Biogeographical regions as follows: Tajik and north Pamir blocks (northern
Afghanistan and southern China, Uzbekistan and Tajikistan) (A); western
Cimmeria, including only the Farah, Helmand, south and central Pamirs (SP
and CP, respectively), Karakorum (K) and Band-e Bayan (BB) blocks (present-
day Afghanistan and northern Pakistan) (B); northwest Annamite Mountains
(Khammouan Karst, Laos) (C); northeast Annamite Mountains (Phong Nha-
Ke Bang Karst, Vietnam) (D).

as this model is known to outperform the uncorrelated gamma rates
model in simulations and empirical studies (Lepage et al. 2007,
Paradis 2013).

The analyses presented here, which were calibrated using the
(Chaerilidae + Pseudochactidae) node from the autocorrelated
lognormal model of Sharma et al. (2018), support a Carboniferous
origin for Pseudochactidae. Based on this divergence date and
the geological literature, it is probable that the ancestor of
Pseudochactidae was present on the Tajik and north Pamir blocks in
the Paleozoic. During the Carboniferous and Permian, the Tajik and
north Pamir blocks were located between the Turkestan and Palaeo-
Tethys Oceans in the Northern Hemisphere and situated among a
chain of continental blocks and island arcs, including the Tien Shan,
Tarim, and Karakum blocks, among others (Fig. 3). Some geologists
consider the Tajik block to be part of the Tajik-Karakum microcon-
tinent, which was bounded to the south by north Pamir (Heubeck
2001, Biske and Seltman 2010, Alexeive et al. 2020, Nurtaev et
al. 2021). It is likely that the ancestor of Pseudochactidae was lo-
cated somewhere in this area because the Indochina and western
Cimmerian blocks were still attached to Gondwana in the Southern
Hemisphere at this time (Li et al. 2020; Fig. 3). Western Cimmeria
was also largely submerged during the Permian (Metcalfe 2011)
and limestone formations from the Khammouan-Phong Nha-Ké
Bang Karst date to the Carboniferous—Permian, suggesting this re-
gion was also submerged in the Paleozoic (Averyanov et al. 2003,
Metcalfe 2011, Debevec et al. 2012, Nguyen et al. 2012, Bolger
2019, Kambesis 2019), and providing further support for a Tajik/
north Pamir origin for Pseudochactidae.

Ancestral  state  reconstruction of the troglomorphic
ecomorphotype also suggests that the ancestor of Pseudochactidae
was epigean. Palynological data from the Tien Shan block, now adja-
cent to the Tajik block (Fig. 4), reveal a conifer-dominated forest that
evolved in a xeric, seasonal environment during the Carboniferous
(Zhou 1994). This corroborates additional palynological data from
the Tarim block during the Permian which suggests a landscape
dominated by conifers and pteridosperms adapted to drought condi-
tions (Zhu et al. 2005). During the Permian-Triassic, the Tajik block
became part of Asian plate and was later an inundated basin in the

Mesozoic and Cenozoic (Faryad et al. 2013, Dedow et al. 2020,
Kaya et al. 2020).

Late Jurassic Dispersal Across Western Cimmeria

and Indochina

The phylogenetic analyses recovered two major clades in
Pseudochactidae with a disjunct distribution, Pseudochactinae, en-
demic to Central Asia, and a clade comprising the two Southeast
Asian subfamilies. Whereas Pseudochactinae are epigean, the
Southeast Asian pseudochactids are strictly hypogean cave-dwellers
(Prendini et al. 2021; Fig. 5). As Pseudochactidae comprises only six
known species, including several cave relicts, disjunctly distributed
across a vast area, it can only be assumed that the family was once
more widespread and experienced high levels of extinction during
its evolutionary history. Louren¢o (2007) proposed a widespread
distribution of Pseudochactidae in the Paleozoic and suggested that
the only possible land connecting Uzbekistan and Tajikistan (Central
Asia) to Laos (Southeast Asia) was the old Asia core.

According to the divergence time estimation and ancestral
range estimation analyses, the divergence between Pseudochactinae
and the Southeast Asian subfamilies occurred roughly 157 Ma in
the Late Jurassic with the ancestor of Pseudochactinae occurring
on the Tajik and western Cimmerian blocks and the ancestor of
the Southeast Asian subfamilies occurring in Indochina. These
results can best be explained by dispersal across the Cimmerian
continent, a conglomeration of land blocks that rifted from
Gondwana in the Early Permian and traveled across the Palaeo-
Tethys during the Middle to Late Permian (Golonka 2004, Wang
et al. 2021; Fig. 3). The Cimmerian continent comprised two
parts, western and eastern Cimmeria. Although it is widely agreed
that eastern Cimmeria comprised the Baoshan, Sibumasu, South
Qiangtang, Tenchong, and possibly Lhasa land blocks (Angiolini
et al. 2013, Metcalfe 2013, Wang et al. 2021), there is debate con-
cerning the composition of western Cimmeria. Whereas most au-
thors include south-central Iran, south-central Afghanistan, and
south-central Pamir as part of western Cimmeria, some restrict
western Cimmeria to southern Afghanistan, southeastern Pamir
and southern Iran because central Afghanistan, central Iran, and
central Pamir rifted from Gondwana in the Early Carboniferous
and therefore do not have the same geological history as the rest
of Cimmeria (Angiolini et al. 2013, Robinson 2015, Wang et al.
2021). Regardless, by the Late Triassic (ca. 200 Ma), western
and eastern Cimmeria began to collide with each other, with the
north China, south China and Indochina blocks, and with Eurasia,
thereby closing the Palaeo-Tethys (Fig 3). This collision situated
eastern Cimmeria adjacent to the north and south China blocks and
Indochina and western Cimmeria just south of the Baltic continent
(Miyahigashi et al. 2010; Metcalfe 2011, 2013), enabling faunal
exchange between Cimmeria and proto-Eurasia. Based on the data
presented here, it appears that the ancestor of the Southeast Asian
pseudochactid subfamilies dispersed from the Tajik-north Pamir
region of proto-Eurasia into Indochina via the north and south
China blocks after this collision in the Jurassic (Metcalfe 2013;
Fig. 3). This collision also allowed Pseudochactinae to disperse to
the Farah and Helmand blocks (south-central Afghanistan) via the
south-central Pamir blocks in western Cimmeria. The absence of
Early Cretaceous marine deposits in south Pamir suggests it was
above sea level during this time (Robinson 2015). Oceanic bar-
riers among these western Cimmerian continental blocks may have
caused divergence between the two Pseudochactinae species in the
Late Cretaceous (Kaya et al. 2020; Fig. 4).
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Fig. 5. Preferred ancestral state reconstruction (A) for the relictual Asian scorpion family Pseudochactidae Gromov 1998 using ARD model of troglomorphism
index (scale = 1-10) ranging from epigean (score = 1) to hypogean, troglobitic (score = 10). Ecomorphotypes classified as epigean (1-5); hypogean, troglophilic

(6-8); and hypogean, troglobitic (9—-10). Carapace (B-D) of three pseudochactid species, representing each ecomorphotype: epigean: Pseudochactas ovchinnikovi

Gromov 1998 (B); troglophilic: Troglokhammouanus steineri Lourengo 2007 (C); and troglobitic: Vietbocap canhi Lourencgo 2010 (D).

Late Cretaceous Diversification in Southeast Asia

and Late Miocene Extinction

The phylogeny recovered two subfamilies, Troglokhammouaninae
and Vietbocapinae, within the Southeast Asian clade. Whereas T.
steineri, the sole species of Troglokhammouaninae, is troglophilic,
the three species of Vietbocapinae are troglobitic. All Southeast
Asian pseudochactids are endemic to the Khammouan-Phong
Nha-Ké Bang Karst in the northern Annamite Mountains of Laos
and Vietnam. This karstic region, 200 km long by 30 km wide, is
similar in age and composition to the karst of southern China, and
dates from the Middle Carboniferous to Lower Permian (Waltham
and Middelton 2000, Laumanns and Price 2011). Few studies
have examined the evolution of the fauna in this karstic region
and the only research on the evolution of cave arachnids in East
Asia concern species in southern China. Nicolas et al. (2012) sug-
gested that the Laotian rock rat, Laonastes aenigmanus Jennkins
et al. 2005, was widespread across limestone formations in Laos

during the Late Miocene to Early Pliocene. However, karst frag-
mentation during the Pliocene/Pleistocene isolated populations
resulting in a species complex. Zhang and Li (2013) found that
spiders of the genus Nesticella Lehtinen and Saaristo 1980 from
caves in southern China originated in the Early Miocene (ca. 20
Ma) and underwent substantial diversification between the Middle
Miocene to Late Pliocene due to tectonic uplift in southern China.
However, radiation into caves was only initiated in the Pleistocene
as species took refuge from glaciation in subterranean habitats
and colonized caves multiple times.

Based on the divergence time and ancestral range estimation ana-
lyses, the diversification of Southeast Asian pseudochactids began
in the Early Cretaceous (ca. 116 Ma) and the ancestor of this clade
was present in the northwestern Annamite Mountains (Khammouan
Karst; Fig. 3). Ancestral state reconstruction of troglomorphism
recovered the ancestors of both Troglokhammouaninae and
Vietbocapinae as troglobitic, suggesting that T. steineri, a
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troglophile that lacks cave-adapted features (Prendini et al. 2021),
evolved from an ancestor resembling the markedly troglomorphic
Vietbocapinae (Fig. 5); however, this hypothesis will need to be
tested further. Divergence between Aemmngvantom and Vietbocap
occurred in the Late Cretaceous (ca. 96 Ma), whereas divergence
between A. lao and A. thamnongpaseuam occurred in the Early
Miocene (18 Ma).

Beginning in the Late Miocene, uplift of the Himalayas and
Tibetan Plateau, closure of the Paratethys, and global cooling re-
sulted in aridification across Asia (Gathorne-Hardy et al. 2002,
Miao et al. 2013, Le et al. 2015, Tu et al. 2015, Loria and Prendini
2020). In Southeast Asia, forest was replaced with xeric-adapted
plants as evidenced by palynology and the remains of many sa-
vannah herbivores (Hui et al. 2011, Le et al. 2015, Morley 2018,
Jha et al. 2021). Morley (2018) indicated that between 20 Ma and
3 Ma, most of Indochina shifted from seasonal forest to open for-
ests with grasses, scrub, and savanna (Fig. 3). Despite climatic and
vegetational changes across the region, the Annamite (Trudng Son)
Mountains have been posited as a potential refugium in Southeast
Asia during periods of climate change (Surridge et al. 1999, Morley
2018). This mountain chain, uplifted in the early Triassic (Sterling
and Hurley 2008), is home to many ancient, endemic mamma-
lian and plant lineages, including the saola antelope (Pseudoryx
nghetinbensis Dung et al. 1993), the giant muntjac (Muntiacus
vuquangensis Tuoc et al. 1994), the Annamite striped rabbit
(Nesolagus timminsi Averianov et al. 2000) and Krempf’s pine
(Pinus krempfii Lecomte 1921), implying that the fauna and flora
of these mountains remained relatively stable for a long period of
time. A recent divergence time estimation analysis of the Laotian
rock rat (L. aenigmanus) also suggested this species survived in the
Annamite forests (Le et al. 2015). The results of the present study
support previous hypotheses (Bain and Hurley 2011) in suggesting
that epigean pseudochactids largely went extinct across their range
in Central and Southeast Asia during aridification in the Late
Miocene whereas hypogean pseudochactids survived in refugial
limestone caves of the northern Annamites (Figs. 3-5).

Alternative Hypotheses for Origins of Southeast

Asian Scorpions

Few biogeographical studies have investigated the origins and diver-
sification of Southeast Asian scorpions. Loria and Prendini (2020)
suggested an ‘Out of India’ origin for the Asian forest scorpions
(Heterometrinae Simon 1879). According to their hypothesis,
Heterometrinae diverged from other Scorpionidae Latreille 1802 on
the African continent after the Indian subcontinent became separated
in the Cretaceous. Environmental stresses during the Cretaceous—
Tertiary mass extinction caused range contraction, restricting one
clade of Heterometrinae to refugia in southern India (the Western
Ghats) and Sri Lanka (the Central Highlands). Heterometrinae then
dispersed to Southeast Asia three times during India’s collision with
Eurasia. The first dispersal event occurred in the Paleocene as the
Indian subcontinent brushed up against the western side of Sumatra
(ca. 55 Ma), the second in the Early Eocene as India moved closer
to Sumatra and Southeast Asia (45 Ma), and the third in the Late
Eocene as India touched the western side of Myanmar during its
final collision with Eurasia (ca. 35 Ma). After the Indian-Eurasian
collision, India’s climate shifted from zonal to monsoon during
the Miocene, resulting in aridification across the subcontinent.
Previously confined to southern India and Sri Lanka during the KT
mass extinction, Heterometrinae recolonized the Deccan Plateau
and northern India, diversifying into new, more arid habitats after

environmental conditions stabilized, until all niches were occupied
by the Middle Miocene (ca. 10 Ma).

Although Monod and Prendini (2015) used the African-Indian
rift to explain the origins of an Indian clade of Hormuridae Laurie
1896, the ‘Eurogondwana’ hypothesis was invoked to explain the
origin and distribution of an Indo-Pacific hormurid clade. According
to this hypothesis, Hormuridae originated on Gondwana in the
Paleozoic and the ancestors of the Indo-Pacific hormurid clade di-
verged in isolation from the ancestors of the African and South
American hormurid genera, when the Apulian microplate rifted
from Africa in the Early Cretaceous. The Indo-Pacific hormurid
clade subsequently arrived in Eurasia when the Apulian microplate
collided with Europe and dispersed across the Palearctic, eventu-
ally reaching Southeast Asia and Australasia. No hormurids pres-
ently occur in the Palearctic; hence Monod and Prendini (2015)
suggested that the ‘icehouse’ climate in the Neogene and the ‘hot-
house’ climate in the late Paleocene—early Eocene may have caused
the extinction of these mostly tropical or subtropical, humidity-
dependent scorpions.

The present contribution provides the first divergence time and bio-
geographical analysis of the scorpion family Pseudochactidae. Unlike
previous hypotheses (i.e., the ‘Out of India’ and ‘Eurogondwana’ hy-
potheses) concerning the origins of Southeast Asian scorpions, the
analyses presented support an ‘Out of Eurasia’ origin for this family.
Pseudochactids likely originated along a chain of continental blocks
and island arcs adjacent to proto-Eurasia in the Carboniferous and
dispersed into Indochina and Afghanistan after the Cimmerian con-
tinent and Indochina collided with Eurasia at the Triassic-Jurassic
boundary. However, unlike Heterometrinae, which diversified into
new environments with the onset of Late Miocene aridification
across Asia, epigean pseudochactids experienced widespread extinc-
tion across their range, persisting mostly as hypogean relicts in sub-
terranean refugia provided by the karstic landscape of the Annamite
Mountains, consistent with the ‘Climate Relict” hypothesis.

Note Added in Proof

While this paper was in press, a new monotypic genus of
Pseudochactidae, Qianxie solegladi Tang, 2022, was described from
a riparian habitat in Yunnan, China in: Tang, V. 2022. A new scor-
pion genus and species from China, Qianxie solegladi gen. et sp. n.
(Scorpiones: Pseudochactidae). Euscorpius 351: 1-19. Tang (2022)
suggested Q. solegladi is closely related to T. steineri and placed it
in Troglokhammouaninae, a hypothesis that appears plausible but
awaits confirmation with phylogenetic analysis. Although the new
taxon was described based on a single female holotype, an adult
male and several other observational records were noted by the
author in both the Yunnan and Sichuan provinces of China. The
discovery of this new species supports the biogeographical hypoth-
eses presented herein as the area in which it occurs was formerly
part of the South China block, suggesting that the ancestor of the
Southeast Asian pseudochactid subfamilies (Troglokhammouaninae
+ Vietbocapinae) dispersed from the Tajik-north Pamir region
of proto-Eurasia into Indochina via the north and south China
blocks. Quanxie solegladi is lapidicolous and represents the first
epigean member of the Southeast Asian pseudochactid subfamilies.

Supplementary Data

Supplementary data are available at Insect Systematics and Diversity online.
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