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Phylogeny and divergence time estimation of relictual
Asian scorpion family suggests Early Cretaceous
connections between Burma Terrane and Eurasia,

and corrects placement of Chinese taxon

LORENZO PRENDINIL' QIANG XUAN,? SHIYU DU, CHENGBIN WANG,*
VALENTIN L. EHRENTHAL,> AND STEPHANIE E. LORIA®

ABSTRACT

The ancient, relictual Asian scorpion family Pseudochactidae Gromov, 1998, has a disjunct
distribution. Five genera and seven species of living pseudochactids are assigned to one epigean
subfamily, Pseudochactinae Gromov, 1998, from Central Asia and southern China, and two hypo-
gean subfamilies, Troglokhammouaninae Prendini et al., 2021, and Vietbocapinae Lourengo, 2012,
from caves of the Khammouan-Phong Nha-Ké Bang Karst in the northern Annamite (Trudng Son)
Mountains of Laos and Vietnam. The extinct subfamily Chaerilobuthinae Lourengo and Beigel,
2011, comprises one genus and 15 species, hypothesized to be endogean, from mid-Cretaceous
Burmese amber. The discovery and uncertainty regarding the phylogenetic placement of Qianxie
solegladi Tang, 2022, from South China, together with the discovery that the Cretaceous amber
Chaerilobuthinae, from the Burma Terrane, is the sister group of the extant pseudochactid subfamily
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Vietbocapinae provided an opportunity to revisit the phylogeny and biogeography of Pseudochacti-
dae, and their adaptation to subterranean habitats in Southeast Asia. In the present contribution,
pseudochactid phylogeny is reanalyzed using three mitochondrial markers (12S rDNA, 16S rDNA,
Cytochrome ¢ Oxidase Subunit I), three nuclear markers (18S rDNA, 28S rDNA, Internal Tran-
scribed Spacer) and 143 morphological characters, for all extant pseudochactid taxa and seven
exemplar species of the extinct Chaerilobuthinae. Divergence time and ancestral range estimation
are conducted and the evolution of troglomorphic characters investigated to reassess how this lin-
eage of “living fossils” dispersed and diversified. Recent changes to the systematics of Pseudochacti-
dae are confirmed. The four subfamilies, genera, and species were monophyletic with high support
and the following scheme of relationships: (Pseudochactinae (Troglokhammouaninae (Chaeril-
obuthinae + Vietbocapinae))). Phylogenetic analyses, reinforced by a multivariate morphometric
analysis and pairwise genetic distances, confirm the validity of the monotypic, epigean Chinese
genus, Qianxie Tang, 2022, which formed a monophyletic group with the epigean Central Asian
genus, Pseudochactas Gromov, 1998, rather than the hypogean Southeast Asian genus, Troglokham-
mouanus Lourengo, 2007. Qianxie solegladi is transferred to Pseudochactinae. A revised time tree
of Pseudochactidae suggests that the Burmese Chaerilobuthinae diverged from the Indochinese
subfamilies, Troglokhammouaninae and Vietbocapinae, in the Early Cretaceous (ca. 117 Ma), con-
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sistent with Early Devonian rifting of the Burma Terrane.

INTRODUCTION

The scorpion family Pseudochactidae Gro-
mov, 1998, currently comprising four subfamilies,
six genera, and 22 species, 15 known only from
mid-Cretaceous Burmese amber (Prendini et al.,
2021; Tang, 2022; Xuan et al.,, 2025), has a dis-
junct distribution in Central and Southeast Asia
(table 1; fig. 1). Among the living pseudochactid
taxa, one epigean genus, Pseudochactas Gromov,
1998, inhabits arid valleys near the Tajik Depres-
sion and north Pamir Mountains of Central Asia
(fig. 1), another inhabits river valleys in southern
China, and three hypogean genera are restricted
to the Khammouan-Phong Nha-Ké Bang Karst in
the northern Annamite (Trudng Son) Mountains
of Southeast Asia (Prendini et al., 2021; Loria et
al., 2022; Tang, 2022).

Pseudochactidae represent an ancient, relic-
tual lineage that was once more widespread (Loria
et al., 2022). These scorpions are considered “liv-
ing fossils” due to their distinctive morphology,
which includes a unique configuration of carapa-
cial sutures and a unique pattern of pedipalp
trichobothria, among other characters (Soleglad
and Fet, 2003a; Fet et al., 2004; Prendini et al,

2006, 2021; Lourengo, 2007; Loria et al., 2022).
The phylogenetic position of the family has been
extensively debated. Three alternative hypotheses
were initially 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 that the family might
be closely related to Buthidae or Chaerilidae based
on trichobothrial pattern whereas Lourenco
(2000) placed it in superfamily Chaeriloidea
Pocock, 1893, implying a sister-group relationship
with Chaerilidae. Soleglad and Fet (2001) and
Prendini et al. (2006) suggested a close relation-
ship to Buthidae based on trichobothria and other
characters, including the reproductive system.
Morphological phylogenetic analyses (Soleglad
and Fet, 2003a, 2003b) placed Pseudochactas
ovchinnikovi Gromov, 1998, the only pseudochac-
tid known at the time, sister to all Recent scorpi-
ons, supporting Gromov’s (1998) original opinion.
Phylogenomic analyses initially placed two of the
Southeast Asian species of Pseudochactidae sister
to an exemplar species of Chaerilidae (Sharma et
al., 2015a, 2015b), apparently confirming the
Chaeriloidea hypothesis of Lourenco (2000), but
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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), Tang (2022), and Xuan et al. (2025).

Subfamily

Species

Distribution

tChaerilobuthinae Lourengo and Beigel, 2011

Pseudochactinae Gromov, 1998

‘tChaerilobuthus barbarae (Lourenco and Velten, 2025)

+Chaerilobuthus brigittemuellerae (Lourengo and Velten, 2020)

tChaerilobuthus birmanicus Lourengo, 2015
tChaerilobuthus brandti Lourengo, 2022
tChaerilobuthus bruckschi Lourenco, 2015
tChaerilobuthus complexus Lourengo and Beigel, 2011
‘tChaerilobuthus enigmaticus Lourengo, 2015
‘tChaerilobuthus gigantosternum Lourengo, 2016
‘tChaerilobuthus hansgeorgmuelleri Lourengo, 2019
tChaerilobuthus knodelorum Lourencgo, 2018
tChaerilobuthus longiaculeus Lourengo, 2013
tChaerilobuthus meggeri Lourengo, 2021
tChaerilobuthus schmidti (Lourengo and Velten, 2024)
‘tChaerilobuthus schwarzi Lourengo, 2015
+Chaerilobuthus serratus Lourengo, 2016

tChaerilobuthus staxi Lourenco, 2024

Pseudochactas mischi Soleglad et al., 2012
Pseudochactas ovchinnikovi Gromov, 1998

Qianxie solegladi Tang, 2022

Troglokhammouaninae Prendini et al., 2021

Vietbocapinae Lourenco, 2012

Troglokhammouanus steineri Lourengo, 2007

= Troglokhammouanus louisanneorum Lourengo, 2017

Aemngvantom lao (Lourengo, 2012)

Aemngvantom thamnongpaseuam Prendini et al., 2021
Vietbocap canhi Louren¢o and Pham, 2010

= Vietbocap thienduongensis Louren¢o and Pham, 2012
= Vietbocap auriantiacus Lourenco et al., 2018

= Vietbocap quinquemilia Lourenco et al., 2018

Myanmar

Afghanistan
Tajikistan, Uzbekistan
China

Laos

Laos

Vietnam
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subsequent analyses placed the family sister to a
clade comprising Buthoidea and Chaeriloidea (Du
et al., 2024).

Prendini et al. (2021) presented the first inte-
grative systematic revision of Pseudochactidae. The
subfamilies, genera and species were revised follow-
ing a phylogenetic analysis of 140 morphological
characters and 8608 nucleotide base pairs (bp) of
concatenated DNA sequence from two nuclear and
three mitochondrial gene loci for all species known
at the time, and a multivariate statistical analysis of
22 ratios and 8 counts recorded from 60 specimens.
Three subfamilies, four genera and six species were
recognized in the family following the synonymy of
four species and the description of a new subfamily,
genus and species (Lourengo and Pham, 2010,
2012; Lourengo, 2012, 2017; Lourengo et al., 2018;
Prendini et al., 2021): Pseudochactinae Gromov,
1998, accommodating two species of Pseudochac-
tas; Vietbocapinae Lourenco, 2012, accommodat-
ing two species of Aemngvantom Prendini et al.,
2021, and the monotypic Vietbocap Lourengo and
Pham, 2010; and Troglokhammouaninae Prendini
et al,, 2021, accommodating the monotypic Tro-
glokhammouanus Lourengo, 2007. The following
scheme of phylogenetic relationships was recov-
ered: (Pseudochactinae (Troglokhammouaninae +
Vietbocapinae)).

Subsequently, Tang (2022) described the
first pseudochactid from China, and placed it in
a new monotypic genus, Qianxie Tang, 2022.
Tang (2022) suggested Qianxie is closely related
to Troglokhammouanus and assigned it to Tro-
glokhammouaninae, a move considered plausi-
ble by Loria et al. (2022).

In a recent morphological phylogenetic anal-
ysis, based in part on an extensive new collection
of Burmese amber fossils, Xuan et al. (2025) dem-
onstrated that the extinct family Chaerilobuthi-
dae Lourengo and Beigel, 2011, comprising one
genus and 16 species (after synonymizing two
monotypic genera), forms a monophyletic group
with the extant pseudochactid subfamily Vietbo-
capinae, justifying its transfer to Pseudochactidae
(as Chaerilobuthinae) and indicating that the
minimum age of Pseudochactidae is more than
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99 Ma. The Bayesian analysis of Xuan et al. (2025)
placed Qianxie sister to Troglokhammouanus,
supporting Tang’s (2022) assignment to Troglok-
hammouaninae. However, Troglokhammouani-
nae was rendered paraphyletic by the placement
of Qianxie sister to all other Pseudochactidae,
except Troglokhammouanus, in the maximum
likelihood analysis of Xuan et al. (2025). The mul-
tivariate morphometric analysis presented by
Xuan et al. (2025) suggested that Qianxie is more
closely related to Pseudochactas than to
Troglokhammouanus.

The two Central Asian species of Pseudoch-
actas Gromov, 1998, are lapidicolous (Prendini,
2001) with an affinity for humid microhabitats
(hygrophily), occurring under stones or in mud
cracks along riverbanks in semiarid mountain-
ous areas (Prendini et al., 2006; Soleglad et al.,
2012). The Chinese species, Quanxie solegladi
Tang, 2022, also appears to be lapidicolous and
was collected in riparian habitats, again suggest-
ing an ecological requirement for humidity
(Tang, 2022). The three Southeast Asian genera,
Aemngvantom, Troglokhammouanus, and Vietbo-
cap, occur below ground in limestone caves, and
were collected along walls, under stones or in
cracks in rock or mud, and in the case of Troglok-
hammouanus, close to a river (Prendini et al.,
2021). Although the three Southeast Asian gen-
era are exclusively subterranean, records of their
distance from the surface environment vary. Tro-
glokhammouanus steineri Lourengo, 2007 was
collected from the twilight zone of the cave to ca.
3 km from the downstream entrance, whereas
Vietbocap canhi Louren¢o and Pham, 2010, and
the two species of Aemngvantom were recorded
from 200 m to 5 km from the cave entrance. This
variation in ecology among pseudochactid gen-
era is reflected in their morphology. Pseudochac-
tas, Qianxie, and Troglokhammouanus exhibit
well-developed ocelli and pigmentation, and no
noticeable attenuation of the appendages,
whereas Aemngvantom and Vietbocap are mark-
edly troglomorphic, lacking ocelli and pigmenta-
tion, and exhibiting marked attenuation of the
appendages, among other troglomorphic charac-
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ters (Prendini et al., 2021). The difference in
ecology and morphology among pseudochactid
genera led Prendini et al. (2021) and Loria et al.
(2022) to classify Pseudochactas and Qianxie as
epigean; Troglokhammouanus as a hypogean tro-
glophile; and Aemngvantom and Vietbocap as
hypogean troglobites.

Although the habitat of the 15 extinct spe-
cies of subfamily Chaerilobuthinae is unknown,
these scorpions exhibit several apparent troglo-
morphies (e.g., absence of the median ocelli and
attenuation of the legs and pedipalps), consistent
with a subterranean habitus (Prendini, 2001;
Prendini et al., 2021; Xuan et al., 2025), which
must be reconciled with the presence of pollen
and sporangia preserved together with the scor-
pions in the amber. Xuan et al. (2025: 50)
hypothesized that Chaerilobuthus Lourengo and
Beigel, 2011, “were endogean/humicolous like
the extant species of Troglotayosicus Lourenco,
1981 which also lack median ocelli but possess
lateral ocelli and do not exhibit other pro-
nounced troglomorphies.”

Considering their disjunct distribution and
variable levels of troglomorphic adaptation, Pseu-
dochactidae represent a model system for histori-
cal biogeography and comparative analysis of the
origins and evolution of cave organisms (Loria et
al., 2022). The presence of relictual taxa in caves
or subterranean habitats is often explained by the
“Climate Relict” model, according to which caves
acted as “museums” or refugia when environmen-
tal stresses resulted in extinction of their epigean
relatives (Barr, 1968; Howarth, 1973; Romero and
Green, 2005; Wessel et al., 2007; Niemiller et al.,
2008; Assmann et al., 2010; Juan et al., 2010;
Bryson et al., 2014; Loria et al., 2022).

Several biogeographical hypotheses have been
suggested to account for the distribution of Pseu-
dochactidae. Soleglad and Fet (2003a) proposed
that the family originated on Pangaea in the Perm-
ian/Triassic. Fet et al. (2004) hypothesized that the
ancestor of Pseudochactidae inhabited littoral for-
ests on islands in the Tethys Sea, near the modern-
day Tajik Depression, during the Cretaceous and
that these forested islands were elevated by orogeny
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when the Indian subcontinent collided with Eur-
asia in the Tertiary, shielding these populations
from Eocene aridification which followed the colli-
sion. Prendini et al. (2006) suggested that a more
recent divergence might be plausible if Pseudoch-
actidae were the sister group of Buthidae, but, after
T. steineri was discovered in Southeast Asia, a Pan-
gaean origin for the family in the Permian/Triassic
had to be reconsidered because the old Asia core,
dating to the Paleozoic, represented the only land
connection between Central Asia and Laos (Lou-
rengo, 2007). 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., 2015a),
whereas a second analysis, applying an uncorre-
lated gamma rates model, placed this divergence
much later, at ca. 198 Ma in the Jurassic (Sharma et
al., 2018). Although Sharma et al. (2018) preferred
the results of the autocorrelated lognormal model
because of its better performance, no biogeographi-
cal hypotheses were proposed to explain either of
these divergence dates.

Loria et al. (2022) presented the first quanti-
tative biogeographical analysis of Pseudochacti-
dae, based on the dataset of Prendini et al.
(2021), in which divergence time and ancestral
range estimation analyses were conducted and
the evolution of troglomorphic characters inves-
tigated. Consistent with the “Out of Eurasia”
hypothesis, Loria et al. (2022) proposed that
Pseudochactidae originated in Eurasia, probably
near the Tajik block, during the Carboniferous.
After the collision of the Cimmerian continent
and Indochina with Eurasia during the Late
Jurassic, pseudochactids dispersed across South-
east Asia, colonizing caves between the Late Cre-
taceous and the Miocene. The onset of
aridification in Southeast Asia during the Late
Miocene resulted in the extinction of epigean
pseudochactids, but hypogean members of the
family survived in caves in the limestone massifs
of the Annamite Mountains, consistent with the
“Climate Relict” hypothesis.



2026

The analyses of Loria et al. (2022) preceded
discovery of the Chinese pseudochactid, Q.
solegladi. However, in a note added in proof,
Loria et al. (2022: 17) remarked that “the discov-
ery of this new species supports the biogeo-
graphical hypotheses 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 subfami-
lies (Troglokhammouaninae + Vietbocapinae)
dispersed from the Tajik-north Pamir region of
proto-Eurasia into Indochina via the north and
south China blocks”

The discovery of Q. solegladi, from South
China, and uncertainty regarding its phyloge-
netic placement (Tang, 2022; Loria et al., 2022;
Xuan et al., 2025), together with the discovery
that the Cretaceous amber Chaerilobuthinae,
from the Burma Terrane, is the sister group of
the extant pseudochactid subfamily Vietbocapi-
nae (Xuan et al., 2025), provided an opportunity
to revisit the phylogeny and biogeography of
Pseudochactidae, and their adaptation to subter-
ranean habitats in Southeast Asia. In the present
contribution, pseudochactid phylogeny is reana-
lyzed using three mitochondrial markers (12S
rDNA, 16S rDNA, Cytochrome Oxidase ¢ Sub-
unit I), three nuclear markers (18S rDNA, 28S
rDNA, Internal Transcribed Spacer) and 143
morphological characters, for all living pseu-
dochactid taxa and seven exemplar species of
Chaerilobuthinae. Divergence time and ancestral
range estimation analyses are conducted and the
evolution of troglomorphic characters investi-
gated to reassess how this unique, relictual scor-
pion lineage dispersed and diversified.

MATERIALS AND METHODS

MATERIAL EXAMINED. Material examined
for the present study is deposited in the follow-
ing collections (appendix 1): Alexander V. Gro-
mov Private Collection (AGPC), Almaty,
Kazakhstan; American Museum of Natural His-
tory (AMNH), New York, including the Ambrose
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Monell Cryocollection (AMCC); Institute of
Ecology and Biological Resources (IEBR), Viet-
namese Academy of Sciences, Hanoi; Museum
National d’Histoire Naturelle (MNHN), Paris;
Nanjing Institute of Geology and Palaeontology
(NIGP), Chinese Academy of Sciences, Nanjing;
Phong Nha-Ké Bang National Park (PNKB), B6
Trach, Vietnam.

MIcroOScOPY, TERMINOLOGY, AND PRIMARY
Homorogy. Specimens were examined, and
measurements and other meristic data recorded
with Nikon SMZ1500 and Leica MZ16 stereo
dissecting microscopes. Sexual maturity of males
and females was assessed based on total length,
coloration, sclerotization, granulation, and cari-
nation of the tegument (including the presence
of a pale, raised, triangular surface on the pos-
teroventral margin of mesosomal sternite V,
more pronounced in the adult male). Although
not always significantly smaller in total length,
the tegument of immature stages is typically
paler and less sclerotized, with less surface gran-
ulation and less-pronounced carinae. A pale,
raised, triangular surface is absent from the pos-
teroventral margin of mesosomal sternite V in
immature stages. Morphological terminology
and primary homology assessment follows Pren-
dini et al. (2006, 2021) and Xuan et al. (2025).

TaxoN SAMPLING. The dataset comprised 35
terminals, 33 representing the ingroup (all extant
pseudochactid taxa and seven extinct pseudoch-
actid taxa) and two representing the outgroup
(Chaerilus sejnai Kovarik, 2005, representing
Chaerilidae, and Buthus atlantis Pocock, 1889,
representing Buthidae). The tree was rooted on B.
atlantis. Ingroup terminals were represented by
both morphological and molecular data except for
Pseudochactas mischi Soleglad et al., 2012, and the
seven terminals of Chaerilobuthinae, which lack
molecular data. Pseudochactas ovchinnikovi was
represented by three terminals from Dikhana
Canyon, near the type locality in the Babatag
Mountains, Uzbekistan; Qianxie solegladi by a
single terminal from Ningnan County in Sichuan
Province, China; Troglokhammouanus steineri by
five terminals from the type locality, Tham Xe
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TABLE 2. Distribution of morphological characters used for phylogenetic analysis of the relictual Asian
scorpion family Pseudochactidae Gromov, 1998. First two taxa are outgroups. Numbers following terminal
taxon names correspond to samples from which DNA was extracted and sequenced (appendix 1, table 3).
Character states scored 0-5, inapplicable (-) or unknown (?). Character descriptions in appendix 6.

Buthus atlantis 3489

0010002000 0000020000 ---0000000
1000000010 0101010110 0000000001
Chaerilus sejnai 3685

1130111101 0001101010 ---1000111
0221200101 000002010- 1323322100
‘tChaerilobuthus bruckschi

?2?2?22220111 1001001110 ---1101110

0001011110 2010300011

‘tChaerilobuthus complexus

?2?222220111 1001001110 ---1101110
0001011110 2010300011 2332222020
‘tChaerilobuthus enigmaticus

?2?222220111 1001001110 ---1101110

---1101110

0001011110 2010300011 2332222020

tChaerilobuthus serratus

---1101110
0001011110 2010300011 2332222020
Pseudochactas mischi

0002100111 0001201011 2011100110

0001000010 2010101011 2334333000

Pseudochactas ovchinnikovi 2303A-2303C
0131100111 0001211011 0001100110
0001000010 2010101011 1333333000

Qianxie solegladi 20856
0120100111 2001211011 1011100110
0111010010 2010101011 1333322020

Troglokhammouanus steineri 11271-11275
1122100111 2101201011 1011100110
0111110010 2010102011 1323222020

Aemngvantom lao 11349 11350 15570 15591
0002100111 2201201111 200111-110
0001010010 1020301011 0111111010

Aemngvantom thamnongpaseuam 11351
0002100111 2201201111 200111-110
0001010010 1020301011 2111111010

Vietbocap canhi 11270 16750 16751
0002100110 2212200101 212111-110
0001010010 2010201011 0222222010

Vietbocap canhi 11348 16533-16537
0002100110 2212200111 212111-110
0001010010 2010201011 0333333010

0000021110
-200--0010

0001000001
01110-0101

2111021010
22121112272

2111021010
1012111222

2111011010
1012111222

2111031010
1012111222

2111011010
1012111222

2111021010
1012111222

2111021010
1012111222

1111011010
1001101222

1111011010
1001101100

0111011010
0102101122

0000011010
0102101100

0000021010
1112111100

0010021010
111211172272

1110131010
1112111100

1110131010
1112111100

1010011000
1100000200

1101201201
0011-00-51

0111100011
2200122047

0111100011
22001220472

0111100011
2200122047

0111100011
2200122047

0111100011

22001220472

2200122042

0111100011
2200122042

0111110111
2200122222

0111110111
0000102221

0111110111
2200102222

0111110111
0000101311

0111110111
0000112311

0111110111
2200122312

0111110111
0000102131

0111110111
0000102131

0010001110
0000000011

1101100000
2000211011

0010011001
2002210000

0010011001
2002210000

0010011001
2002210000

0010011001
2002210000

0010011001
2202210000

0010011001
2002210000

0010011001
2002210000

0020011001
2212210021

0020011001
1110210011

0010011001
2200210021

0010011001
2000211022

0010011001
2001110021

0010011001
2212210121

0010011001
2010210111

0010011001
2010210111

1100000000
0000101000

1101211001
11102-1000

0210201110
0211010022

0210201110
0211010022

0210201210
0211010022

0210201210
2211010022

0010201110
0211020022

0010201110
02110221272

0010201110
0211020122

0010111110
1210010020

0010111110
0110010000

0010111110
0110010100

0010111110
2110011100

0010101110
2010011101

0010201110
0211010121

0010001110
0110010111

0010001110
0110010111

100

001

011

011

001

001

001
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Bang Fai; Aemngvantom lao (Lourengo, 2007) by
four terminals from the type locality, Tham Nam
Lot; Aemngvantom thamnongpaseuam Prendini et
al,, 2021, by the holotype; and Vietbocap canhi by
nine terminals from two caves: three from the
type locality, Tién Son, and six from Thién Duong.
Pseudochactas mischi was represented by the sub-
adult female holotype from Uruzugan Province,
Afghanistan, scored from the original description.
Chaerilobuthinae was represented by terminals
representing seven species of Chaerilobuthus Lou-
ren¢o and Beigel, 2011, scored from Xuan et al.
(2025): Chaerilobuthus bruckschi Lourengo, 2015;
Chaerilobuthus complexus Lourenco and Beigel,
2011; Chaerilobuthus enigmaticus Lourenco, 2015;
Chaerilobuthus gigantosternum Lourengo, 2016;
Chaerilobuthus hansgeorgmuelleri Lourenco, 2019;
Chaerilobuthus knodelorum Lourenco, 2018; and
Chaerilobuthus serratus Lourenco, 2016.

MORPHOMETRICS AND MULTIVARIATE
STATISTICAL ANALYsIS. Thirty-seven measure-
ments (mm) and eight counts were recorded
from a female specimen of Q. solegladi, follow-
ing Prendini et al. (2006, 2021), to which cor-
responding data for the holotype female were
added from the original description (Tang, 2022;
appendix 2). Twenty-two morphometric ratios,
calculated from the measurements, were then
added, along with the eight counts (appendix 3)
for both specimens of Q. solegladi, to correspond-
ing data for another 40 specimens, representing
all genera and species of Pseudochactidae, from
Prendini et al. (2021) (appendices 4, 5). Nonmet-
ric multidimensional scaling (NMDS) was con-
ducted on the data, i.e., 22 ratios and eight counts
for 42 female specimens (no male specimens of
Q. solegladi have thus far been collected), using
the programs vegan (Oksanen et al., 2020) and
ggplot2 (Wickham, 2016) in R ver. 4.3.1 (R Core
Team, 2023).

MORPHOLOGICAL DATASET. The morpho-
logical character matrix developed by Prendini et
al. (2021) and modified by Xuan et al. (2025),
incorporating characters from previously pub-
lished matrices (Lamoral, 1980; Stockwell, 1989;
Prendini, 2000, 2004; Soleglad and Sissom, 2001;
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Soleglad and Fet, 2001, 2003a), augmented by
observations in Prendini et al. (2006), was
updated to comprise 143 characters (table 2,
appendix 6) scored for the 33 terminals. Most
characters pertain to the adult stage: coloration
and infuscation, 4 (3%); chelicerae, 5 (3.5%);
carapace, 26 (18%); pedipalps, 62 (43%); coxo-
sternum, 5 (3.5%); legs, 5 (3.5%); genital opercu-
lum, 1 (1%); male and female reproductive
anatomy, 4 (3%); pectines, 10 (7%); tergites, 1
(1%); sternites, 3 (2%); metasoma, 11 (8%); tel-
son, 6 (4%). The breakdown of morphological
characters by character system is as follows:
trichobothria, 39 (27%); surface macrosculpture,
34 (24%); shape and size, 14 (10%); pectines, 10
(7%); ocelli, 8 (6%); surface topography, 8 (6%);
pedipalp finger dentition, 6 (4%); genitalia, 5
(3.5%); leg setation and spination, 5 (3.5%); che-
liceral dentition, 4 (3%); color patterns, 4 (3%);
serrula, 2 (1%), sutures, 2 (1%); respiratory spir-
acles (stigmata), 1 (1%); venom glands, 1 (1%).
Forty-two (29%) multistate characters were
treated as unordered/nonadditive (Fitch, 1971)
to avoid a priori character state transformations,
and 54 (38%) characters were uninformative. The
matrix was prepared using WinClada ver. 1.00.08
(Nixon, 2002) and deposited in Morphobank
(https://www.morphobank.org/permalink/?P5979).

MoLECULAR DATASET. The molecular dataset
presented by Loria et al. (2022), comprising three
mitochondrial loci, 12S rDNA (hereafter, 12S),
16S rDNA (16S), and Cytochrome ¢ Oxidase Sub-
unit I (COI), and three nuclear loci, 28S rDNA
(28S), 18S rDNA and Internal Transcribed Spacer
(18S-1TS2), was updated to include data for Q.
solegladi. Lab methods of DNA extraction, PCR
and sequencing follow Loria et al. (2022). Primers
are listed in appendix 7. Sequences are deposited
in Genbank (https://www.ncbi.nlm.nih.gov/gen-
bank; table 3). The 18S-ITS2 locus was partially
sequenced for one terminal of P. ovchinnikovi and
Q. solegladi but completely sequenced for one ter-
minal each of T. steineri, A. lao, and A. thamnon-
gpaseuam, and two terminals of V. canhi. The 28S
locus was partially sequenced for three terminals
of P. ovchinnikovi and Q. solegladi.


https://www.morphobank.org/permalink/?P5979
https://www.ncbi.nlm.nih.gov/genbank
https://www.ncbi.nlm.nih.gov/genbank
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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 hap-
lotypes was calculated using DNACollapser
(https://users-birc.au.dk/palle/php/fabox/
dnacollapser.php) in FaBox (Villesen, 2007).
The 18S-ITS2, 16S, and COI loci each com-
prised 13 haplotypes, 12S comprised 11, and
28S nine (table 4).

SEQUENCE ALIGNMENT AND GENETIC Dis-
TANCES. Sequences were aligned with MAFFT
ver. 7.471 (Katoh et al., 2002; Katoh and Stand-
ley, 2013) on the CIPRES Science Gateway
(https://www.phylo.org; Miller et al., 2015). The
Q-INS-i alignment strategy was used for the 128,
16S, 28S, and 18S-ITS2 loci and the G-INS-i
alignment strategy for the COI locus. The aligned
sequence lengths were as follows: 12S (370 bp),
16S (500 bp), COI (1078 bp), 28S (2251 bp), 18S-
ITS2 (4505 bp). Aligned sequences were checked
in Mesquite ver. 4.0 (Maddison and Maddison,
2025) and concatenated in BBedit ver. 15.1.1.
The combined length of the concatenated align-
ments was 8704 bp.

MEGA ver. 11.0.13 (Tamura et al., 2004,
2013, 2021; Kumar et al., 2018) was used to calcu-
late mean nucleotide composition as well as num-
ber of parsimony-informative (PI) sites and
variable positions (VP) for each locus and the
concatenated molecular dataset. Mean GC content
was higher (table 4) for the nuclear 28S (59%) and
18S-ITS2 (51%) loci than for the mitochondrial
COI (37%), 12S (28%), and 16S (28%) loci,
whereas the proportions of VP and PI sites were
higher for the mitochondrial 12S (60% and 42%,
respectively), 16S (50% and 35%), and COI (37%
and 30%) loci than for the nuclear 18S-ITS2 (25%
and 11%) and 28S (18% and 7%) loci. The third
codon position of the COI locus possessed the
highest proportion of VP (27%) and PI sites
(25%), followed by the first (7% and 5%) and sec-
ond (2% and 1%) codon positions.

The ingroup dataset was aligned separately
using the methods described above and MEGA
used to calculate the mean uncorrected pairwise

genetic distances (p-distances) of all loci within
and between the species of Pseudochactidae
(Kumar et al., 2018; Stecher et al., 2020; Tamura
et al,, 2021).

PHYLOGENETIC ANALYSES. The morphologi-
cal and molecular datasets were analyzed sepa-
rately and simultaneously. Parsimony analyses
were performed in TNT (Goloboft, 1993; Golo-
boff et al., 2003, 2008; Goloboff and Morales,
2023) with equal weighting and implied weight-
ing with five values of the concavity constant (k
=1, 3, 10, 60, 100). Uninformative characters
were deactivated in all analyses and gaps treated
as missing data. Tree search was conducted using
a script combining mixed sectorial searches, tree
drift and tree fusion (Dimitrov et al., 2012, 2013;
Santibanez-Lopez et al., 2014). Tree statistics
(length, fit, retention indices, adjusted homo-
plasy, and consistency indices) were also
calculated.

Maximum likelihood (ML) analyses were
performed using RAXML-HPC ver. 8 (Stamata-
kis, 2006, 2014) on the CIPRES cluster. The mor-
phological dataset and five molecular loci were
treated as separate partitions. A GTRGAMMA
or GTCAT model was applied to each partition
in the molecular analyses. An MK model (Lewis,
2001) was applied to the morphological partition
and a Multistate GAMMA or Multistate CAT
model to the molecular partitions, in the simul-
taneous analyses. In two simultaneous analyses,
an ascertainment bias, using Lewis correction,
was applied to the morphological partition. A
rapid bootstrap analysis (-f a) (1000 bootstrap
iterations) was used to search for the tree with
the best score.

Bayesian inference (BI) was performed using
MrBayes ver. 3.2.7a (Ronquist and Huelsenbeck,
2003) on the CIPRES cluster. The molecular
dataset was partitioned as for the ML analyses. A
Lewis MK model was applied to the morphologi-
cal partition. Twenty-four nucleotide substitu-
tion models were tested for each molecular locus
using jModelTest2 ver. 2.1.6 (Guindon and Gas-
cuel, 2003; Darriba et al., 2012) on the CIPRES
cluster and the best model chosen using the


https://users-birc.au.dk/palle/php/fabox/dnacollapser.php
https://users-birc.au.dk/palle/php/fabox/dnacollapser.php
https://www.phylo.org
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TABLE 4. Statistics for nuclear loci, 18S rDNA (18S), Internal Transcribed Spacer (ITS2), and 28S rDNA,
and mitochondrial loci, 12S rDNA, 16S rDNA and Cytochrome ¢ Oxidase subunit I (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 (PI); and
model selected for Bayesian inference using the Akaike Information Criterion (AIC).

Locus Haplotypes ~ Unaligned Aligned GC VP PI AIC
18S-ITS2 13 1760-3926 4505 51 1111 (25) 500 (11) GTR + G
28S 9 1329-2193 2251 59 415 (18) 167 (7) GIR+I1+G
128 11 337-344 370 28 222 (60) 156 (42) GTR + G
16S 13 475-483 500 28 250 (50) 175(35) GTR+1+G
col 13 1078 1078 37 396 (37) 323(30) GIR+1+G
COI 1%t Codon - - 359 - 79 (7) 50 (5) -

COI 2™ Codon - - 359 - 22 (2) 8 (1) -

COI 3 Codon - - 360 - 295 (27) 265 (25) -

Akaike Information Criterion (AIC). The follow-
ing parameters were implemented: mcmc;
nchains = 4; print frequency = 1000; sample fre-
quency = 1000; diagnosing frequency = 1000;
burnin = 0.25; savebrlens = yes. Analyses ran for
25 million generations to ensure that the stan-
dard deviation of split frequencies of the two
chains was below 0.01.

D1vERGENCE TIME ESTIMATION. Divergence
time estimation was performed using BEAST ver.
2.7.7 (Bouckaert et al., 2019), with similar param-
eters to Loria et al. (2022). The molecular data-
set was trimmed to one terminal per species and
sequences aligned in MAFFT as described above;
the morphological dataset was also trimmed to
match. xml files were prepared in Beauti (Drum-
mond et al, 2012). The morphological data-
set was imported without recording variable
characters only and subsequently divided into
five partitions, and the molecular dataset parti-
tioned by the five loci, resulting in 10 partitions.
Whereas the tree model was linked and site mod-
els unlinked across partitions, clock models were
unlinked across molecular partitions but linked
across morphological partitions. The tree was
rooted on B. atlantis, Pseudochactidae was con-
strained to be monophyletic and Chaerilidae to be
its sister group. A Lewis MK model was applied

to the morphological partitions with the gamma
rate category count set to four and the gamma
shape parameter linked across the morphologi-
cal partitions by manually editing the xml files. A
simple HKY model was applied to the molecular
partitions with the gamma category count set to
four and base frequencies set to estimated. A Fos-
silized Birth-Death model was implemented for
the tree prior, and origin and diversification rates
estimated by applying a uniform prior, with the
initial value for the origin set to 349.4779 and the
initial value for the diversification rate set to 0.01.
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 dis-
tribution applied to all loci with the following
parameters: ucld.min = 0.002, ucld.max = 0.5 for
12S, 16S, COI, and ucld.min = 0.0001, ucld.max
=0.01 for 28S and 18S-ITS2 (Bryson et al., 2013;
Loria and Prendini, 2020; Loria et al,, 2022). A
normal distribution was applied to the clade com-
prising Chaerilidae and Pseudochactidae with p
= 329.3195 Ma and 0 = 5 Ma, following Loria et
al. (2022). This calibration was based on Sharma
et al. (2018), who recovered 329 Ma as the diver-
gence date between Pseudochactidae and Chae-
rilidae based on an autocorrelated lognormal
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model. The tip for each chaerilobuthine fossil was
set to 98.79 Ma. A most recent common ancestor
(MRCA) prior, including Chaerilobuthinae and
Vietbocapinae, was configured as monophyletic.
Additionally, a Sampled Ancestors MRCA prior
with a uniform distribution (lower value = 98.17
Ma; upper value = 99.41) was specified for each
chaerilobuthine fossil using the Tipsonly option.
Two Markov Chain Monte Carlo (MCMC) runs
were performed using different starting seed val-
ues, to test for convergence. Each analysis ran
for 500 million generations on the CIPRES clus-
ter with tracelog = 10,000 and treelog = 10,000.
Convergence was assessed using Tracer ver. 1.7.2
(Rambaut et al., 2014). Trees were combined in
LogCombiner by removing 25% of burnin from
each run, and the maximum clade credibility tree
selected using TreeAnnotator. For comparison, a
second BEAST analysis was run with the same
parameters described above except that only fos-
sil tips (Sampled Ancestors MRCA prior with a
uniform distribution, lower value = 98.17 Ma;
upper value = 99.41) were used to calibrate the
tree.

ANCESTRAL RANGE ESTIMATION. Ances-
tral range reconstruction was performed on
the time-calibrated phylogenetic tree using
the BioGeoBEARS ver. 1.1.1 package (Matzke,
2013a, 2013b, 2014) in R. As the ancestral areas
of Buthidae and Chaerilidae are unknown, out-
group taxa were removed by using the drop.tip
function from the package APE (Paradis et al.,
2004). Due to poor resolution among the fossil
terminals, resulting in short branch lengths in
the time tree, all fossil taxa were removed, except
C. complexus, the type species of Chaerilobuthus.
Six biogeographical areas were defined based on
the geological history of the region (Metcalfe,
2011) and the distribution of taxa: (A) the South
China block; (B) Western Cimmeria, referring
only to the Farah, Helmand, south-central
Pamirs, Karakorum, and Band-e Bayan blocks
(present-day Afghanistan and northern Paki-
stan) for this analysis; (C) Tajik and North Pamir
blocks, defined here as northern Afghanistan
and southern China, Uzbekistan, and Tajikistan,

with Cimmerian areas to the west excluded (for
details, see Loria et al., 2022); (D) the Indochina
block, which includes the northwest (Phong
Nha-Ké Bang Karst, Vietnam) and northeast
(Khammouan Karst, Laos) Annamite Moun-
tains; and (E) the Burma Terrane. Each spe-
cies was scored present or absent in each area.
The maximum number of areas was set to five.
Likelihood calculations were undertaken using
GenSA. The analysis was time stratified into
two periods (153-55 Ma, 55-0 Ma) to account
for the collisions of Cimmeria (ca. 200 Ma) and
India (ca. 55 Ma) with Eurasia (Ali and Atichi-
son, 2008; Metcalfe, 2011, 2013). Areas allowed,
areas adjacent and dispersal multiplier matrices
were prepared based on paleogeographical maps
from Metcalfe (2011, 2013), Li et al. (2023), and
Ali and Aitchison (2008). For areas allowed, all
combinations were allowed because all areas
existed during each time period. For areas adja-
cent, all areas and connections were permitted
except that, from 55-0 Ma, biotic exchange
between the South China/Indochina/Burma
Terrane and the Tajik and North Pamirs/West-
ern Cimmeria was considered impossible due to
orogeny of the Himalayas and the Tibetan Pla-
teau. To account for geological distance, a dis-
persal multiplier matrix was prepared in which
different scores of dispersal potential were
assigned: 1, highest dispersal for adjacent bio-
geographical areas; 0.5, intermediate dispersal
for biogeographical areas connected through an
intermediate landmass or small ocean gap; and
0.0000001, little to no dispersal for widely sepa-
rated areas between which long distance disper-
sal was considered unlikely (appendix 8). Four
models that allow dispersal and extinction were
compared in the analysis: Dispersal-Extinction-
Cladogenesis (DEC), DEC*, DIVALIKE, and
BAYAREALIKE. DEC allows for narrow and
subset sympatry, and narrow vicariance. DIVA-
LIKE permits narrow sympatry and narrow and
widespread vicariance. BAYAREALIKE permits
narrow and widespread sympatry but does not
allow for vicariance (Matzke, 2014). A jump
dispersal parameter (j), which allows founder
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event speciation during cladogenesis, was tested
despite recent criticisms (see Ree and Sanmartin,
2018) that were later refuted (Matzke, 2022). In
all six models, include_null_range = TRUE was
assigned, except for DEC* in which include_
null_range = FALSE was assigned (Massana et
al., 2015). Statistical analyses were performed to
determine the log likelihood of the dataset for
each model. Considering the debate regarding
the positions of some areas defined in the analy-
sis (e.g., the Burma Terrane) and to explore the
effects of maximum range size on the results, a
time-stratified analysis was performed with the
maximum number of areas set to two and two
unconstrained analyses were performed with the
maximum number of areas set to two or five,
respectively.

MAPPING. Maps were generated with QGIS
ver. 3.16 (http://www.qgis.org), by superimpos-
ing locality records and borders, coastlines and
rivers from Natural Earth (https://www.naturale-
arthdata.com) on the global multi-resolution ter-
rain elevation data (GTMTED2010; https://www.
usgs.gov/core-science-systems/euros/coastal-
changes-and-impacts/gmted2010). Palaeogeo-
graphical reconstructions were adapted from Li
et al. (2023).

ANCESTRAL STATE RECONSTRUCTION. Fifteen
morphological characters pertaining to cave adap-
tation were used to reconstruct the evolution of
troglomorphism in Pseudochactidae, following
Prendini et al. (2021) and Loria et al. (2022). The
following troglomorphic characters were scored
into a morphological matrix (table 5): presence/
absence of pigmentation on the carapace, tergites
and legs, 4 (27%); presence/absence of the median
and lateral ocelli, 6 (40%); attenuation of the pedi-
palps, 1 (7%); presence/absence of spurs, spinules
and macrosetae on the legs, 3 (20%); and shape of
the telson vesicle, 1 (7%). The extinct Chaeril-
obuthinae could not be scored for four characters
of pigmentation. Character states were scored and
summed for each species and scaled to create an
ensemble index of cave adaptation so that values
ranged from 1-10 (Ojanguren-Affilastro et al.,
2016; Loria and Prendini, 2021, Loria et al., 2022).

NO. 4051

The preferred ML tree was chosen for this analysis
due to the short branch lengths of the fossil termi-
nals in the time tree. The ML tree was converted
into an ultrametric tree using the commands
makeChronosCalib and chronos in the R package,
APE. Each species was reduced to a single termi-
nal using the drop.tip function and the ultrametric
tree with the lowest log-likelihood score selected
for ancestral state reconstruction by setting the
rate-smoothing parameter lambda to zero using a
relaxed substitution model. Scaled scores were
assigned to a troglomorphic continuum from epi-
gean species (score = 1) to hypogean species pro-
gressively more adapted to caves (score = 10):
1-5.9 (epigean), 6-8.9 (troglophilic), 9-10 (tro-
globitic). Scaled scores were treated as continuous
characters and ancestral state reconstruction per-
formed on the ML tree applying Brownian
motion, using the contMap function in the R
package phytools (Revell, 2012). For comparison,
the 15 discrete characters were optimized by
applying a parsimony-based, node-driven method
in TNT, following Ojanguren-Affilastro et al.
(2016) and Ramirez and Michalik (2014), and
scaled to the ensemble index following optimiza-
tion. Because ambiguous characters were added
for all states using this method, a second run was
performed with the four pigmentation characters
changed from “?” to “0” for the fossil terminals
(i.e., ambiguous characters treated as absent).

RESULTS

MULTIVARIATE STATISTICAL ANALYSIS.
Nonmetric multidimensional scaling (NMDS) of
morphometric data confirmed the previous dis-
coveries of Prendini et al. (2021) regarding the
genera and species of Pseudochactidae, as well as
the generic distinctiveness of Q. solegladi. How-
ever, Q. solegladi clustered more closely with the
species of Pseudochactas, especially P. ovchin-
nikovi (fig. 2), than with T. steineri, suggesting
that it is more closely related to the former than
the latter. The NMDS score for the subadult
holotype of Q. solegladi (x = -0.07, y = -0.04) was


http://www.qgis.org
https://www.naturalearthdata.com
https://www.naturalearthdata.com
https://www.usgs.gov/core-science-systems/euros/coastal-changes-and-impacts/gmted2010
https://www.usgs.gov/core-science-systems/euros/coastal-changes-and-impacts/gmted2010
https://www.usgs.gov/core-science-systems/euros/coastal-changes-and-impacts/gmted2010
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TABLE 5. Distribution of 15 characters concerning morphology used to reconstruct ancestral ecomorphotypes
for the relictual Asian scorpion family Pseudochactidae Gromov, 1998. Terminology follows appendix 6.

Species Character Matrix Score
Buthus atlantis 11000 00000 20000 [2]
Chaerilus sejnai 00000 10011 01100 [2.5]
tChaerilobuthus bruckschi 2?22?22 11011 21210 [6]
+Chaerilobuthus complexus 2?22?22 11011 21210 [6]
‘Chaerilobuthus enigmaticus 2?22?22 11011 11210 [5.5]
‘tChaerilobuthus gigantosternum 22?2?22 11011 31210 [6.5]
tChaerilobuthus hansgeorgmuelleri 22?2?22 11011 11210 [5.5]
+Chaerilobuthus knodelorum 2?22?22 11011 21211 [6.5]
+Chaerilobuthus serratus 2?22?22 11011 21211 [6.5]
Pseudochactas mischi 11110 11011 10110 [5.5]
Pseudochactas ovchinnikovi 10000 11011 10110 [4]
Qianxie solegladi 10000 11011 10211 [5]
Troglokhammouanus steineri 00011 11111 10211 [6]
Aemngvantom lao 11112 11211 21211 [9.5]
Aemngvantom thamnongpaseuam 11112 11211 21211 [9.5]
Vietbocap canhi 11112 11211 31211 [10]

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

0N QN U W

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

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

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

. 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].

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

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

. Carapace lateral ocelli, posterolateral major (PLMa) ocelli: present, pigmented [0]; present, not pigmented in some

9. Carapace lateral ocelli, anterodorsal minor (ADMi) ocelli: present, pigmented [0]; absent [+1].
10. Carapace lateral ocelli, posterodorsal minor (PDMi) ocelli: present, pigmented [0]; absent [+1].
11. Pedipalps shape: segments very robust, chela manus incrassate [0]; segments moderately robust,
chela manus globose [+1]; segments gracile, chela manus globose [+2]; segments gracile, chela manus elongate [+3].

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

13. Legs I-IV basitarsi and telotarsi, spinules: absent [0]; short [+1]; long [+2].
14. Legs I-1IV telotarsi, ventrosubmedian rows of (socketed) macrosetae: present [0]; absent [+1].

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

similar to the scores for P. ovchinnikovi (x.,;,, =
-0.09 X, = -0.06, Yynin = -0.04, Yy = -0.03).
GENETIC DIVERGENCE. As in the previous
study by Prendini et al. (2021), uncorrected
pairwise genetic distances (p-distances) within
species were low across all loci, compared to
p-distances between species (table 6): 12§

(0%-1.13%), 16S (0%-0.99%), COI (0%-

2.38%), 28S (0%-0.05%) and 18S-ITS2 (0%-
0.01%). Interspecific p-distances were higher
for the mitochondrial loci, with greatest varia-
tion in COI (12.62%-46.52%), followed by 16S
(6.15%-27.92%) and 128 (4.44%-25.9%), than
for the nuclear loci, in which the distances
were higher for 18S-ITS2 (0.54%-5.07%) than
for 28S (0.23%-3.7%). The distances between
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P. ovchinnikovi and Q. solegladi were lower in
most loci (18S-ITS2, 12S, 16S, COI) than the
distances between Q. solegladi and the South-
east Asian genera, supporting the phylogenetic
results that Qianxie is more closely related to
Pseudochactas.

PHYLOGENETIC ANALYSES. Separate analy-
ses of the molecular dataset with BI, ML, and
parsimony with equal or implied weighting (k
=1, 3, 10, 60, 100) recovered all subfamilies,
genera, and species as monophyletic (tables 7,
8). Qianxie solegladi was placed sister to P.
ovchinnikovi with high bootstrap support (BS:
100% for both GTRGAMMA and GTRCAT) in
the ML analyses and high posterior probability
(PP: 1) in the BI analysis. The (P. ovchinnikovi
+ Q. solegladi) clade received high support
(BS: 100% for GTRGAMMA, 96% for
GTRCAT; PP: 1) and was, in turn, sister to
(Troglokhammouaninae + Vietbocapinae)
with high support (BS: 91% for GTRGAMMA,
98% for GTRCAT; PP: 0.97)

Separate analysis of the morphological data-
set with parsimony and equal weighting, which
additionally included P. mischi and seven fossil
species of Chaerilobuthinae, recovered all pseu-
dochactid subfamilies, genera and species as
monophyletic. In the analyses with equal weight-
ing and implied weighting (k = 3, 10, 60, 100), Q.
solegladi was placed sister to Troglokhammoua-
ninae, unlike the analysis with implied weighting
and k = 1, in which Q. solegladi was placed sister
to a clade comprising the Southeast Asian genera
(i.e., Chaerilobuthinae, Vietbocapinae, and
Troglokhammouaninae).

Simultaneous analyses of the morphological
and molecular datasets with BI, ML, and parsi-
mony with equal and implied weighting (k = 3,
10, 60, 100) were congruent, and recovered all
pseudochactid subfamilies, genera and species as
monophyletic. In these analyses, Q. solegladi was
placed sister to Pseudochactas with high support
(BS: 93%-99% for ML; PP: 0.98 for BI); the
Southeast Asian subfamilies formed a clade (Tro-
glokhammouaninae (Chaerilobuthinae + Viet-
bocapinae)) with moderate support (46%-59%;

NO. 4051

PP: 0.78), sister to (Pseudochactas + Q. solegladi);
and Chaerilobuthinae was placed sister to Viet-
bocapinae with moderate to high support (BS:
72%-91%; PP: 0.82). All relationships were simi-
lar in the parsimony analyses with implied
weighting, except for the analysis with k = 1, in
which Chaerilobuthinae was placed sister to all
other pseudochactids. Unambiguous morpho-
logical synapomorphies were optimized on the
preferred phylogeny, the ML Multistate CAT tree
with Lewis correction obtained by simultaneous
analysis of the morphological and molecular
datasets (fig. 3).

D1veERGENCE TIME EstiMATION. The two
independent MCMC chains from the diver-
gence time estimation analysis in BEAST2
each produced 50,000 trees. Examination of
the logfiles in Tracer indicated convergence of
the two chains. ESS values were above 200 for
all parameters in both MCMC runs. The maxi-
mum clade credibility tree (fig. 4), produced
after removing 25% burnin and combining
trees from both chains, was fully dichoto-
mous and matched the topology obtained by
simultaneous analysis of the morphological
and molecular datasets using BI and ML. In
accordance with the calibrated node, the diver-
gence between Chaerilidae and Pseudochacti-
dae occurred in the Late Mississippian of the
Carboniferous (328 Ma, 95% HPD: 318-338
Ma). The divergence between (Pseudochac-
tinae + Q. solegladi) and the Southeast Asian
subfamilies (Troglokhammouaninae (Chaeril-
obuthinae + Vietbocapinae)), occurred at the
Jurassic-Cretaceous boundary (153 Ma, 95%
HPD: 126-184 Ma), whereas the divergence
between Troglokhammouaninae and (Chaeri-
lobuthinae + Vietbocapinae) occurred in the
Early Cretaceous (130 Ma, 95% HPD: 108-157
Ma). Divergence between Chaerilobuthinae
and Vietbocapinae occurred towards the end
of the Early Cretaceous (117 Ma, 95% HPD:
100-139 Ma), whereas divergence between
Pseudochactinae and Q. solegladi occurred at
the end of the Late Cretaceous (67 Ma, 95%
HPD: 47-92 Ma). Diversification within the
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FIGURE 2. Nonmetric multidimensional scaling (NMDS) plot for females of extant species of the relictual
Asian scorpion family Pseudochactidae Gromov, 1998, based on 22 morphometric ratios and eight counts,
for 42 specimens (38 adults, two subadults and two juveniles; appendices 3-5). Each symbol represents an
individual, empty (white) symbols represent adults, solid (black) symbols represent immatures.

subfamilies began in the Late Cretaceous,
i.e., 105 Ma (95% HPD: 84-128 Ma) for the
divergence between Aemngvantom and Vietbo-
cap in Vietbocapinae, and continued into the
Miocene, i.e., 19 Ma (95% HPD: 0.4-51 Ma)
between P. mischi and P. ovchinnikovi in Pseu-
dochactinae, and 18 Ma (95% HPD: 11-25
Ma) between the two troglobitic species of
Aemngvantom, A. lao and A. thamnongpas-
euam. Diversification within Chaerilobuthinae
began in the Late Cretaceous (103 Ma, 99-117
Ma) although divergence times within this
group were unresolved.

ANCESTRAL RANGE EsTIMATION. Based on
the statistical output of the ancestral range esti-
mation analysis in BioGeoBEARS, the DIVA-
LIKE + j model had the best log likelihood and

AIC scores in the time stratified analysis with
the maximum number of areas (mx) set to five
(tables 9, 10; fig. 5). According to this model,
the ancestral range of Pseudochactidae at the
Jurassic-Cretaceous boundary, was unresolved,
although the probability was highest for Indo-
china + South China + Western Cimmeria +
Tajik and North Pamir blocks. The ancestral
range of highest probability for the Central
Asian subfamily, Pseudochactinae, was West-
ern Cimmeria + Tajik-North Pamir + South
China, and for the Southeast Asian subfamilies
(Troglokhammouaninae (Chaerilobuthinae +
Vietbocapinae)), Indochina. The Burma Ter-
rane was the ancestral range of highest prob-
ability for Chaerilobuthinae. Comparison of
the corrected Akaike Information Criterion
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TABLE 6. Mean intraspecific (boldface) and interspecific uncorrected pairwise (p) distances of three
mitochondrial loci, 12S rDNA (12S), 16S rDNA (16S), Cytochrome ¢ Oxidase Subunit I (COI) and two

nuclear loci, 18S rDNA-Internal Transcribed Spacer (18S-ITS2) and 28S rDNA (28S), for four species of
Pseudochactidae Gromov, 1998: Pseudochactas ovchinnikovi Gromov, 1998, Qianxie solegladi Tang, 2022,

Troglokhammouanus steineri Lourenco, 2007, Aemngvantom lao (Lourengo, 2012), Aemngvantom
thamnongpaseuam Prendini et al., 2021, and Vietbocap canhi Lourengo and Pham, 2010.

P ovch. Q. sole. T. stein. A. lao A. tham. V. canhi

18S-ITS2 P, ovchinnikovi 0

Q. solegladi 0.0317 -

T. steineri 0.0139 0.0388 0

A. lao 0.0164 0.0507 0.0097 0

A. thamnongpaseuam 0.0384 0.1698 0.0320 0.0054 -

V. canhi 0.0137 0.0436 0.0088 0.0078 0.0281 0.0001
28S P. ovchinnikovi 0

Q. solegladi 0.0178 -

T. steineri 0.0251 0.0155 0

A. lao 0.0228 0.0156 0.0331 0

A. thamnongpaseuam 0.0204 0.0148 0.0321 0.0023 -

V. canhi 0.0319 0.0262 0.0367 0.0351 0.0337 0.0005
128 P ovchinnikovi 0

Q. solegladi 0.1469 -

T. steineri 0.2362 0.2109 0

A. lao 0.2590 0.2236 0.2010 0.0040

A. thamnongpaseuam 0.2411 0.2208 0.1956 0.0444 -

V. canhi 0.2346 0.2217 0.1905 0.1914 0.1967 0.0113
16S P. ovchinnikovi 0.0028

Q. solegladi 0.1284 -

T. steineri 0.2508 0.2634 0

A. lao 0.2429 0.2736 0.2179 0.0031

A. thamnongpaseuam 0.2457 0.2792 0.2084 0.0615 -

V. canhi 0.2762 0.2554 0.1977 0.1919 0.2138 0.0099
CoI P, ovchinnikovi 0

Q. solegladi 0.2187 -

T. steineri 0.4652 0.3776 0.0009

A. lao 0.2975 0.2447 0.3014 0.0142

A. thamnongpaseuam 0.2329 0.2633 0.2895 0.1262 -

V. canhi 0.3580 0.2696 0.2971 0.2517 0.2677 0.0238
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TABLE 7. Tree statistics for phylogenetic analysis of the relictual Asian scorpion family Pseudochactidae
Gromov, 1998. Length, consistency index (CI), retention index (RI), fit, and adjusted homoplasy (AH) of most
parsimonious trees (MPTs) obtained by separate and simultaneous analyses of the morphological and molecular
(concatenated aligned DNA sequences of two 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 CI RI Fit AH
Morphology EW 15 193 0.725 0.920 76.85-76.90 12.10-12.15

IW: k=1 6 193 0.725 0.920 66.25 22.75

IW: k=3 6 193 0.725 0.920 76.90 12.10

IW: k=10 6 193 0.725 0.920 84.36 4.64

IW: k =60 6 193 0.725 0.920 88.14 0.86

IW: k =100 6 193 0.725 0.920 88.48 0.52
Molecular EwW 1 2564 0.729 0.874 1163.3 157.7

IW: k=1 1 2564 0.729 0.874 1025.75 295.25

IW: k=3 1 2564 0.729 0.874 1163.3 157.7

IW: k =10 1 2564 0.729 0.874 1260.31 60.69

IW: k = 60 1 2564 0.729 0.874 1309.70 11.31

IW: k =100 1 2564 0.729 0.874 1314.15 6.85
Simultaneous EW 6 2763 0.727 0.878 1237.95- 1238.9 171.1-172.05

IW: k=1 11 2764 0.727 0.878 1089.83 320.17

IW: k=3 3 2763 0.727 0.878 1238.90 171.1

IW: k=10 3 2763 0.727 0.878 1344.16 65.84

IW: k =60 3 2763 0.727 0.878 1397.74 12.26

IW: k = 100 3 2763 0.727 0.878 1402.57 7.43

(AICc) scores revealed the DIVALIKE model
as the best fit. All results were similar except
that dispersal into Burma was anagenic (along
the branches) rather than a cladogenetic jump
event (tables 9, 10).

BioGeoBEARS analyses using time strati-
fied with mx = 2, time stratified with mx =
5 but null areas excluded, and unconstrained
with mx = 2 and 5, yielded similar results
(table 10). DIVALIKE + j was the model with
best fit. However, when the j parameter was
excluded, DIVALIKE was the best fit for the
unconstrained analyses whereas DEC was the
best fit for time stratified with mx = 2. In gen-
eral, increasing the maximum number of areas
a species was allowed to occupy resulted in
more uncertainty in the ancestral nodes (table

10). According to Matzke (2014), when maxi-
mum range size increases, DIVA is more likely
to infer more widespread ancestors at deeper
nodes, and this is reflected in the analyses as
the jump-dispersal parameter was higher in
the mx = 2 (j = 0.22007 for time stratified, j
= 0.13245 for unconstrained) than the mx = 5
(7 = 0.13828 for time stratified, j = 0.08537 for
unconstrained) analyses. Extinction rates (e)
were similar with the DIVALIKE and DIVA-
LIKE + j models (e = 1e-07) but lower compared
to DEC (e = 0.00234-0.01) across all analyses.
Similarly, excluding the null range (DEC*) had
no effect on the reconstruction and results were
identical to DIVALIKE + j in the time stratified
analysis. Although results are similar across all
analyses, the DIVALIKE + j model from the



20 AMERICAN MUSEUM NOVITATES NO. 4051

TABLE 8. Nodal stability for selected clades and taxa in phylogenetic analysis of the relictual Asian scorpion
family Pseudochactidae Gromov, 1998, based on separate and simultaneous (Simul) analyses of the morpho-
logical (Mor) and molecular (concatenated aligned DNA sequences of two nuclear and three mitochondrial
gene markers, Mol) datasets using maximum likelihood (ML) with GTRGAMMA, GTRCAT, Multistate
GAMMA (MS-GAMMA) or Multistate CAT (MS-CAT) models including ascertainment bias with Lewis
correction (ASC), Bayesian inference (BI) and parsimony with equal weighting (EW), and implied weighting
(IW) with five values of the concavity constant (k). Bootstraps (ML) and posterior probabilities (BI) indicated
in cells. Highlighted black cells indicate clades and taxa recovered under various parameters (classification
follows Prendini et al., 2021). Highlighted gray cells inapplicable due to missing data.
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FIGURE 3. Preferred phylogeny of the relictual Asian scorpion family Pseudochactidae Gromov, 1998, based
on simultaneous analysis of the morphological and molecular datasets using maximum likelihood (ML) apply-
ing a Multistate CAT model with Lewis correction. Unambiguous morphological synapomorphies optimized.
Black circles indicate uniquely derived apomorphic states, white circles parallel deviations of apomorphic
states. Numbers above circles indicate characters, numbers below indicate states (table 2, appendix 6). Num-
bers adjacent to nodes indicate bootstrap support values. Inset indicates reconstruction with branch lengths.

Scale bar = 0.07 substitutions per site.
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FIGURE 4. A. Time tree for evolution of the relictual Asian scorpion family Pseudochactidae Gromov, 1998,
calibrated using 329 Ma divergence with Chaerilidae Pocock, 1893, and fossil tips. Numbers in parentheses
adjacent to nodes indicate divergence times and 95% highest posterior density (HPD) values recovered from
calibration using fossil tips only. Geological time periods (Devonian, Carboniferous, Permian, Triassic, Juras-
sic, Cretaceous, Cenozoic) and divergence ages (millions of years) indicated. B. Paleogeographical reconstruc-
tions indicating tectonic positions, past and present plate boundaries in Early Cretaceous (150 Ma): Following
collision of Cimmerian continent with Eurasia in the Jurassic, pseudochactids disperse into Cimmeria and
surrounding regions, resulting in subfamily Pseudochactinae; ancestor of Southeast Asian families originates
on Indochina block. Paleogeographical reconstructions from Li et al. (2023). Following Montenat (2009) and
Siehl (2017), South Pamir interpreted to include South Pamir, Farah, Helmand, Karakorum blocks; Central
Pamir to include Central Pamir and Band-e Bayan blocks; and Afghanistan-Tajik to represent Tajik block.
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FIGURE 5. Estimation of ancestral ranges for the relictual Asian scorpion family Pseudochactidae Gromov,
1998, in five biogeographical areas according to DIVALIKE + j model in time-stratified analysis with maxi-
mum number of areas set to five (appendix 8): A, South China block; B, Western Cimmeria, including only
Farah, Helmand, South-Central Pamirs, Karakorum and Band-e Bayan blocks (present-day Afghanistan and
northern Pakistan); C, Tajik and North Pamir blocks (northern Afghanistan and southern China, Uzbekistan
and Tajikistan); D, Indochina block; and E, Burma Terrane. Geological reconstructions following Montenat
(2009), Collett et al. (2015), Robinson (2015), Siehl (2017), Li et al. (2020), and Nga et al. (2026).
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TABLE 9. Statistics for models tested (DEC, DEC*, DIVALIKE, and BAYERLIKE) including 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 AICc (AICc). Models
tested in four analyses: time stratified with maximum number of areas (mx) = 2; time stratified with mx
= 5; unconstrained with mx = 2; and unconstrained with mx = 5.

Time Stratified, mx = 2

Model InL Parameters  d e j AIC AICc
DEC -20.01 2 0.00621 0.00236 0 44.03 46.42
DEC +j -16.11 3 0.00142 le-12 0.30628 38.23 44.23
DIVALIKE -28.31 2 0.00395 le-12 0 60.62 63.02
DIVALIKE + j -13.18 3 0.00147 le-12 0.22008 32.35 38.35
BAYAREALIKE -27.25 2 0.02029 0.01223 0 58.51 60.91
BAYAREALIKE + j -23.13 3 0.00264 0.00334 0.9999 52.26 58.26
Time Stratified, mx = 5

Model InL Parameters d e j AIC AlICc
DEC -13.95 2 0.00148 le-12 0 31.89 34.29
DEC +j -10.92 3 le-12 le-12 0.13584 27.84 33.84
DEC* -13.87 3 0.00185 0.00203 0 31.74 34.14
DEC* +j -10.92 2 le-12 le-12 0.13764 27.84 33.84
DIVALIKE -10.91 2 0.00167 le-12 0 25.83 28.23
DIVALIKE + j -8.74 3 le-12 le-12 0.13828 23.47 29.47
BAYAREALIKE -24.66 2 0.00498 0.01288 0 53.33 55.73
BAYAREALIKE + j -20.95 3 0.00011 0.00414 0.43436 47.89 53.89
Unconstrained, mx = 2

Model InL Parameters d e j AIC AlCc
DEC -17.35 2 0.00141 0.00074 0 38.69 41.09
DEC +j -9.89 3 le-12 le-12 0.15973 25.78 31.78
DIVALIKE -13.44 2 0.00130 le-12 0 30.88 33.28
DIVALIKE + j -9.14 3 le-12 le-12 0.13245 24.28 30.28
BAYAREALIKE -20.96 2 0.00409 0.01073 0 4591 48.31
BAYAREALIKE + j -10.71 3 le-12 le-07 0.16477 27.42 33.42
Unconstrained, mx = 5

Model InL Parameters  d e j AIC AlCc
DEC -25.70 2 0.01 0.01 0 55.41 57.81
DEC +j -9.40 3 le-12 le-12 0.12655 24.80 30.80
DIVALIKE -11.34 2 0.00057 le-12 0 26.68 29.08
DIVALIKE + j -8.07 3 le-12 le-12 0.08537 22.13 28.13
BAYAREALIKE -30.35 2 0.01 0.01 0 64.71 67.11
BAYAREALIKE + j -10.71 3 le-07 le-07 0.16456 27.42 33.42
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TABLE 10. Most probable ancestral areas of the relictual Asian scorpion family Pseudochactidae Gromov,
1998, its subfamilies Chaerilobuthinae Lourengo and Beigel, 2011, Pseudochactinae Gromov, 1998,
Troglokhammouaninae Prendini et al., 2021, Vietbocapinae Lourenco, 2007, and major lineages based on best-
fit model with and without j parameter for four different analyses: time stratified with maximum number of
areas (mx) = 2; time stratified with mx = 5; unconstrained with mx = 2; and unconstrained with mx = 5.
Abbreviations: mx = maximum number of areas allowed to occupy; DIVA = DIVALIKE. Biogeographical
regions as follows: A, South China block; B, Western Cimmeria, including only Farah, Helmand, South-
Central Pamirs, Karakorum and Band-e Bayan blocks (present-day Afghanistan and northern Pakistan); C,
Tajik and North Pamir blocks (northern Afghanistan and southern China, Uzbekistan and Tajikistan); D,

Indochina block; and E, Burma Terrane.

Model DIVA DEC DIVA DIVA DIVA DIVA DIVA DIVA
j parameter X X X X

mx 2 2 5 5 2 2 5 5
Time Stratified X X X X

Pseudochactidae AB BD ABCD ABCD AD AD ABCD ABCD
Chaerilobuthinae E E E E E E E E
Pseudochactinae AB BD ABC  ABC A AB ABC ABC
Troglokhammouaninae D D D D D D D D
Vietbocapinae D D D D D D D D

SE Asian subfamilies D D D D D D D D

time-stratified analysis with maximum num-
ber of areas set to five is considered the most
plausible biogeographical hypothesis (table
9). Output files for all BioGeoBEARS analyses
are available online (https://doi.org/10.6084/
m9.figshare.29565065).

ANCESTRAL STATE RECONSTRUCTION. The
ensemble index of troglomorphic characters
identified a continuum from epigean species
(score = 1) to hypogean species progressively
more adapted to caves (score = 10): 1-5.9
(epigean), 6-8.9 (troglophilic), 9-10 (troglo-
bitic). Qianxie solegladi and the two Pseudoch-
actas were recovered as epigean (scores for
Q. solegladi, P. mischi, and P. ovchinnikovi =
5, 5.5, and 4, respectively), T. steineri as tro-
glophilic (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). Although the extinct
Chaerilobuthinae were recovered as epigean
or troglophilic (scores = 5.5, 6, or 6.5), these
scores should be interpreted with caution as

four characters of pigmentation could not be
scored in these taxa. The outgroup taxa, B.
atlantis and C. sejnai, were recovered as epi-
gean (scores = 2 and 2.5, respectively).
According to the reconstructions (figs. 6,
7), the ancestor of Pseudochactinae, including
Q. solegladi, was epigean (scores = 5.1/3.5/3.5
for the three analyses including phytools, TNT
with ambiguous characters as such, and TNT
with ambiguous characters treated as absent,
respectively); the ancestor of Chaerilobuthinae
was troglophilic (scores = 6.6/7.5/6.5); and that
of Vietbocapinae was troglophilic in the phy-
tools analyses (scores = 8.6) but troglobitic in
the TNT analyses (scores = 9.5/9.5). The ances-
tor of the clade comprising (Troglokhammoua-
ninae (Chaerilobuthinae + Vietbocapinae)) was
troglophilic (score = 6.6) in the phytools analy-
sis but epigean in the TNT analyses (scores =
5/4), and the ancestor of Pseudochactidae was
epigean in all analyses (scores = 5.6/3/2.5).
Output files are available online (https://doi.
org/10.6084/m9.figshare.29565065).
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Buthus atlantis 3489

e Chaerilus sejnai 3685

3.7/0.5/0
Qianxie solegladi 20856

5.1/3.5/5

Pseudochactas mischi
4.6/2/1.5 4.9/4/4
Pseudochactas ovchinnikovi 2303A

7 r————— Troglokhammouanus steineri 11271
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L_| tChaerilobuthus enigmaticus
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Vietbocap canhi 11270

FIGURE 6. Preferred ancestral state reconstruction for the relictual Asian scorpion family Pseudochactidae
Gromoyv, 1998, using Brownian motion of troglomorphism index (scale = 1-10) ranging from epigean (score
= 1) to hypogean, troglobitic (score = 10). Ecomorphotypes classified as epigean (1-5.9); hypogean, troglo-
philic (6-8.9); and hypogean, troglobitic (9-10). Color scale ranges from lowest (2) for Buthus atlantis Pocock,
1889, to highest (10) for Vietbocap canhi Lourengo, 2010. Numbers adjacent to nodes represent reconstruction
values from three different analyses: phytools/TNT with ambiguous characters as such/TNT with ambiguous
characters absent.
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DISCUSSION

TRICHOBOTHRIAL PATTERNS
IN PSEUDOCHACTIDAE

Based on comparisons with the trichobothrial
patterns of buthid scorpions, particularly those that
deviate from Type A orthobothriotaxy, Prendini et
al. (2006) concluded that the Type D trichobothrial
pattern of Pseudochactidae is homologous, funda-
mentally, with that of Buthidae. More similarities
(i.e., potentially synapomorphic or symplesiomor-
phic trichobothria) than differences between the
two patterns were identified, even if Soleglad and
Fet’s (2001) interpretation was adopted. Prendini et
al. (2006) proposed a reinterpretation of the
trichobothrial pattern of Pseudochactidae that was
more similar to the buthid pattern than either the
interpretations of Gromov (1998) or Soleglad and
Fet (2001). This reinterpretation, also applied in the
present contribution, is only one of several possible
reinterpretations for particular trichobothria, how-
ever. Other interpretations imply more potential
similarities with Buthidae. Despite recent phyloge-
netic reconstructions which place Pseudochactidae
sister to Chaerilidae, the Type D pattern of Pseu-
dochactidae shares few similarities with the Type B
pattern of Chaerilidae, which may be more derived.

By applying modern imaging methods, such
as confocal laser scanning microscopy, Xuan et al.
(2025) accurately documented the trichobothrial
pattern of the extinct Chaerilobuthinae, revealing
that it conforms largely to the Type D pattern,
previously restricted to extant Pseudochactidae,
and comprising a total of 33 trichobothria: 11
trichobothria on the pedipalp femur (d,-d,, d, i,,
iy, ;—e;), ten trichobothria on the patella (d,-d,,
i), eb,, eb,, esby, est, et), et,), and 12 trichobothria
on the chela (db, dt, ib,, ib,, it, eb, esb, Eb,, Eb;, Est,
Et,, V,). Previous researchers erroneously con-
cluded that two V trichobothria occur on the

FIGURE 7. Carapaces of three pseudochactid spe-
cies, representing each ecomorphotype: A, epigean,
Pseudochactas ovchinnikovi Gromov, 1998; B, troglo-
philic, Troglokhammouanus steineri Lourengo, 2007;
and G, troglobitic, Vietbocap canhi Lourengo, 2010.
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chela manus of chaerilobuthine scorpions by mis-
taking a macroseta for a V trichobothrium (Lou-
rengo and Beigel, 2011; Lourengo, 2015, 2018;
Lourengo and Velten, 2015, 2019, 2020, 2021,
2022). Compared to the basic Type D pattern
observed in extant pseudochactids, however,
Chaerilobuthinae lack the femoral trichoboth-
rium ds and the chelal trichobothrium Eb,. Addi-
tionally, femoral trichobothria d; and d, are
situated closer to the midpoint of the segment and
the d;—d, axis is directed slightly away from the
retrodorsal carina rather than parallel to it as in
extant pseudochactids.

PSEUDOCHACTID SYSTEMATICS

Recent changes to the systematics of Pseu-
dochactidae implemented by Prendini et al.
(2021) and Xuan et al. (2025) were confirmed by
the phylogenetic analyses presented here. The
four subfamilies, Chaerilobuthinae, Pseudochac-
tinae, Troglokhammouaninae, and Vietbocapi-
nae, were monophyletic with high support and
the following scheme of relationships was recov-
ered: (Pseudochactinae (Troglokhammouaninae
(Chaerilobuthinae + Vietbocapinae))). Pseudoch-
actas, P. ovchinnikovi, T. steineri, and the genera
and species of Vietbocapinae, were also mono-
phyletic across the analyses.

Prendini et al. (2021) synonymized Vietbocap
thienduongensis Lourengo and Pham, 2012, Vietbo-
cap auriantiacus Lourenco et al., 2018, and Vietbo-
cap quinquemilia Lourenco et al., 2018, with V.
canhi, falsifying the hypothesis that more than one
species of Vietbocap inhabits the Thién Pudng and
Tién Son caves of Vietnam. These decisions were
based on phylogenetic analyses of 8608 bp of DNA
sequence from two nuclear and three mitochon-
drial genes (including 1078 bp of COI) and 140
morphological characters scored for nine individu-
als from both caves, and well as the multivariate
morphometric analysis, based on 30 ratios and
counts for 17 individuals from both caves. The sug-
gestion by Duong et al. (2025: 403, 412) that more
than one species of Vietbocap occurs in these caves,
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based on analysis of 628 bp of COI, is rejected.
Consistent with the findings of Prendini et al.
(2021), the phylogenetic and multivariate morpho-
metric analyses presented herein, confirmed that
the populations of the two caves are conspecific and
there is no morphological or molecular justification
for their recognition as distinct species or
subspecies.

Tang (2022) hypothesized that Qianxie is
closely related to the hypogean Southeast Asian
genus, Troglokhammouanus. This initial taxo-
nomic placement is not surprising given the
superficial resemblance between these genera,
supported by parsimony analysis of the morpho-
logical dataset, which placed them as sister taxa,
due to the presence of homoplastic characters. The
simultaneous analyses of morphological and
molecular data demonstrated that Qianxie forms
a monophyletic group with the epigean Central
Asian genus, Pseudochactas, however. These
results were reinforced by the multivariate mor-
phometric analysis and pairwise genetic distances,
both of which suggest that Qianxie is more closely
related to Pseudochactas than to Troglokham-
mouanus, consistent with the multivariate mor-
phometric analyses of Xuan et al. (2025). Based on
the available evidence, Q. solegladi is transferred
to Pseudochactinae (table 1).

Lourengo and Velten (2025: 2-5) criticized
the work of Prendini et al. (2021) and Xuan et al.
(2025), reinstated Chaerilobuthinae to the rank
of family, revalidated Chaeriloiurus Lourengo,
2020, and Serratochaerilobuthus Lourengo, 2024,
synonymized Troglokhammouaninae with Pseu-
dochactidae, newly elevated Vietbocapinae to the
rank of family, synonymized Aemngvantom with
Vietbocap, and claimed the validity of Qianxie
to be “dubius” Lourengo and Velten (2025)
also claimed to newly elevate Pseudochactidae
Gromov, 1998, to the rank of superfamily, as
Pseudochactoidea Gromov, 1998, although this
superfamily was previously recognized by oth-
ers, e.g., Santibanez-Lopez et al. (2019, 2023).
No data, analyses or argumentation justified
the decisions of Lourenco and Velten (2025),
which contradict the extensive data and analy-
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ses of Prendini et al. (2021), Loria et al. (2022),
Xuan et al. (2025), and the present contribution.
Consequently, the classification of Prendini et al.
(2021) and Xuan et al. (2025) is restored (table
1). Specifically, Chaerilobuthidae Louren¢o and
Beigel, 2011 = Pseudochactidae Gromov, 1998,
syn. nov.; Vietbocapidae Lourengo, 2012 = Pseu-
dochactidae Gromov, 1998, syn. nov.; Chaeril-
obuthinae Lourengo and Beigel, 2011, stat. rev;
Troglokhammouaninae Prendini et al., 2021,
stat. rev.; Aemngvantom Prendini et al., 2021,
stat. rev.; Chaeriloiurus Lourengo, 2020 = Chae-
rilobuthus Lourengo and Beigel, 2011, syn. nov;
Serratochaerilobuthus Lourenco, 2024 = Chaeri-
lobuthus Lourengo and Beigel, 2011, syn. nov;
Chaerilobuthus barbarae (Lourenco and Velten,
2025), comb. nov.

ORIGINS AND DIVERSIFICATION

Based on the time stratified, mx = 5 analy-
sis, the selection of the DIVALIKE + j model over
other models in the BioGeoBEARS analysis implies
that the paleogeographical history of Pseudochac-
tidae was driven by dispersal-vicariance, jump-dis-
persal and sympatric speciation events caused by
plate tectonics and climatic changes in the region.
The addition of Q. solegladi from South China and
Chaerilobuthinae from the Burma Terrane requires
revision of the biogeographical hypothesis pro-
posed by Loria et al. (2022), however.

At the time of its diversification (ca. 150 Ma),
the ancestor of Pseudochactidae was epigean and
widespread across Indochina + South China +
Western Cimmeria + Tajik-North Pamir (fig. 5).
Given the large geographical distance between
Western Cimmeria/Tajik-North Pamir and South
China/Indochina, Pseudochactidae were likely
present in the intervening areas, including parts of
Eastern Cimmeria, broadly defined here as Lhasa,
South Qiantang, Sibumasu (including the Baoshan
and Tenchong blocks), and the North Qiangtang-
Kalakum block (fig. 4). Loria et al. (2022) proposed
that Pseudochactidae originated in Eurasia and this
hypothesis remains plausible as Pseudochactidae
could have originated in Eurasia, perhaps near
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Tajik, and dispersed to Western Cimmeria, South
China, and Indochina when these landmasses con-
nected at the Triassic-Jurassic boundary (ca. 200
Ma). Unlike other arachnid orders, scorpions have
an extensive Paleozoic record with most fossils
occurring in the Northern Hemisphere (Dunlop
and Penney, 2012). The geographical distribution of
Paleozoic fossils, combined with the phylogenetic
position of Pseudochactidae as one of the earliest
diverging Recent scorpion lineages and the absence
of pseudochactid taxa from the Southern Hemi-
sphere, remains consistent with the hypothesized
Eurasian origin of the family (Loria et al., 2022). It
is also possible, however, that Pseudochactidae
originated on one of the former Gondwana land-
masses on which members of the family have been
recorded (i.e., South China, Indochina, Western
Cimmeria), later dispersing upon collision with
Eurasia. However, without understanding the bio-
geographical history of the sister family, Chaerili-
dae, it is difficult to make assumptions about the
ancestral range of Pseudochactidae. The analyses
presented here indicate that, in the Early Creta-
ceous, a vicariance event resulted in Pseudochacti-
dae diverging into two lineages: Pseudochactinae in
South China + Western Cimmeria + Tajik-North
Pamir, and the ancestor of the Southeast Asian sub-
families in Indochina.

CENTRAL VERSUS SOUTHEAST ASIAN
SUBFAMILIES

The analyses suggest that the ancestor of
Pseudochactinae was epigean and widespread
across South China + Western Cimmeria +
Tajik-North Pamir and began diversifying at
the end of the Late Cretaceous (ca. 67 Ma). This
Late Cretaceous divergence corresponds to the
Cretaceous-Tertiary (KT) mass extinction and
perhaps climatic changes caused by this event
resulted in habitat fragmentation of Pseudoch-
actinae across its range, ultimately resulting in
a divergence between Qianxie in South China
and Pseudochactas in Western Cimmeria/Tajik—
North Pamir. By 55 Ma, the Indian subconti-



30 AMERICAN MUSEUM NOVITATES

nent began its initial contact with Eurasia (Ali
and Aitchison, 2008), pushing the Tibetan Pla-
teau and the Himalayas upwards. Divergence
between P. mischi and P. ovchinnikovi occurred
in the Miocene (ca. 20 Ma), possibly as the result
of another vicariance event, uplift of the Hindu
Kush Mountains—Central Mountain range in
Afghanistan induced by the final push of the
Indian subcontinent into Eurasia (35 Ma). How-
ever, with molecular sequence data missing for
P. mischi, this divergence date should be inter-
preted with caution.

Loria et al. (2022) proposed a “Climate
Relict” hypothesis, which suggested that South-
east Asian pseudochactids (i.e., the ancestors
of Troglokhammouaninae and Vietbocapinae)
survived in subterranean refugia of the Anna-
mite Mountains during Miocene aridification.
The phylogenetic position of Chaerilobuthinae
and its morphological characters provide addi-
tional support for this hypothesis. Troglok-
hammouaninae and Vietbocapinae include
hypogean species that exhibit troglomorphies.
The extinct Chaerilobuthinae from 99-mil-
lion-year-old Burmese amber are also tro-
glomorphic (Xuan et al., 2025). The analyses
presented here suggest that, at the time of its
diversification, the ancestor of the Southeast
Asian pseudochactids was troglomorphic and
inhabited Indochina in the Early Cretaceous
(ca. 130 Ma). Perhaps this ancestor resembled
Chaerilobuthinae and was endogean, inhabit-
ing the leaf litter as proposed by Xuan et al.
(2025). A jump dispersal event of this ancestor
to the Burma Terrane occurred approximately
117 Ma ago, suggesting that the Burma Ter-
rane was accessible from Indochina at this
time. At the end of the Early Cretaceous (ca.
105 Ma), the troglomorphic ancestor of Viet-
bocapinae diverged into two lineages (genera)
on opposite sides of the Annamite Mountains.
During the Miocene, aridification caused the
extinction of endogean Chaerilobuthinae on
the Burma Terrane, whereas hypogean pseu-
dochactids survived in caves of the Annamite
Mountains in Indochina.
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IMPLICATIONS FOR THE
BurMA TERRANE

The paleogeographical history of the Burma
Terrane is contested (Roschmann et al., 2024).
Most researchers agree that it rifted from Gond-
wana, traveled northwards and collided with Eur-
asia. However, the trajectory of its journey, its
connections with other areas, and the timing of
these events are poorly understood. Studies on
angiosperms (Poinar, 2018), wasps (Jouault et al.,
2021), and other arachnid taxa including short-
tailed whip-scorpions (De Francesco Magnussen
et al, 2022), spiders (Wood and Wunderlich,
2023), ticks (Chitimia-Dobler et al., 2023), and
pseudoscorpions (Wriedt et al., 2021; GeifSler et
al., 2022; Roschmann et al., 2024) preserved in
Burmese amber, support a hypothesis of Late
Jurassic rifting. According to this hypothesis, the
Burma Terrane rifted from Gondwana in the Late
Jurassic and only collided with Sundaland in the
Late Cretaceous (Heine et al., 2004; Zhang et al,,
2017) or the Eocene-Oligocene (Westerweel et al.,
2019). A hypothesis of “Early Devonian rifting”
(Metcalfe, 2013) suggests that the Burma Terrane
rifted from Gondwana in the Early Devonian and
traveled with South China, Indochina, West
Sumatra and East Malaya as a continent known as
Cathaysialand. Collison only occurred at the Late
Triassic/Early Jurassic boundary. Johnson et al.
(2023) proposed that Permian diversification
(Johnson et al., 2022) and Burmese amber inclu-
sions support an Early Devonian rifting hypoth-
esis for the chthoniid pseudoscorpion tribe
Tyrannochthoniini Chamberlin, 1962.

In the time stratified analyses with mx =5
presented here, the DIVALIKE + j model recov-
ered an Early Cretaceous (117 Ma) jump dispersal
event from Indochina to Burma, interpreted as
support for the Early Devonian rifting hypothesis
of Metcalfe (2011, 2013). The DIVALIKE model,
with the best AICc score, also recovered dispersal
to the Burma Terrane but via an anagenic process.
Although supporting the Late Jurassic rifting
hypothesis, Wood and Wunderlich (2023) found
similar dates (ca. 109 Ma) for three dispersal/
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range expansion events from the Burma Terrane
into the Holarctic in palpimanoid spiders, with
the Burma Terrane acting as a biotic ferry bring-
ing taxa to Asia. Similarly, Xing et al. (2018) dis-
covered a species of Burmese amber frogs with
morphological affinities to anurans of the Jehol
biota (ca. 130-122 Ma). Regardless of when the
Burma Terrane rifted from Gondwana, the results
presented here, together with previous studies,
suggest a pattern of early biotic connection
between the Burma Terrane and Asia.

REVISED TIMELINE OF
PSEUDOCHACTID DIVERSIFICATION

Based on the present analysis, the timeline for
the origins, dispersal, and diversification of Pseu-
dochactidae provided by Loria et al. (2022) is
revised as follows (figs. 4-6): The ancestor of Pseu-
dochactidae was epigean and originated during the
Carboniferous although the ancestral range of the
family remains unclear. At the Jurassic-Triassic
boundary (ca. 200 Ma), the Cimmerian continent,
Tajik-North Pamir, South China, Indochina, and
other parts of Eurasia collided (Metcalfe, 2011,
2013), permitting biotic exchange between these
landmasses. In the Early Cretaceous, Pseudochacti-
dae experienced a vicariance event that separated
the Central Asian Pseudochactinae in Western
Cimmeria + Tajik-North Pamir + South China,
from the common ancestor of the Southeast Asian
subfamilies, in Indochina. Connections between
the Burma Terrane and Eurasia permitted a jump
dispersal event from Indochina in the Early Creta-
ceous, resulting in subfamily Chaerilobuthinae,
coinciding with the divergence of Vietbocapinae in
the Annamite Mountains. Divergence between
Pseudochactas and Qianxie occurred at the KT
boundary, perhaps the result of habitat fragmenta-
tion and extinction caused by climate change.
Uplift of the Himalayas, the Tibetan Plateau, and
neighboring mountain ranges followed as the
Indian subcontinent pushed into Eurasia during
the Eocene, causing another vicariance event,
which separated the ancestors of P. mischi from P

ovchinnikovi. Subsequent Miocene aridification
resulted in extinction of some lineages (Chaeril-
obuthinae) whereas others (Troglokhammouani-
nae, Vietbocapinae) survived in subterranean
refugia.

EvoLuTiON OF TROGLOMORPHISM

According to the reconstructions of Loria et
al. (2022), the ancestors of Pseudochactidae and
Pseudochactinae were epigean, whereas the ances-
tor of the clade comprising (Troglokhammouani-
nae + Vietbocapinae) was troglobitic. The inclusion
of Q. solegladi and Chaerilobuthinae in the pres-
ent analyses altered some of those findings (figs.
6, 7). The ancestors of Pseudochactidae and Pseu-
dochactinae were again reconstructed as epigean,
whereas the ancestor of the clade comprising the
Southeast Asian subfamilies, (Troglokhammoua-
ninae (Chaerilobuthinae + Vietbocapinae)), was
instead recovered as troglophilic in one analysis
but epigean in the others. Troglokhammouaninae
and Vietbocapinae were recovered as troglophilic
or troglobitic, respectively. The ancestor of Chae-
rilobuthinae was troglophilic, consistent with the
interpretation by Xuan et al. (2025) that these scor-
pions were endogean. This finding should never-
theless be interpreted with caution because four
characters of pigmentation could not be scored for
the ensemble index in Chaerilobuthinae.
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APPENDIX 1

Terminal taxa, specimens and tissue samples
used for phylogenetic analysis of the relictual
Asian scorpion family Pseudochactidae Gromoyv,
1998. Depositories for material examined abbre-
viated as follows: Alexander V. Gromov Private
Collection (AGPC), Almaty, Kazakhstan; Ameri-
can Museum of Natural History (AMNH), New
York, including the Ambrose Monell Cryocollec-
tion (AMCC); Institute of Ecology and Biological
Resources (IEBR), Vietnamese Academy of Sci-
ences, Hanoi; Museum National d’Histoire
Naturelle (MNHN), Paris; Nanjing Institute of
Geology and Palaeontology (NIGP) at the Chi-
nese Academy of Sciences, Nanjing; Phong
Nha-Ké Bang National Park (PNKB), B6 Trach,
Vietnam. Tissue samples deposited in the
Ambrose Monell Collection for Molecular and
Microbial Research (AMCC) at the AMNH.

Family Buthidae C.L. Koch, 1837

Buthus atlantis Pocock, 1889: MOROCCO:
Marrakesh-Safi Region: Essaouira Prov.: Ess-
aouira (Mogador), 4 km S, 31°29'21.7'N
09°46'08.2"W, 3 m, 19.ix.2004, V. Vignoli, 1 @
(AMCC [LP 3489]), 1 ¢ (AMCC [LP 3559]), 1
? (AMCC [LP 3571]). Road between Oualidia
and Essaouira, 31°38'10.5"N 09°39'45.7"W, 9 m,
24.iii.2003, L. Monod and P. Jenkins, 1 juv.
(AMCC [LP 2989]). Tiznit Prov.: N of Ouglou
Plage [29°48'32.7"N 09°49'47.2"W], 20 km W of
Tiznit, 17 m, 17.ix.2004, V. Vignoli, 1 3 (AMCC
[LP 3570]), 1 9 (AMCC [LP 3560]).

Family Chaerilidae Pocock, 1893

Chaerilus sejnai Kovarik, 2005: MALAY-
SIA: Pahang: Rompin Distr.: Tioman Island, near
Paya, iv.2002, V. Sejna, paratype &, paratype @
(CAS 9039962), 1 ex. (AMCC [LP 3685]); Pulau
Tioman (Tioman Island), trail between Kam-
pung Genting and Kampung Paya, 02°46'25.6"N
104°07'11.9"E, 35 m, 11.vi.2013, L. Prendini and
S.E Loria, primary rainforest close to seashore,

NO. 4051

moderately open canopy, sparse understorey,
moderate leaf litter layer, many large granite
boulders, brownish-orange, clayey granitic loam,
under fallen palm log near path, among leaf litter,
13,1 2 (AMNH), 02°46'43.4"N 104°07'08.2"E,
31 m, 12.vi.2013, L. Prendini and S.E Loria, pri-
mary rainforest close to seashore, moderately
open canopy, sparse understory, moderate leaf
litter layer, many large granite boulders, brown-
ish-orange, clayey granitic loam, under stone
on leaf litter-covered slope, 1 ¢ (AMCC [LP
11962]).

Family Pseudochactidae
Gromov, 1997

Subfamily tChaerilobuthinae
Lourengo and Beigel, 2011

tChaerilobuthus bruckschi Lourenco,
2015: MYANMAR: Kachin State: Noije Bum
near Hukawng Valley [ca. 26°14'51.1"N
96°33'22.5"E], Cretaceous (Cenomanian) bur-
mite: 1 juv. [sex unknown], dextral pedipalp
patella and chela absent (NIGP 201161), 1 juv.
[sex unknown] (NIGP 201162).

tChaerilobuthus complexus Lourengo and
Beigel, 2011: MYANMAR: Kachin State: Noije
Bum near Hukawng Valley [ca. 26°14'51.1"N
96°33'22.5"E], Cretaceous (Cenomanian) bur-
mite: 1 juv. [sex unknown], mesosomal seg-
ments IV, V and telson absent (NIGP 200655),
1 juv. [sex unknown], sinistral pedipalp absent
(NIGP 201160).

tChaerilobuthus enigmaticus Lourengo,
2015: MYANMAR: Kachin State: Noije Bum
near Hukawng Valley [ca. 26°14'51.1"N
96°33'22.5"E], Cretaceous (Cenomanian) bur-
mite: 2 juv. [sex unknown] (NIGP 201158,
201159).

tChaerilobuthus gigantosternum Lou-
rengo, 2016: MYANMAR: Kachin State: Noije
Bum near Hukawng Valley [ca. 26°14'51.1"N
96°33'22.5"E], Cretaceous (Cenomanian) bur-
mite: first instar juv. [sex unknown] (NIGP
200654).
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tChaerilobuthus hansgeorgmuelleri Lou-
rengo, 2019: MYANMAR: Kachin State: Noije
Bum near Hukawng Valley [ca. 26°14'51.1"N
96°33'22.5"E], Cretaceous (Cenomanian) bur-
mite: 1 subad. [sex unknown], mesosoma and
metasoma absent (NIGP 201164).

tChaerilobuthus knodelorum Lourenco,
2018: MYANMAR: Kachin State: Noije Bum
near Hukawng Valley [ca. 26°14'51.1"N
96°33'22.5"E], Cretaceous (Cenomanian) bur-
mite: 1 juv. [2?], metasomal segment IV and
telson absent (NIGP 200657).

tChaerilobuthus serratus Lourengo, 2016:
MYANMAR: Kachin State: Noije Bum near
Hukawng Valley [ca. 26°14'51.1"N 96°33'22.5"E],
Cretaceous (Cenomanian) burmite: 2 juv. [sex
unknown] (NIGP 200656, 201163).

Subfamily Pseudochactinae
Gromoyv, 1997

Pseudochactas ovchinnikovi Gromov, 1998:
TAJIKISTAN: Leninskii Distr.: Aruktau Mt.
Range, near Gandzhina village [37°58'N
68°34'E], 10.iv.1988, S.L. Zonstein and A.S. Zor-
kin, paratype ¢ (AGPC). UZBEKISTAN: Sur-
khandarya Region: Uzun Distr.: Okmachit
[Ak-Mechet], ca. 7 km W-4 km WSW, E slope of
Babatag ~ Mt.  Range, 38°02'50"N
68°14'22"E-38°01'45"N 68°15'30"E, 760-1010
m, 29.iv-9.v.1994, A.V. Gromov and S.V. Ovchin-
nikov, 2 ?, 3 subad. & paratypes (AGPC), 1 @,
6 juv. (AGPC); Okmachit, ca. 7 km W, E slope of
Babatag Mt. Range, 38°02'50"N 68°14'22"E, ca.
1010 m, 13.v.1995, O.V. Lyakhov, 2 juv. (AGPC);
Okmachit, ca. 6.5-7 km W, E slope of Babatag
Mt. Range, 38°02'50"N 68°14'22"E-38°02'04"N
68°14'51"E, 905-1010 m, 30.iv-2.v.2002, A.V.
Gromov, 6 ?, 7 subad. &, 1 subad. ?, 26 juv.
(AGPC); Okmachit, ca. 5 km WSW, E slope of
Babatag =~ Mt. Range, 38°02'26"N
68°14'59"E-38°02'01"N 68°15'08"E, 760-830 m,
3.v.2002, A.V. Gromov, 1 ? 10 juv. (AGPC);
Okmachit, ca. 5-6 km WSW, E slope of Babatag
Mt. Range, 38°02'01"N 68°14'03"E-38°01'36"N
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68°15'00"E, 730-870 m, 4.v.2002, A.V. Gromov,
1 &, 1 subad. 8 (AMNH), 3 ¢, 16 subad. &, 1
subad. ¢, 67 juv. (AGPC); Dikhana [Dukhana]
Canyon, foothills of E slopes of Babatag Moun-
tain Range, ca. 5 km WSW of Akmechet village,
38°01'38.3"N 68°15'11.9"E, 722 m, 20-24.v.2003,
L. Prendini and A.V. Gromov, UV detection on
earthen walls and rocky slopes along riverbanks
and canyon walls through mountains, hard
clayey soil, short grass cover with small trees and
shrubs, 9 2, 9 subad. &, 3 subad. ?, 18 juv. &,
10 juv. 2 (AMNH), 3 juv. ¢ (AMCC 159928 [LP
2303A-C]); Dikhana Canyon, ca. 5.5 km WSW
of Okmachit, E slope of Babatag Mt. Range,
38°01'33"N 68°14'26"E, ca. 774 m, 22.v.2003,
A.V. Gromov and L. Prendini, 1 juv. (AGPC).
Qianxie solegladi Tang, 2022: CHINA:
Sichuan Prov.: Ningnan Co.: between Hujia
Wanzi and Leijiabazi, 27°11'09"N 102°36'56"E,
6.iii.2024, Y. Li, 1 9 (AMCC [LP 20856]).

Subfamily Troglokhammouaninae
Lourenco, 2007

Troglokhammouanus steineri Lourenco,
2007: LAOS: Khammouane Prov.: Boualapha
Distr.: Hin Namno National Biodiversity Conser-
vation Area: Boualapha, Tham Xe Bangfai [cave],
Ban Nong Ping, 17°22'19.8"N 105°40'18.6"E,
14.ii.2007, H. Steiner, mid-section [of cave], on
sand, holotype ¢ (MNHN RS 9098); Tham Xe
Bang Fai (Xe Bang Fai River Cave), 17°22'23.6"N
105°50'11.8"E, 159 m, left bank of Xe Bang Fai
River (coming from downstream entrance): 19.
ii.2012, L. Prendini and P. Kanyavong, very steep
muddy beach on riverbank, with few cracks and
no debris, UV detection, specimen on mud bank,
1 & (AMNH), muddy beach on riverbank, with
moderate to steep mud bank with few rocks, UV
detection, all specimens on moist mud bank, 2
?, 1subad. 8,4 juv. &, 1juv. ¢ (AMNH), rocky
beach of riverbank at base of “Stairway to
Heaven,” with little mud except at base of rocks
close to river, UV detection, 1 ¢, several imm.
on moist mud, 1 imm. among vegetative debris
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caught between rocks, none on dry sand or
rocks, 1 @, 1 subad. ¢, 3juv. &, 3 juv. 2, pair of
pedipalp chelae (AMNH), 1 juv. ¢ (AMCC [LP
11275]), 19-21.ii.2012, L. Prendini, P. Kanyavong
and W. Phimmathong, rocky beach on riverbank,
with extensive mud and sand banks in places,
UV detection, specimens mostly on mud banks,
almost all on moist soil, 5 3,9 %, 4 subad. 4, 9
juv. 8, 4 juv. ?, dextral pedipalp femur and
patella (AMNH), 1 juv. & (AMCC [LP 11273]),
20.ii.2012, L. Prendini and P. Kanyavong, in twi-
light zone at cave entrance, muddy beach on riv-
erbank, UV detection at night, specimens sitting
on muddy banks (none collected at this site dur-
ing daylight), 2 ¢ (AMNH), 20-21.ii.2012, L.
Prendini, P. Kanyavong and W. Phimmathong,
large sandy beach of riverbank, midway through
cave [type locality], with muddy bank immedi-
ately along river and muddy patches in several
depressions further from river edge, UV detec-
tion, all specimens collected on moist muddy
soil, some among vegetative debris (sticks, etc.)
trapped between stones, others sitting in open on
mud, one in mud cracks, one below stone, 7 ¢,
Ljuv. 2 (AMNH), 1 juv. ? (AMCC [LP 11272]);
right bank of Xe Bang Fai River (coming from
downstream entrance): 19-20.ii.2012, L. Pren-
dini and P. Kanyavong, muddy beach of river-
bank at bottom of “Balcony Passage,” ca. 300-500
m from downstream entrance of cave, UV detec-
tion during day: specimens very common on
moist mud banks, mostly in cracks between dry-
ing mud slabs or among sticks and other vegeta-
tive debris caught between rocks, all collected on
moist soil, none on dry sand banks higher
upslope; UV detection at night: several 8 & sit-
ting on flowstone rock faces, several ¢ ¢ and juv.
on mud banks and cracked clay, 1 & partly can-
nibalized by ?,2 3 (1 & partially predated), 22
?, 2 subad. &, 4 subad. @, 5juv. &, 7 juv. ?,
carapace and sinistral pedipalp chela (AMNH),
1juv. ¢ (AMCC [LP 11271]), 19-21.ii.2012, L.
Prendini, P. Kanyavong, and W. Phimmathong,
muddy beach of riverbank between “Balcony
Passage” and “Stairway to Heaven,” steep and dry
with little cracked mud, relatively few rocks with

NO. 4051

trapped vegetative debris, UV detection, speci-
mens uncommon, mostly on mud close to river
edge, few higher upslope against cave walls, near
moist flowstone, all specimens collected on moist
mud surfaces, none on dry sand, 1 &, 7 9
(AMNH), 20.ii.2012, L. Prendini and P. Kanya-
vong, rocky beach of riverbank before second
rapids, UV detection, several adult ¢ ? and
imm. on mud bank or in rock crevices close to
river, none on dry soil higher upslope, 5 ¢, 1
subad. ?, 1 juv. 3 (AMNH), 20-21.ii.2012, L.
Prendini, P. Kanyavong and W. Phimmathong,
rocky/muddy beach of riverbank before “Stair-
way to Heaven,” UV detection, several ¢ ¢ and
imm. on muddy banks or among trapped vegeta-
tive debris between rocks, none on dry sand, 1
3,4 @, 4subad. &, 1 subad. 9,2 juv. &, 8 juv.
Q (AMNH), 1 juv. (AMCC [LP 11274]), 21.
ii.2012, L. Prendini and W. Phimmathong,
Oxbow Lake, rocky beach on riverbank, UV
detection, specimens on rocky shore, 2 ¢, 1
subad. &, dextral pedipalp chela (AMNH).

Subfamily Vietbocapinae
Lourengo and Pham, 2010

Aemngvantom lao (Lourengo, 2012):
LAOS: Khammouane Prov.: Gnommalath Distr.:
Grotte Tham Nam Lot au NO de Ban Naden
(village) [Ban Naden, Tham Nam Lot (cave)],
17°30"18"N 105°23'08"E, 176 m, 8.xi.2011, L.
Deharveng and A. Bedos, 350-450 m from main
cave entrance, collected by hand, Laol1-46, 1 juv.
? holotype (MNHN RS 9096), 1 juv. @ paratype
(MNHN RS 9097); Tham Nam Lot (Lod) near
Ban Naden village, 17°30"13.8"N 105°23'09.2"E,
260 m, 13-14.vi.2012, L. Prendini, S.F. Loria and
P. Kanyavong, limestone cave in primary rainfor-
est at base of limestone mountain, fairly moist
cave with pools of water in places, entrances on
both sides of mountain, specimens collected with
UV light detection ca. midday, uncommon, taken
mostly 300-400 m (roughly halfway) from main
entrance in dark zone, mostly in moist areas, sit-
ting in crevices in mud walls below flowstone
walls, 1 ? running on surface, several specimens
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(including 1 &) in mud walls of side room, 2 &,
3 9, 1subad. &, 3 subad. 9,3 juv. &, 7 juv. @
(AMNH), 2 juv. 2 (AMCC [LP 11349, 11350]);
Tham Nam Lot (Lod), near Ban Naden Village,
inside cave, 17°30'13.8"N 105°23'09.2"E, 260 m,
19.v.2018, S.E. Loria, L. Ngo, S.T. Kangnavong
and P.T. Thon Thondet, deep in cave, walking on
ground, under stones or in rock cracks, 2 ¢, 1
subad. ¢, I juv. 2 (AMNH), 1 juv. 3 (AMCC
[LP 15570]), [telson] (AMCC [LP 15591]), same
data except 20.v.2018, 1 &, 1 subad. &, 1 subad.
?,3juv. 2 (AMNH).

Aemngvantom thamnongpaseuam Pren-
dini et al., 2021: LAOS: Khammouane Prov.:
Thakhek Distr.: Phou Hin Boun National Biodi-
versity Conservation Area: Tham Paseum [Tham
Nong Paseum, Tham Nong Pa Seuam, Tham Pa
Seuam or Tham Pa Suam], 8.5 km from turn-
off to Tham Phanong Pafa [Tham Nong Pa Fa
or Tham Pa Fa] or Buddha Cave on main road
Thakhek-Gnommalath (4 km E Thakhek),
17°28'18"N 104°51'23.9"E, 141 m, 15.vi.2012, L.
Prendini, S.F. Loria and P. Kanyavong, limestone
cave in primary rainforest, very wet cave with
river running through, specimen taken from
dark zone, in large terminal room [pillar room],
ca. 500 m from cave entrance, with extensive
rubble breakdown, stalactites, stalagmites and
flowstone formations, specimen collected with
UV light detection, ca. midday, sitting still on
side of small stone, holotype ¢ (AMNH/AMCC
[LP 11351]).

Vietbocap canhi Loureng¢o and Pham,
2010: VIETNAM: Quang Binh Prov.: Bd Trach
Distr.: Phong Nha-Ké Bang National Park: Tién
Son (Cave), 17°32'N 106°16'E, 200 m, 23.ii.2012,
L. Prendini and V.A. Dang, dark zone of cave,
ca. 200-500 m from entrance, UV detection in
moist cave environment with abundant dripstone
and flowstone formations, stalactites and stalag-
mites, specimens usually sitting in rock crevices
or under small stones, mostly in moist situations
(near areas where water collects from dripstone
formations), none found in dry areas of cave, 7
?, 2 subad. &, 1 subad. %, 4 juv. &, 4 juv. ?,
pedipalp fragments (AMNH), 3 juv. ? (AMCC

[LP 11270, 16750, 16751]); Thién Dudng (Cave),
17°18'55"N 106°08'05"E, 200 m, 12.xi.2011, ex
P-D. Sac, cave, No. 1279, 1 juv. ¢ (AMCC [LP
11348]), bong Thién Puong (Paradise Cave),
17°31'11.1"N 106°13'23"E, 248 m, 12-13.xi.2018,
S.FE. Loria, V.L. Ehrenthal, B.D. Trdn and H.V.
Duong, blacklight in cave, specimens collected
between 1 km and 5 km deep in cave, walking
on ground, under rocks or in limestone cracks,
1 ¢ (AMNH), 1 subad. 8 (IEBR), [leg] (AMCC
[LP 16535]), 1 subad. ¢ (AMCC [LP 16536]), 1
subad. ? (IEBR), [leg] (AMCC [LP 16533]), 1
juv. & (PNKB), [leg] (AMCC [LP 16534]), 1 juv.
? (PNKB), [leg] (AMCC [LP 16537]).
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APPENDIX 2
Measurements (mm) and counts of the holotype female (holo.) of Qianxie solegladi Tang, 2022,
from Tang (2022) and a female specimen deposited in the Ambrose Monell Cryocollection
(AMCC [LP 20856]) of the American Museum of Natural History, New York.
Holo. ~AMCC Holo. AMCC
? ? ? ?

Total length 24.7 21.58 Telson width 1.5 1.25
Carapace length 3.1 2.53 Telson height 1.4 1.17
Carapace anterior width - 1.45 Metasoma + telson length 13.5 11.69
Carapace width 3.2 2.64 Pedipalp length 10.7 8.41
Mesosoma length 8.1 7.36 Pedipalp femur length 2.8 2.3
Tergite VII length 1.7 - Pedipalp femur width 1.0 0.83
Tergite VII width 2.8 - Pedipalp patella length 2.9 2.22
Metasomal segment I length 1.1 1.1 Pedipalp patella width 1.2 0.98
Metasomal segment I width 1.6 1.45 Pedipalp chela length 5.0 3.89
Metasomal segment I height 1.3 0.98 Pedipalp chela manus length 1.6 1.83
Metasomal segment II length 1.4 1.24 Pedipalp chela manus width 1.3 1.17
Metasomal segment II width 1.5 1.37 Pedipalp chela manus height 24 0.99
Metasomal segment II height 1.3 0.98 Pedipalp chela fixed finger length 2.1 2.06
Metasomal segment III length 1.5 1.38 Pedipalp chela movable finger length 2.6 2.34
Metasomal segment IIT width 1.4 1.33 Pectinal median lamellae (sinistral) 9 10
Metasomal segment IIT height 1.3 0.99 Pectinal median lamellae (dextral) 10 10
Metasomal segment IV length 2.0 1.74 Pectine teeth count (sinistral) 10 11
Metasomal segment IV width 14 1.34 Pectine teeth count (dextral) 10 11
Metasomal segment IV height 1.3 1.03 Movable finger denticle row (sinistral) 7 7
Metasomal segment V length 3.8 3.08 Movable finger denticle row (dextral) 7 8
Metasomal segment V width 1.4 1.31 Fixed finger denticle row (sinistral) 7 7
Metasomal segment V height 1.3 1.06 Fixed finger denticle row (dextral) 7 7
Telson length 3.7 3.15
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APPENDIX 3

Ratios and counts for females used in nonmetric multidimensional
scaling analysis of the relictual Asian scorpion family
Pseudochactidae Gromov, 1998.

0NN U W N

W DN NN NN DN N DN DN DN o e e e e e e e = \D
S O 0 NN U W = O WO N ONU W~ O

. Carapace length : total length

. Carapace anterior width : length

. Carapace posterior width : length

. Pedipalp femur width : length

. Pedipalp patella width : length

. Pedipalp chela manus width : chela length

. Pedipalp chela manus height : width

. Pedipalp chela movable finger length : chela length

. Pedipalp chela fixed finger median denticle subrows (sinistral)

. Pedipalp chela fixed finger median denticle subrows (dextral)
. Pedipalp chela movable finger median denticle subrows (sinistral)
. Pedipalp chela movable finger median denticle subrows (dextral)
. Pectinal median lamellae (sinistral)

. Pectinal median lamellae (dextral)

. Pectinal teeth (sinistral)

. Pectinal teeth (dextral)

. Metasoma-telson length : total length

. Metasomal segment I width : length

. Metasomal segment II width : length

. Metasomal segment III width : length

. Metasomal segment IV width : length

. Metasomal segment V width : length

. Metasomal segment I length : segment II length

. Metasomal segment II length : segment III length

. Metasomal segment III length : segment IV length

. Metasomal segment IV length : segment V length

. Metasomal segment V length: telson length

. Metasomal segment V width : telson vesicle width

. Telson vesicle width : telson length

. Telson vesicle height : telson length
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APPENDIX 6

Morphological characters and character
states used for phylogenetic analysis of the relic-
tual Asian scorpion family Pseudochactidae Gro-
mov, 1998. Character states scored 0-5,
inapplicable (-) or unknown (?). Terminology,
including trichobothrial homology, follows Pren-
dini et al. (2006). Characters corresponding to
lists of Lamoral (1980), Stockwell (1989), Pren-
dini (2000), Soleglad and Sissom (2001), Soleglad
and Fet (2001), Soleglad and Fet (2003b: table 4),
Soleglad and Fet (2003b, table 5), Prendini
(2004), Prendini et al. (2021, appendices 2 and
3), Xuan et al. (2025) denoted, respectively, by
abbreviations L80, S89, P00, S&S01, S&F01,
S&F03.4, S&F03.5, P04, PEA21 and XEA?25, fol-
lowed by the corresponding number. Character
matrix in table 2.

Coloration and Infuscation

1. Tegument base coloration: 0, yellowish; 1,
brown; ?, unknown. [PEA21/1, XEA25/1]

2. Carapace infuscation: 0, absent (immaculate);
1, present; ?, unknown. [PEA21/2, XEA25/2]

3. Mesosomal tergites infuscation: 0, absent
(immaculate); 1, median stripe and pair of
lateral bands; 2, paired submedian and sublat-
eral stripes; 3, entirely or mostly (anterior
two-thirds) infuscate; 2, unknown. [PEA21/3,
XEA25/3]

4. Legs, femoral and patellar surfaces, infusca-
tion: 0, prolateral and retrolateral surfaces
infuscate; 1, prolateral surfaces infuscate, ret-
rolateral surfaces immaculate; 2, prolateral
and retrolateral surfaces immaculate; 2,
unknown. [PEA21/4, XEA25/4] Original
character (PEA21/1) revised to the current
version (XEA25/4).

Chelicerae

5. Cheliceral fixed finger, ventral surface, teeth or
denticles: 0, two major teeth; 1, four or five
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small denticles (ventral accessory denticles);
?, unknown. [S&S01/8, S&F03.5/45, P04/1,
PEA21/5, XEA25/5]

6. Cheliceral fixed finger, median and basal teeth,
fusion: 0, fused into bicuspid (“conjoined on
trunk”); 1, separate; ?, unknown. [S&S019,
S&F03.544, PEA21/6, XEA25/6]

7. Cheliceral movable finger, dorsal margin, basal
teeth: 0, absent; 1, one; 2, two; 2, unknown.
[S89/33, S&S01/2, S&F03.5/40, PEA21/7,
XEA25/7]

8. Cheliceral movable finger, ventral margin,
teeth or denticles: 0, two large, subequal
median teeth; 1, four or five ventral accessory
denticles (crenulate margin); ?, unknown.
[S89/34-36, S&S01/4, S&F03.5/42, 43,
PEA21/8, XEA25/8]

9. Cheliceral movable finger, ventral margin, ser-
rula: 0, absent; 1, present; ?, unknown.
[S89/34-36, S&S01/4, S&F03.5/42, 43,
PEA21/9, XEA25/9]

Carapace

10. Carapace posterior width, relative to length:
0, posterior width greater than length; 1, pos-
terior width similar to or less than length; 2,
unknown. [PEA21/10, XEA25/10]

11. Carapace anteromedian margin, alignment
relative to anterolateral margins: 0, anterome-
dian margin recessed, posterior to anterolat-
eral margins; 1, anteromedian margin aligned
with anterolateral margins; 2, anteromedian
margin protruding, anterior to anterolateral
margins; ?, unknown. [PEA21/11, XEA25/11]

12. Carapace anteromedian margin, curvature: 0,
sublinear; 1, convex (procurved); 2, shallowly
concave (recurved); ?, unknown. [PEA21/12,
XEA25/12]

13. Carapace anterolateral margins: 0, entire; 1,
with pronounced incision lateral to lateral
ocelli (rostrolateral incision); ?, unknown.
[PEA21/13, XEA25/13]

14. Carapace anteromedian depression, dimen-
sions: 0, broad, deep; 1, narrow, shallow; 2,
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narrow, deep; ?, unknown. [PEA21/14,
XEA25/14]

15. Carapace anterosubmedial depressions,
medial to lateral ocelli: 0, absent; 1, vestigial;
2, well developed; ?, unknown. [PEA21/15,
XEA25/15]

16. Carapace anterosubmedial lyriform carinae,
vertical development and macrosculpture: 0,
absent; 1, obsolete, granular; 2, pronounced,
costate-granular; ?, unknown. [PEA21/16,
XEA25/16]

17. Carapace median ocular tubercle (or eyeless
surface representing ocular tubercle), distance
from anterior margin relative to carapace
length: 0, medial; 1, anteromedial; 2,
unknown. [PEA21/17, XEA25/17]

18. Carapace median ocelli: 0, present; 1, absent;
?, unknown. [PEA21/18, XEA25/18]

19. Carapace interocular sulcus (regardless of
presence or absence of median ocelli), depth:
0, deep; 1, shallow; ?, unknown. [PEA21/19,
XEA25/19]

20. Carapace circumocular sutures: 0, absent; 1,
present; ?, unknown. [PEA21/20, XEA25/20]

21. Carapace circumocular sutures, develop-
ment: 0, complete, connected posteriorly
(post-ocular); 1, complete, disconnected pos-
teriorly; 2, partial (disconnected); ?, unknown;
-, inapplicable. [PEA21/21, XEA25/21]

22. Carapace circumocular triangle (regardless of
presence or absence of median ocelli), shape: 0,
subtriangular (broad V-shape), median ocellar
curvatures present; 1, parallel-sided (U-shape),
median ocellar curvatures absent; 2, unknown;
-, inapplicable. [PEA21/22, XEA25/22]

23. Carapace circumocular sulci, posterior mar-
gin, distance from anterior margin relative to
carapace length: 0, anteromedial; 1, medial; 2,
posteromedial; 2, unknown; -, inapplicable.
[PEA21/23, XEA25/23]

24. Carapace lateral ocelli, anterolateral major
(ALMa) ocelli: 0, present; 1, absent; 2,
unknown. [PEA21/24, XEA25/24]

25. Carapace lateral ocelli, mediolateral major
(MLMa) ocelli: 0, present; 1, absent; ¥,
unknown. [PEA21/25, XEA25/25]
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26. Carapace lateral ocelli, posterolateral major
(PLMa) ocelli: 0, present; 1, absent; 2,
unknown. [PEA21/26, XEA25/26]

27.Carapace lateral ocelli, posterolateral major
(PLMa) ocelli, size: 0, small; 1, large; 2,
unknown. This new character was added in
the present study.

28. Carapace lateral ocelli, anterodorsal minor
(ADMi) ocelli: 0, present; 1, absent; ¥,
unknown. [PEA21/27, XEA25/27]

29. Carapace lateral ocelli, posterodorsal minor
(PDMi) ocelli: 0, present; 1, absent; 2,
unknown. [PEA21/28, XEA25/28]

30. Carapace lateral eyespot: 0, absent; 1, present;
?, unknown. [PEA21/29, XEA25/29]

31. Carapace circumocular surfaces: 0, mostly
granular; 1, mostly smooth except for sparse
granulation near anterior carapace margin; 2,
entirely smooth; ?, unknown. [PEA21/30,
XEA25/30] Original character (PEA21/30)
split to create XEA25/30 and 31 and state 2
added for fossil taxa.

32. Carapace anterolateral and posteromedian sur-
faces: 0, mostly granular; 1, smooth; 2, unknown.
[PEA21/30, XEA25/31] Original character
(PEA21/30) split to create XEA25/30 and 31.

33. Carapace mediolateral surfaces, macrosculp-
ture: 0, granular; 1, smooth; ?, unknown.
[PEA21/31, XEA25/32]

34. Carapace posterolateral margins, curvature:
0, gently curved; 1, angular, slanting; 2,
unknown. [PEA21/32, XEA25/33]

35. Carapace posteromedian margin, curvature:
0, shallowly concave (recurved); 2, sublinear
to shallowly convex (procurved); ?, unknown.
[PEA21/33, XEA25/34]

Pedipalps

36. Pedipalps shape: 0, segments very robust,
chela manus incrassate; 1, segments moder-
ately robust, chela manus globose; 2, segments
gracile, chela manus globose; 3, segments
gracile, chela manus elongate; ?, unknown.
[PEA21/34, XEA25/35]



48 AMERICAN MUSEUM NOVITATES

37. Pedipalp femur trichobothrium i,: 0, absent;
1, present; ?, unknown. [Prendini et al. (2006)
preferred hypothesis, PEA21/35, XEA25/36]

38. Pedipalp femur petite trichobothrium i;: 0,
absent; 1, present; 2, unknown. [Prendini et
al. (2006) preferred hypothesis, PEA21/36,
XEA25/37]

39. Pedipalp femur petite trichobothrium i,: 0,
absent; 1, present; 2, unknown. [Prendini et
al. (2006) preferred hypothesis, PEA21/37,
XEA25/38]

40. Pedipalp femur prodorsal carina, longitudi-
nal development: 0, complete; 1, partial; 2,
unknown. [PEA21/38, XEA25/39]

41. Pedipalp femur trichobothrium d,, size: 0,
petite; 1, full size; 2, unknown. [Prendini et al.
(2006) preferred hypothesis, PEA21/39,
XEA25/40]

42. Pedipalp femur trichobothria d; and i,_,,
relative alignment: 0, d, aligned with or distal
to i,_s 1, d; proximal to i, , ?, unknown.
[S&S01/38, S&F03.5/5, PEA21/40, XEA25/41]

43. Pedipalp femur petite trichobothrium d,: 0,
absent; 1, present; 2, unknown. [Prendini et
al. (2006) preferred hypothesis, PEA21/41,
XEA25/42]

44. Pedipalp femur trichobothrium d;, size: 0,
petite; 1, full size; 2, unknown. [Prendini et al.
(2006) preferred hypothesis, PEA21/42,
XEA25/43]

45. Pedipalp femur trichobothrium d,, size: 0,
absent; 1, petite; 2, full size; ?, unknown.
[Prendini et al. (2006) preferred hypothesis,
PEA21/43, XEA25/44]. States 1 and 2 acci-
dentally swapped in the original character
(PEA21/43). Corrected to the current version
(XEA25/44).

46. Pedipalp femur trichobothrium d;: 0, absent;
1, present; ?, unknown. [Prendini et al. (2006)
preferred hypothesis, PEA21/44, XEA25/45]

47. Pedipalp femur trichobothrium dg, size: 0,
petite; 1, full size; 2, unknown. [Prendini et al.
(2006) preferred hypothesis, PEA21/45,
XEA25/46]

48. Pedipalp femur trichobothria d; and d,
alignment relative to retrodorsal carina: 0, d,
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prolateral to d; such that d;-d, directed away
from retrodorsal carina (beta configuration);
1, d; and d, in same axis, such that d;-d,
parallel to retrodorsal carina; 2, d, retrolat-
eral to d; such that d;-d, directed toward
retrodorsal carina (alpha configuration); 2,
unknown. [S&F03.5/3, P04/11, PEA21/46,
XEA25/47]

49. Pedipalp femur retrodorsal carina, vertical
development: 0, absent or obsolete; 1, pres-
ent, distinct; ?, unknown. [PEA21/47,
XEA25/48]

50. Pedipalp femur trichobothrium e;: 0, absent;
1, present; ?, unknown. [Prendini et al. (2006)
preferred hypothesis, PEA21/48, XEA25/49]

51. Pedipalp femur trichobothrium e,: 0, absent;
1, present; ?, unknown. [S&F01/62,
S&F03.4/62, PEA21/49, XEA25/50]

52. Pedipalp patella promedian carina (“dorsal
patellar spur carina”): 0, present; 1, absent; 2,
unknown. [S&F03.5/94 (part), PEA21/50,
XEA25/51]

53. Pedipalp patella prolateral surface, dorsoven-
tral projection (“anterior process”): 0, absent;
1, moderate; 2, pronounced; ?, unknown.
[PO0/18, S&S01/16,17, S&F03.5/97, 98,
PEA21/51, XEA25/52]

54. Pedipalp patella prolateral surface, dorsoven-
tral projection, pair of spiniform granules
proximally (dorsal and ventral “patellar spurs”
situated proximally on dorsal and ventral pro-
lateral carinae, respectively): 0, present; 1,
absent; ?, unknown. [P00/18, S&S01/16,17,
S&F03.5/97, 98, PEA21/52, XEA25/53]

55. Pedipalp patella trichobothrium i,: 0, absent;
1, present; ?, unknown. [S&F01/28,
S&F03.4/28, PEA21/53, XEA25/54]

56. Pedipalp patella dorsomedian carina: 0, pres-
ent; 1, absent; ?, unknown. [S&F03.5/95,
PEA21/54, XEA25/55]

57. Pedipalp patella trichobothium d;: 0, absent;
1, present; ?, unknown. [S&F01/31,
S&F03.4/31, PEA21/55, XEA25/56]

58. Pedipalp patella trichobothium d,: 0, absent;
1, present; ?, unknown. [S&F01/32,
S&F03.4/32, PEA21/56, XEA25/57]
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59. Pedipalp patella petite trichobothium d;: 0,
absent; 1, present; ?, unknown. [S&F01/33,
S&F03.4/33, PEA21/57, XEA25/58]

60. Pedipalp patella retromedian carina: 0, pres-
ent; 1, absent; ?, unknown. [PEA21/58,
XEA25/59]

61. Pedipalp patella trichobothium em;: 0,
absent; 1, present; ?, unknown. [S&F01/41,
S&F03.4/41, PEA21/59, XEA25/60]

62. Pedipalp patella trichobothium est, size: 0,
petite; 1, full size; ?, unknown. [S&F01/43,
S&F03.4/43, PEA21/60, XEA25/61]

63. Pedipalp patella ventromedian carina: 0,
present; 1, absent; ?, unknown. [PEA21/61,
XEA25/62]

64. Pedipalp patella trichobothria v, v, and v5: 0,
absent; 1, present; ?, unknown. [S&F01/47-
49, S&F03.4/47-49, PEA21/62, XEA25/63]

65. Pedipalp chela manus prolateral dorsal carina
(J), longitudinal development: 0, absent or
obsolete; 1, complete; 2, unknown. [PEA21/63,
XEA25/64]

66. Pedipalp chela manus prolateral ventral
carina (8, ?), longitudinal development: 0,
absent or obsolete; 1, complete; 2, unknown.
[PEA21/64, XEA25/65]

67. Pedipalp chela manus trichobothrium ib,: 0,
absent; 1, present; ?, unknown. [S&F01/1,
S&F03.4/1, PEA21/65, XEA25/66]

68. Pedipalp chela manus petite trichobothrium
iby: 0, absent; 1, present; ?, unknown. [Pren-
dini et al. (2006) preferred hypothesis,
PEA21/66, XEA25/67]

69. Pedipalp chela fixed finger trichobothrium it,
(it situated at base of fixed finger): 0, absent;
1, present; ?, unknown. [S89/70-72, P00/47,
S&S01/40, S&F03.5/11, 14, PEA21/67,
XEA25/68]

70. Pedipalp chela fixed finger trichobothrium if,
(it situated in proximal third of fixed finger):
0, absent; 1, present; ?, unknown. [S89/70-72,
P00/47, S&S01/40, S&F03.5/11, 14, PEA21/68,
XEA25/69]

71. Pedipalp chela fixed finger trichobothrium it,
(it situated distally on finger): 0, absent; 1,
present; ?, unknown. [S89/70-72, P00/47,

S&S01/40, S&F03.5/11,
XEA25/70]

72. Pedipalp chela manus dorsomedian carina,
longitudinal development: 0, absent or obso-
lete; 1, vestigial; 2, complete; ?, unknown.
[PEA21/70, XEA25/71]

73. Pedipalp chela manus dorsal secondary and
subdigital carinae, longitudinal development:
0, absent or obsolete; 1, vestigial; 2, complete;
2, unknown. [PEA21/71, XEA25/72]

74. Pedipalp chela manus digital carina, longitu-
dinal development: 0, absent or obsolete; 1,
complete; 2, unknown. [PEA21/72, XEA25/73]

75. Pedipalp chela manus retromedian carina,
longitudinal development: 0, absent or obso-
lete; 1, partial; 2, complete; 2, unknown.
[PEA21/73, XEA25/74]

76. Pedipalp chela manus secondary accessory
and retroventral carinae, fusion: 0, entire; 1,
incomplete, slight disjunction evident in
proximal third; 2, unknown. [PEA21/74,
XEA25/75]

77. Pedipalp chela manus trichobothrium Eb;: 0,
present; 1, absent; 2, unknown. This character
was newly added in the present study.

78. Pedipalp chela manus trichobothrium Eb,,
size: 0, petite; 1, full size; 2, unknown. [Pren-
dini et al. (2006) preferred hypothesis,
PEA21/75, XEA25/76]

79. Pedipalp chela manus trichobothrium Est,
(Est situated distal on chela manus): 0, absent;
1, present; ?, unknown. [S89/86, PEA21/76,
XEA25/77]

80. Pedipalp chela manus trichobothrium Est,
(Est situated proximal to movable finger con-
dyle): 0, absent; 1, present; ?, unknown.
[S89/86, PEA21/77, XEA25/78]

81. Pedipalp chela manus/fixed finger trichoboth-
rium Et; (in Pseudochactidae, and position-
ally homologous trichobothrium eb in
Buthidae and Chaerilidae), position: 0, situ-
ated proximally on fixed finger; 1, situated on
fixed finger, slightly distal to movable finger
condyle; 2, situated distally on manus, aligned
with or proximal to movable finger condyle;
2, unknown. [PEA21/78, XEA25/79]

14, PEA21/69,
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82. Pedipalp chela manus petite trichobothrium
Et,: 0, absent; 1, present; ?, unknown.
[S&F01/21, S&F03.4/21, PEA21/79,
XEA25/80]

83. Pedipalp chela trichobothrium eb (not posi-
tionally homologous with eb in Buthidae and
Chaerilidae), position: 0, absent; 1, present,
situated on fixed finger, slightly distal to mov-
able finger condyle; 2, present, situated in
proximal third of fixed finger, distal to basal-
most retrolateral denticle of median denticle
row; ¢, unknown. [PEA21/80, XEA25/81]

84. Pedipalp chela fixed finger petite trichoboth-
rium esb, (esb situated in proximal quarter of
fixed finger, between second and third most
proximal retrolateral denticles of median den-
ticle row): 0, absent; 1, present; ?, unknown.
[Prendini et al. (2006) preferred hypothesis,
PEA21/81, XEA25/82]

85. Pedipalp chela fixed finger trichobothrium
esb, (in Pseudochactidae, not positionally
homologous with esb in Buthidae and Chae-
rilidae), position: 0, absent; 1, situated in
proximal third of fixed finger, approximately
aligned with proximal retrolateral denticle
of median denticle row; 2, situated in proxi-
mal third of fixed finger, between first and
second most proximal retrolateral denticles
of median denticle row; 3, situated approxi-
mately midway on fixed finger, between
second and third most proximal retrolateral
denticles of median denticle row; 2, unknown.
[PEA21/82, XEA25/83]

86. Pedipalp chela fixed finger trichobothria est
and et, position: 0, absent; 1, situated medially
on finger; 2, situated distally on finger; 2,
unknown. [Prendini et al. (2006) preferred
hypothesis, PEA21/83, XEA25/84]

87. Pedipalp chela manus ventromedian carina,
longitudinal development: 0, absent or obso-
lete; 1, vestigial; 2, partial; ?, unknown.
[PEA21/84, XEA25/85]

88. Pedipalp chela manus V: 0, absent; 1, pres-
ent; ?, unknown. [Prendini et al. (2006) pre-
ferred hypothesis, PEA21/85, XEA25/86]
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89. Pedipalp chela manus V,: 0, absent; 1, pres-
ent; ?, unknown. [Prendini et al. (2006) pre-
ferred hypothesis, PEA21/86, XEA25/87]

90. Pedipalp chela manus V,, position: 0, medial;
1, near retroventral carina; ?, unknown; -,
inapplicable. [XEA25/88]

91. Pedipalp chela fixed and movable fingers,
shape lateral aspect (adult &): 0, sublinear,
similar to adult ?; 1, sinuous, sexually dimor-
phic; 2, unknown. [PEA21/87, XEA25/89]

92. Pedipalp chela fixed finger, median denticle
rows, number of subrows: 0, 11; 1, 10; 2, 8; 3,
7; %, unknown. [PEA21/88, XEA25/90]

93. Pedipalp chela movable finger, median den-
ticle rows, number of subrows: 0, 11 or 12; 1,
10; 2, 8 3, 7; ?, unknown. [PEA21/89,
XEA25/91]

94. Pedipalp chela fixed finger, median denticle
rows, number of prolateral denticles: 0, 11; 1,
10; 2, 8; 3, 7; 4, 6; 2, unknown. [PEA21/90,
XEA25/92]

95. Pedipalp chela movable finger, median den-
ticle rows, number of prolateral denticles: 0,
11 or 12; 1, 10; 2, 8; 3, 7; %, unknown.
[PEA21/91, XEA25/93]

96. Pedipalp chela fixed finger, median denticle
rows, number of retrolateral denticles: 0, 11 or
12; 1, 9; 2, 7; 3, 6; 2, unknown. [PEA21/92,
XEA25/94]

97. Pedipalp chela movable finger, median den-
ticle rows, number of retrolateral denticles: 0,
12; 1, 9; 2, 7; 3, 6; 2, unknown. [PEA21/93,
XEA25/95]

Coxosternum

98. Leg I, maxillary lobes (coxapophyses), distal
edges, shape: 0, unexpanded (non-spatulate);
1, distinctly expanded (spatulate); 2, unknown.
[L80/5, S&S01/68, S&F03.5/70, PEA21/94,
XEA25/96]

99. Leg I, maxillary lobes (coxapophyses), ante-
rior margins, serrula: 0, absent; 1, vestigial,
few serrations restricted to anterolateral mar-
gins; 2, distinct, extensive serrations along
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anterior and lateral margins; ?, unknown.
[XEA25/97]

100. Sternum shape: 0, pentagonal; 1, subtrian-
gular; 2, unknown. [L80/3, 18, S89/28, P00/9,
S&S01/69, S&F03.5/64, PEA21/95, XEA25/98]

101. Sternum lateral margins, curvature: 0,
curved medially; 1, sublinear; ?, unknown; -,
inapplicable. [PEA21/96, XEA25/99]

102. Sternum ventral surface: 0, flat/planar (“no
concave region, minimal outer ridge”); 1,
shallowly concave (“marginal concave region,
minimal outer ridge”); 2, markedly concave
(“well-developed concave region and outer
ridge”); ?, unknown. [L80/3, 18, S89/28,
P00/9, S&S01/69, S&F03.5/64, PEA21/97,
XEA25/100]

Legs

103. Legs III and IV, tibial spurs: 0, present; 1,
absent; ?, unknown. [S89/89, S&F03.5/59,
P04/15, PEA21/98, XEA25/101]

104. Legs I-1V basitarsi and telotarsi, spinules: 0,
absent; 1, short; 2, long; ?, unknown.
[PEA21/99, XEA25/102]

105. Legs I-1V telotarsi, spinule rows: 0, single
ventromedian row; 1, paired ventrosubme-
dian rows; ?, unknown; -, inapplicable. [L80/9,
S$89/93, 94, 97, P00/68, 70, S&S01/83, 84, 88,
89, S&F03.5/57, 58, PEA21/100, XEA25/103]

106. Legs I-1V telotarsi, paired ventrosubmedian
rows of spinules: 0, regular; 1, slightly irregu-
lar; 2, unknown; -, inapplicable. [PEA21/101,
XEA25/104]

107. Legs I-1V telotarsi, ventrosubmedian rows
of (socketed) macrosetae: 0, present; 1, absent;
2, unknown. [L80/9, S89/93, 94, 97, P00/68,
70, S&S01/83, 84, 88, 89, S&F03.5/57, 58,
PEA21/102, XEA25/105]

Genital Operculum

108. Genital papillae (3), length relative to genital
opercula: 0, inconspicuous; 1, conspicuously
visible along length of opercula; ?, unknown.
[S&S01/72, S&F03.5/81, PEA21/103, XEA25/106]

Reproductive Anatomy

109. Paraxial organ, accessory glands: 0, absent;
1, present; ?, unknown. [S89/113, PEA21/104,
XEA25/107]

110. Hemispermatophore, basal lobe: 0, present;
1, absent; 2, unknown. [S89/112, PEA21/105,
XEA25/108]

111. Hemispermatophore, pars recta: 0, absent
(Chaerilidae, Pseudochactidae); 1, present
(Buthidae); ?, unknown. [L80/2 (part),
S$89/110, 111, P00/82, S&S01/74, S&F03.5/73,
PEA21/106, XEA25/109]

112. Ovariuterus, number of “cells” in ovariuter-
ine net (reticulate mesh): 0, six; 1, eight; 2,
unknown. [S89/102, S&F03.5/100,
PEA21/107, XEA25/110]

Pectines

113. Pectines, marginal lamellae, fusion: 0, three;
1, two (fusion of proximal and medial mar-
ginal lamellae); ?, unknown. [PEA21/108,
XEA25/111]

114. Pectines, marginal and median lamellae,
fusion: 0, separate, longitudinal suture
between marginal and median lamellae pres-
ent; 1, fused, longitudinal suture between
marginal and median lamellae absent; 2,
unknown. [PEA21/109, XEA25/112]

115. Pectines, median lamellae, fusion and num-
ber: 0, variously fused, many fewer than pec-
tinal teeth; 1, separate, similar number to
pectinal teeth; ?, unknown; -, inapplicable.
[PEA21/110, XEA25/113]

116. Pectines, proximal median lamella (scape),
angle (8): 0, acute; 1, obtuse; 2, unknown.
[PEA21/111, XEA25/114]

117. Pectines, fulcra: 0, moderate to large; 1,
small; 2, very small (vestigial); ?, unknown.
[PEA21/112, XEA25/115]

118. Pectines, median lamellae, count: 0, 4; 1,
5-8; 2, 9-10; 3, 11-15; 2, unknown; -, inap-
plicable. [PEA21/113, 114, XEA25/116] Orig-
inal male and female characters (PEA21/113,
114) fused into single unisex character
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(XEA25/116) to minimize the effect of miss-
ing entries.

119. Pectines, tooth count: 0, >20; 1, 13-16; 2,
9-12;3,7 or 8;4, 5 or 6; 5, 3 or 4; ?, unknown.
[PEA21/115, 116, XEA25/117] Original male
and female characters (PEA21/115, 116) fused
into single unisex character (XEA25/117) to
minimize the effect of missing entries.

120. Pectinal teeth, peg sensillae, sockets: 0,
papillate; 1, smooth; ?, unknown. [PEA21/117,
XEA25/118]

121. Pectinal teeth, peg sensillae, length and
shape: 0, short, barely protruding from sen-
silla socket, stout, subcylindrical basally, flat-
tened and truncate distally; 1, intermediate,
protruding from sensillla socket stout, flat-
tened and truncate distally; 2, long, protrud-
ing from sensilla socket, cylindrical, tubular
or bottle-shaped, and rounded distally; 2,
unknown. [PEA21/118, XEA25/119]

122. Pectinal teeth, peg sensilla, laterodistal pro-
cesses: 0, absent; 1, present; ?, unknown.
[PEA21/119, XEA25/120]

Tergites

123. Post-tergites I-VI surfaces, macrosculpture:
0, granular; 1, smooth or nearly so; g,
unknown. [PEA21/120, XEA25/121]

Sternites

124. Sternites VI and VII, ventral surface, mac-
rosculpture (38): 0, smooth; 1, granular; 2,
unknown [PEA21/121, XEA25/122]

125. Sternite VII, ventral surface, ventrosubme-
dian and ventrolateral carinae (adult &): 0,
well developed, costate; 1, obsolete, granular;
2, absent; ?, unknown. [PEA21/122,
XEA25/123]

126. Sternites I1I-VI, respiratory spiracles (stig-
mata), shape: 0, long, slit-like; 1, small, circu-
lar or oval; ?, unknown. [L80/20 (part),
S&F03.5/101, PEA21/123, XEA25/124]

NO. 4051

Metasoma

127. Metasomal segments I-IV, dorsosubmedian
and dorsolateral carinae, posterior granules
size relative to preceding granules: 0, similar;
1, markedly larger and spiniform; ?, unknown.
[PEA21/124, XEA25/125]

128. Metasomal segment V, dorsolateral carinae,
vertical development: 0, distinct; 1, obsolete;
?, unknown. [PEA21/125, XEA25/126]

129. Metasomal segments I and II, median lateral
carinae, longitudinal development: 0, absent
or obsolete (segments I and II); 1, complete
(segment I), partial, becoming obsolete ante-
riorly (segment II); 2, complete (segments I
and II); 2, unknown. [PEA21/126, XEA25/127]
The states in previous versions of this charac-
ter were revised to accommodate a third state
observed in the fossil taxa.

130. Metasomal segments III and IV, median lateral
carinae, longitudinal development: 0, absent or
obsolete (segments III and IV); 1, partial,
becoming obsolete anteriorly (segment III), ves-
tigial or absent (segment IV); 2, complete (seg-
ments III and IV); 2, unknown. [PEA21/127,
XEA25/128] The states in previous versions of
this character were revised to accommodate a
third state observed in the fossil taxa.

131. Metasomal segment V, median lateral cari-
nae, longitudinal development: 0, absent or
obsolete; 1, partial; 2, complete; ?, unknown.
[S&F03.5/86, PEA21/128, XEA25/129]

132. Metasomal segment I, ventrosubmedian
carinae (3): 0, distinct; 1, absent or obsolete;
2, unknown. [PEA21/129, XEA25/130]

133. Metasomal segment I, ventrosubmedian
carinae, vertical development: 0, distinct; 1,
absent or obsolete; ?, unknown. [PEA21/130,
XEA25/131]

134. Metasomal segments II-IV, ventrosubme-
dian carinae, vertical development: 0, distinct;
1, absent or obsolete; ?, unknown.
[PEA21/131, XEA25/132]

135. Metasomal segment V, ventrosubmedian
carinae, longitudinal development: 0, com-
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plete; 1, partial; 2, absent; ?, unknown.
[S&F03.5/84, PEA21/132, XEA25/133]

136. Metasomal segment V, ventrosubmedian
carinae, posterior orientation: 0, diverging; 1,
converging; ?, unknown; -, inapplicable.
[S&F03.5/84, PEA21/133, XEA25/134]

137. Metasomal segment V, ventromedian carina,
vertical development: 0, absent or obsolete; 1,
distinct; ?, unknown. [PEA21/134, XEA25/135]

Telson

138. Telson vesicle, shape: 0, globose; 1, elongate;
2, unknown. [PEA21/135, XEA25/136]

139. Telson vesicle surfaces, macrosculpture (3 ):
0, lateral and ventral surfaces with granular
carinae; 1, lateral and ventral surfaces smooth
or nearly so; ?, unknown. [PEA21/136,
XEA25/137]

140. Telson vesicle surfaces, macrosculpture (% ):
0, lateral and ventral surfaces with granular
carinae; 1, lateral and ventral surfaces smooth
or nearly so; ?, unknown. [PEA21/137,
XEA25/138]

141. Telson vesicle, venom gland epithelium
walls, folding: 0, simple, unfolded; 1, com-
plex, folded; ?, unknown. [S89/137, P00/113,
S&S01/14, S&F03.5/99, PEA21/138,
XEA25/139]

142. Telson subaculear tubercle: 0, absent; 1,
obsolete, very small bump; ?, unknown.
[PEA21/139, XEA25/140]

143. Telson aculeus, length and shape: 0, long,
deeply curved; 1, short, shallowly curved; 2,
unknown. [PEA21/140, XEA25/141]
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APPENDIX 7

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 I (COI) 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)
1TS2

CAS18sF1 TACACACCGCCCGTCGCTACTA Ji et al. (2003)
CAS5p8sB1d ATGTGCGTTCRAAATGTCGATGTTCA Ji et al. (2003)
CAS5p8dFc TGAACATCGACATTTYGAACGCACAT Ji et al. (2003)
CAS28sB1d-spid TTCTTTTCCTCCGCTTATTTATATGCTTAA Ji et al. (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

128ai 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-]J-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
EXTB

EXTA

GGNGGATTTGGAAATTGRTTRGTTCC
GGATAATCAGAATANCGNCGAGG
CCTATTGAWARAACATARTGAAAATG
GAAGTTTATATTTTAATTTTACCTGG

Cl1-J-1718

Harrison et al. (1987)
Simon et al. (1991)
Simon et al. (1991)
Simon et al. (1991)
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APPENDIX 8

Dispersal multiplier matrix, areas adjacent matrix, and areas allowed matrix used in BioGeoBEARS analysis
of the relictual Asian scorpion family Pseudochactidae Gromov, 1998, indicating probability of dispersal
events between areas (1, highest dispersal; 0.5, intermediate dispersal; and 0.0000001, little to no dispersal)
and adjacent (1) and nonadjacent (0) areas, across two time periods. Letters correspond to five biogeo-
graphical regions: South China (A); Western Cimmeria, including only the Farah, Helmand, South-Central
Pamirs, Karakorum and Band-e Bayan blocks (present-day Afghanistan and northern Pakistan) (B); Tajik
and North Pamir blocks (northern Afghanistan and southern China, Uzbekistan and Tajikistan) (C);
the Indochina block (D); Burma Terrane (E).

Dispersal Time Period 1 A B C D E
Multiplier 0-55 Ma A 1 0.0000001 0.0000001 1 0.5
Matrx B 0.0000001 1 0.0000001 0.0000001 0.0000001
C 0.0000001 0.0000001 1 0.0000001 0.0000001
D 1 0.0000001 0.0000001 1 0.5
E 0.5 0.0000001 0.0000001 0.5 1
Time Period 2 A B C D E
55-153 Ma A 1 0.0000001 0.0000001 1 0.5
B 0.0000001 1 1 0.0000001 0.0000001
C 0.0000001 1 1 0.0000001 0.0000001
D 1 0.0000001 0.0000001 1 0.5
E 0.5 0.0000001 0.0000001 0.5 1
Areas Time Period 1 A B C D E
Adjacent 0-55 Ma A 1 0 0 1 1
Matrix B 0 1 1 0 0
C 0 1 1 0 0
D 1 0 0 1 1
E 1 0 0 1 1
Time Period 2 A B C D E
55-153 Ma A 1 1 1 1 1
B 1 1 1 1 1
C 1 1 1 1 1
D 1 1 1 1 1
E 1 1 1 1 1
Areas Time Period 1 A B C D E
Allowed 0-55 Ma A 1 1 1 1 1
Matrix B 1 1 1 1 1
C 1 1 1 1 1
D 1 1 1 1 1
F 1 1 1 1 1
Time Period 2 A B C D E
55-153 Ma A 1 1 1 1 1
B 1 1 1 1 1
C 1 1 1 1 1
D 1 1 1 1 1
F 1 1 1 1 1
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