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High-level systematics and phylogeny of the
extant scorpions (Scorpiones: Orthosterni)

Michael E. Soleglad ! and Victor Fet

'P. 0. Box 250, Borrego Springs, California 92004, USA
*Department of Biological Sciences, Marshall University, Huntington, West Virginia 25755-2510, USA

“...there is the naturalist’s interest in disentangling the life histories
of little-known insects, in learning about their habits and structure,
and in determining their position in the scheme of classification—a
scheme which can be sometimes pleasurably exploded in a dazzling
display of polemical fireworks when a new discovery upsets the old
scheme and confounds its obtuse champions. ...”

(Vladimir Nabokov, interview with Alvin Toffler, Playboy, January
1964).

Summary

A number of authors (e. g. Birula, 1917a, 1917b; Mello-Leitdo, 1945; Stockwell, 1989) addressed above-level sys-
tematics of extant scorpions, and accepted the grouping of scorpion families in several superfamilies. At the same
time, Kjellesvig-Waering (1986) classified all extant scorpions under the same superfamily, Scorpionoidea. Sissom
(1990) and Fet et al. (2000) did not list any superfamilies, considering the systematic situation above family (and
often at the family level as well) unresolved. Most recently, Lourengo (2000a) listed six superfamilies, largely fol-
lowing the unpublished but important study of Stockwell (1989). The goal of this paper is to address scorpion sys-
tematics and phylogeny above genus level. We conducted a comprehensive, cladistic morphological analysis of 90
extant genera (over 150 species) of scorpions belonging to all recognized families. We especially concentrated on
relationships among so-called “chactoid” scorpions, where subfamilies, tribes, and subtribes were revised and/or
established. The family Chactidae was given a special attention due to the number of phylogenetic and taxonomic
issues that were revised. In addition, we addressed the status of a recently discovered, unique relict family Pseudo-
chactidae, and the systematic relationships within Turidae. As a result of intensive study, we propose a number of
sweeping changes in current scorpion taxonomy; the results of analyses leading to these changes are discussed in
detail. The category of parvorder, subordinate to infraorder, is introduced for the first time in arachnid systematics.
Four extant parvorders are recognized within the scorpion infraorder Orthosterni: Buthida, Chaerilida, Pseudochac-
tida, and Iurida. Six extant superfamilies are recognized: Buthoidea, Chactoidea (=Vaejovoidea, syn. n), Chaeriloi-
dea, Iuroidea (new), Pseudochactoidea (mew), and Scorpionoidea (=Bothriuroidea, syn. n). Parvorders Buthida,
Chaerilida and Pseudochactida are monotypic, each including a single superfamily; parvorder Iurida includes three
superfamilies (Chactoidea, Turoidea, and Scorpionoidea). We recognize 14 extant scorpion families: Bothriuridae,
Buthidae, Caraboctonidae, Chactidae, Chaerilidae, Euscorpiidae, Iuridae, Liochelidae, Microcharmidae, Pseudo-
chactidae, Scorpionidae, Superstitioniidae, Urodacidae, and Vaejovidae. Superfamilies Chaeriloidea and Pseudo-
chactoidea are monotypic; superfamily Buthoidea includes two families (Buthidae and Microcharmidae). Superfa-
mily Iuroidea includes two families (Caraboctonidae and Iuridae); subfamily Caraboctoninae (formerly in Iuridae) is
elevated to the family rank. Superfamily Chactoidea includes four families: Chactidae, Euscorpiidae, Superstitionii-
dae (=Troglotayosicidae, syn. n), and Vaejovidae. Within Chactidae, three subfamilies are established: Chactinae,
Brotheinae, and Uroctoninae. Within Chactinae, two tribes are established: Chactini and Nullibrotheini, new tribe
(monotypic). Within new subfamily Brotheinae, two tribes are established: Brotheini and Belisariini (monotypic).
Within Brotheini, two subtribes are established: Brotheina and Neochactina, new subtribe; the latter is based on a
new genus, Neochactas, gen. n. Within Brotheina, genera Cayooca, Guyanochactas, and Taurepania are synony-
mized with Broteochactas. Subfamily Uroctoninae is restored from synonymy under Vaejovidae and transferred to
Chactidae; it includes genera Uroctonus and Anuroctonus (the latter transferred from the erstwhile Iuridae). Family
Troglotayosicidae is abolished, and its two genera are transferred to other families: Troglotayosicus, to Supersti-
tioniidae; and Belisarius, to Chactidae. Subfamily Belisariinae is downgraded to the tribe rank and transferred to
Chactidae (subfamily Brotheinae). Superfamily Scorpionoidea includes four families: Bothriuridae, Liochelidae
(=Hemiscorpiidae, syn. n.), Scorpionidae (=Diplocentridae, syn. n.), and Urodacidae (=Heteroscorpionidae, syn. n).
Family Diplocentridae is downgraded to the subfamily rank in Scorpionidae. Subfamily Nebinae is downgraded to
the tribe rank in Diplocentrinae. Family Hemiscorpiidae is downgraded to the subfamily rank in Liochelidae. Family
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Heteroscorpionidae is downgraded to the subfamily rank in Urodacidae. We provide detailed classification, taxo-
nomic history, and diagnoses of all recognized scorpion taxa above genus level. The phylogeny and biogeographic
implications are discussed. As an addition, we present, among other materials, results of the first pilot high-level
scorpion DNA phylogeny, including representatives of seven families spanning all four parvorders. Both morpho-
logical analysis and DNA sequence analysis support the primitive nature of parvorders Pseudochactida, Buthida, and
Chaerilida, as opposed to the derived position of parvorder Iurida. Especially remarkable is the parvorder Pseudo-
chactida, which exhibits many primitive features. Within Iurida, the superfamily Iuroidea is firmly established as a
basal group, and Scorpionoidea, as the most derived group. Phylogeny within Chactoidea shows ancient nature of
many clades, as our analysis reveals hitherto unexpected relationships between a number of genera and tribes.

Introduction

Current literature on scorpion taxonomy recognizes
16 formally valid extant scorpion families (some in-
cluding extinct genera or species): Bothriuridae, Buthi-
dae, Chactidae, Chaerilidae, Diplocentridae, Euscorpii-
dae, Hemiscorpiidae, Heteroscorpionidae, Iuridae, Lio-
chelidae, Microcharmidae, Pseudochactidae, Scorpioni-
dae, Superstitioniidae, Troglotayosicidae, and Urodaci-
dae (Fet et al., 2000; Lourengo, 1998a, 1998b, 2000a;
Prendini, 2000, 2001, 2003; Soleglad & Sissom, 2001;
ICZN, 2003). This increase from nine families recog-
nized only a decade ago (Sissom, 1990) indicates a con-
siderable activity in high-level scorpion taxonomy. This
activity was marked by a discovery of entirely new
families such as Pseudochactidae (Gromov, 1998); ele-
vating in rank existing subfamilies such as Euscorpiinae
and Superstitioniinae (Stockwell, 1992), Heteroscorpi-
oninae (Lourengo, 1996a), Hemiscorpiinae and Urodaci-
nae (Prendini, 2000; Lourengo, 2000a); and creating new
taxa of family rank for genera formerly placed in other
families, such as Microcharmidae and Troglotayosicidae
(Lourengo, 1996a, 1998a, 1998b). Monophyly and rank
of some newly created families are disputable—see e.g.
Prendini (2000, 2001, 2003a, 2003b) and Lourengo
(2000a) on family status of Hadogenidae and Lisposo-
midae.

Relevant to the systematics of extant scorpion fami-
lies is the recent progress in reassessment of existing
fossil scorpion taxa, and description of new ones.
Kjellesvig-Waering (1986) revised all fossil scorpions,
majority of which belong to now extinct lineages at the
level of suborders and infraorders. The subsequent work
of Stockwell (1989) and Jeram (1994a, 1994b, 1998)
confirmed that only a small portion of fossil scorpion
taxa, belonging to the infraorder Orthosterni (also
spelled as Orthosternina) can be placed among ancestors
of extant families. However, the dearth of orthostern
fossils presented the dramatic gap for any such anal-
ysis—none were listed by Kjellesvig-Waering (1986)
between the Carboniferous and the Tertiary. This is why
especially important are the recent discoveries of Creta-
ceous orthostern scorpions from Brazil (Campos, 1986;
Carvalho & Lourengo, 2001), Lebanon (Lourengo,
2001c), Burma (Lourengo, 2002a; Santiago-Blay et al.,

in press), and France (Lourengo, 2003). Other, more
recent fossils belong to extant families, among which
Buthidae predominate in Tertiary amber inclusions
(Lourengo & Weitschat, 1996, 2000, 2001).

In addressing the high-level scorpion phylogeny and
systematics, the unpublished work of Stockwell (1989)
stands alone as the most important treatment, and the
first which employed the Hennigian cladistic methods.
Stockwell’s approach and interpretations clearly set a
new standard for scorpion phylogenetic work. Equally
important was Stockwell’s inclusion of fossil taxa in his
analysis, which has not been attempted before by any
modern scorpion systematist. Availability by the time of
Stockwell’s work of the monumental volume of Kjelles-
vig-Waering (1986) allowed Stockwell (1989) to include
informed statements on fossil scorpions, especially on
infraorder Orthosterni. Importance of the evaluation of
the orthostern fossils as relevant to extant scorpiofauna
became even clearer with the emergence of brilliant
works by Jeram (1994a, 1994b, 1998) who described in
a great detail a number of Carboniferous taxa.

In the last decade, a dramatic activity has been seen
in re-evaluating generic composition of traditional fami-
lies such as the most recent cladistic revisions of super-
family Scorpionoidea by Prendini (2000), and of family
Euscorpiidae by Soleglad & Sissom (2001). Many other
families, including the most diverse scorpion family,
Buthidae, are still awaiting vigorous reassessment of
intrafamilial relationships. At the same time, phylogeny
at the higher level, i.e. among the families of the extant
scorpions, is not well resolved (Fet et al., 2000). Re-
cently, we (Soleglad & Fet, 2001) published a cladistic
analysis of scorpion phylogeny based on trichobothrial
characters—one of the most comprehensive character
sets in scorpions. Our later work (Soleglad & Fet, 2003)
addressed another important character, scorpion ster-
num, and its phylogenetic importance. The goal of the
present paper is to clarify the high-level phylogeny and
systematics of all extant scorpions. We seek to expand
the morphological analysis to an exhaustive list of mor-
phological character sets. We also provide and discuss a
preliminary molecular (DNA) data analysis. Further
detailed information on scorpion taxonomy at genus
level and below can be found in the “Catalog of Scorpi-
ons of the World” (Fet et al., 2000).
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Historical interpretations of high-level phylogeny
of extant scorpions

Already some early (“pre-cladistic”) phylogenetic
schemes for the scorpion order allowed to see the recur-
rent pattern of several emerging branches, especially
emphasizing Buthidae as a very separate branch of scor-
pions—superfamily Buthoidea, or “buthoids” (Birula,
1917a, 1917b; Vachon, 1952). The separate status of
Buthidae as opposed to other scorpion families has been
since confirmed by broad biological evidence from
many different areas, including morphology, reproduc-
tive anatomy, gametogenesis, and toxins (Farley, 2001).

Thorell (1876a: 5) stated “Scorpions form so com-
pact and uniform group that it is extremely difficult,
perhaps impossible to say with certainty which of them
are the highest and which the lowest”. However, at the
same time, Thorell (1876b: 86) was the first to introduce
a Darwinian “tree-thinking” style in the issue of scor-
pion evolution. He presented a simple phylogenetic tree
(“arbre généalogique™) of arachnids, where monophy-
letic (as we would say now) scorpions formed the
branching order (Telegonoidae, (Androctonoidae, (Ve-
jovoidae, Pandinoidae))). This scheme in later terminol-
ogy corresponds exactly to the superfamilies of Mello-
Leitdo (1945) if presented as (Bothriuroidea, (Buthoidea,
(Chactoidea, Scorpionoidea))). Of course, we are far
from assigning cladistic values to this “phylogenies”, as
they are clearly phenetic: the very fact that Thorell
(1876b) and Mello-Leitdo (1945) considered Bothriuroi-
dea a separate lineage is based undoubtedly on the
unique sternum shape—a derived feature, as we now
realize (Soleglad & Fet, 2003). However, a separate
branch for the family Buthidae (=Androctonoidae) on a
tree, whether phenetic or cladistic, remains the major
feature of any scorpion phylogeny today — the “grade”
differences of Buthidae from other extant families
proved to be its “clade” differences.

Thorell’s tree was modified and elaborated by
Kraepelin (1905) who emphasized separate position of
Buthidae by deriving it from a different group of Car-
boniferous scorpions (Apoxypodes) than all other scor-
pions (which he derived from Anthracoscorpii). This
view at polyphyly of extant scorpions did not survive to
our days; all orthostern scorpions are now considered
monophyletic (Jeram, 1994a, 1994b). In Kraepelin’s
scheme, the family Buthidae was for the first time
clearly presented as a separate basal branch of modern
scorpions. Birula (1917b: 88) also depicted a phylogeny
(“a graphic representation”), based on his superfamilial
classification, and confirming Kraepelin’s basal place-
ment of Buthidae. His tree included six families with a
topology (Buthidae, (Bothriuridae, (Chactidae, Vaejovi-
dae, (Diplocentridae, Scorpionidae)))).

Lamoral (1980) was the first to offer a simplified
Hennigian, cladistic interpretation of scorpion order,

with only three branches; two of them (“buthoids” and
“chaeriloids”) included only one family each, and the
third (“diplocentroids”), included Diplocentridae, Scor-
pionidae, Chactidae, Bothriuridae, and Vaejovidae. The
branching order in the Lamoral’s interpretation was:
(Buthidae, (Chaerilidae, (Diplocentridae, Scorpionidae),
(Bothriuridae, (Chactidae, Vaejovidae)))). One of the
major new assumptions in this model was that
“chaeriloids” (Chaerilidae) were treated as a sister group
to “diplocentroids”. Sissom (1990: 152, Fig. 3.34) re-
produced the cladogram of Lamoral (1980) without
changing its branching order, but adding families
Ischnuridae and Iuridae. Sissom (1990) emphasized that,
within the “diplocentroids”, Ischnuridae, Diplocentridae
and Scorpionidae formed a monophyletic group, while
the relationships of Iuridae, Chactidae and Vaejovidae
remained obscure. The phylogeny of Sissom (1990) was
also later reproduced by Farley (2001, Fig. 2.6).

Stockwell (1989), in an unpublished Ph.D. disserta-
tion, distinguished four superfamilies: Buthoidea (Bu-
thidae, Chaerilidae), Chactoidea (Chactidae, Euscorpii-
dae, Scorpiopsidae), Vaejovoidea (Superstitionidae,
Iuridae, Vaejovidae), and Scorpionoidea (Bothriuridae,
Ischnuridae, Diplocentridae, Scorpionidae, Urodacidae).
Stockwell’s phylogeny (Buthoidea, (Chactoidea, (Vae-
jovoidea, Scorpionoidea))) emphasized the distinction
between “primitive” (Buthoidea) and derived scorpion
families.

One of the issues for extant scorpion phylogeny has
been its rooting with the fossil taxa. Many earlier
authors had no reservation to root it directly with Paleo-
zoic taxa, sometimes even deriving extant scorpions
from more than one fossil ancestor (e.g. Kraepelin,
1905). Among fossil scorpions, the Carboniferous Pa-
lacopisthacanthidae Kjellesvig-Waering, 1986 has been
identified as a sister group of all extant scorpions, or
infraorder Orthosternina (Kjellesvig-Waering, 1986);
thus, extant scorpions are considered monophyletic.
Jeram (1994a: 513) stated that the careful re-
examination of the Carboniferous scorpiofauna “will
facilitate more accurate assessment of the relationships
between modern scorpion genera”. In his analysis of
fossil scorpions, Jeram (1994a: Text-Fig. 1) followed the
phylogeny suggested by Stockwell (1989) with fossil
Palacopisthacanthidaec as a sister group to all extant
(“crown group”) scorpions. Among the “crown group”,
two clades were distinguished (Text-Fig. 1): one in-
cluded Buthidae and Chaerilidae, i.e. Stockwell’s super-
family Buthoidea; another, three clades with vernacular
names, in the topology (chactoids (vaejovoids, diplo-
centroids)).

Most recently, Prendini (2000, 2003a), in a detailed
cladistic analysis of taxa within Scorpionoidea, placed
Bothriuridae as a basal group of this superfamily, and
gave a family rank to scorpionid subfamilies Hemiscor-
piinae and Urodacinae. The resulting scheme of relation-



ships within Scorpionoidea was as follows: (Bothriuri-
dae, ((Heteroscorpionidae, Urodacidae), ((Hemiscorpii-
dae, Ischnuridae), (Diplocentridae, Scorpionidae)))).
This conflicted with the decision of Lourengo (2000a) to
establish family ranks for Hadogenidae and Lisposomi-
dae.

Our recent work (Soleglad & Fet, 2001) on the
evolution of orthobothriotaxy further elaborated
Vachon’s (1974) three trichobothrial “types” and identi-
fied two more fundamental “types”: Type D for the re-
cently described, unique extant family Pseudochactidae
Gromov, 1998, and Type P for the fossil Palacopistha-
canthidae. This work also included information on im-
portant, recently described Cretaceous fossil taxa:
Protoischnurus Carvalho & Lourenco, 2001 (family
Protoischnuridae Carvalho & Lourengo, 2001) and A4r-
chaeobuthus Lourenco, 2001 (family Archaeobuthidae
Lourengo, 2001).

At the moment of this writing, the high-level scor-
pion phylogeny and taxonomy was still unresolved, and
division of extant scorpions into above-family groups
was not finalized. The following issues remain espe-
cially important: (a) position of Chaerilidae (“Type B”);
(b) position of Pseudochactidae (“Type D”); and (c) re-
lationships among the group including six currently
valid families: Iuridae, Chactidae, Vaejovidae, Euscor-
piidae, Superstitioniidae, and Troglotayosicidae, i.e.
“Type C minus Scorpionoidea”.

Scorpion superfamilies: the nomenclatural history

Simon (1879: 92) was the first to use a superfamily
category in scorpion systematics as he mentioned the
name Buthoidea (based on family Buthides C. L. Koch,
1837, now Buthidae), thus indicating for the first time a
separate position of Buthidae as compared to all other
scorpions. Birula (1917a: 161-164, 1917b: 54-57) di-
vided all extant scorpions into three superfamilies (Bi-
rula, 1917a), or “series” (Birula, 1917b). These were:
Buthoidea, Chactoidea (based on subfamily Chactini
Pocock, 1893, now family Chactidae), and Scorpionoi-
dea (based on family Scorpionides Latreille, 1802, now
Scorpionidae). They were distinguished on the basis of
several features, including not only characters of exter-
nal morphology but also those of reproductive system
and venom glands. It is important to note that superfa-
mily Buthoidea was monotypic, i.e. included only family
Buthidae. Superfamily Chactoidea included Vejovidae
(now Vaejovidae), Bothriuridae and Chactidae, while
superfamily Scorpionoidea included Scorpionidae and
Diplocentridae. Mello-Leitdo (1945) adopted Birula’s
system of three superfamilies, and introduced a fourth
one, Bothriuroidea (based on family Bothriuridae
Simon, 1880), which was monotypic. Mello-Leitdo’s
opinion (1945: 133) that the name Bothriuroidea was
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already introduced by Birula is incorrect; thus, Mello-
Leitao is the first author who used this name.

Within the next several decades, no change has been
seen in formal high-level scorpion taxonomy, and exist-
ing names of superfamilies (or their vernacular form)
have been used occasionally, e.g. Vachon (1952: 42)
divided all scorpions into “buthoids” and “chactoids”;
Petrunkevitch (1955: P73) used the name Scorpionoidea.
At the same time, the exhaustive analysis of morphology
led to further understanding of a special position of Bu-
thidae and Chaerilidae (formerly in Chactidae) as differ-
ent from all other scorpion families. Vachon (1963)
demonstrated the important systematic role of cheliceral
dentition; there are four unique patterns characterizing
Buthidae, Chaerilidae, and Iuridae, and the remaining
families (Sissom, 1990). Further, the establishment of
fundamental orthobothriotaxic trichobothrial patterns by
Vachon (1974) divided all extant scorpion families into
three unequal “types”, A, B and C. Type A included
only Buthidae, Type B, only Chaerilidae, and Type C,
all the remaining families. These “types” have been
since often treated by scorpion systematists as important
if informal groups close or equal in rank to superfamilies
(Lamoral, 1980; Sissom, 1990). The trichobothrial pat-
terns continue to play the most prominent role in scor-
pion systematics (Soleglad & Fet, 2001; Soleglad &
Sissom, 2001).

Lamoral (1980), considering phylogeny of modern
scorpions, separated them into three lineages strictly
according to Vachon’s “types”, and addressed these
lineages as “buthoids”, “chaeriloids” and “diplocen-
troids”. Thus Lamoral (1980) came one step short of
introducing a formal superfamily name for Chaerilidae
(Type B), since names Buthoidea and Scorpionoidea
(the latter Lamoral called “diplocentroids™) already ex-
isted to accommodate all other families. Stockwell
(1989: 75) was incorrect in interpreting Lamoral’s Eng-
lish vernaculars as valid Latin superfamily names.

The vernacular names have been occasionally used
in scorpion systematics even if a Latin name has never
been published (e.g. Jeram (1994a: 519) used words
“chactoids”, “vaejovoids”, and “diplocentroids™, al-
though only the Chactoidea existed as an available Latin
superfamily name). The term “buthoids” (or Buthoidea)
has been used as well, usually as an equivalent of Type
A (family Buthidae) (Selden, 1993: 303; Lourengo,
1996a: 45; Lourenco & Weitschat, 2000, 2001). Since
Lourenco (1998b) separated family Microcharmidae
from Buthidae, “buthoids” (or Buthoidea) technically
included two families. Lourengo (2001c) included the
Cretaceous Archaeobuthidae under Buthoidea, which in
our opinion (Soleglad & Fet, 2001) was not justified; see
also Santiago-Blay et al. (in press). Lourenco (2003)
also included the Cretaceous Palacoeuscorpiidae under
Chactoidea, which in our opinion was not justified as
well.
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In a comprehensive analysis of all fossil scorpions,
Kjellesvig-Waering (1986: 232) in passing “lumped” all
extant scorpions under the same superfamily, Scorpi-
onoidea (where he also included the Carboniferous fam-
ily Palaeopisthacanthidae Kjellesvig-Waering, 1986).
Such a radical move is understandable from a paleon-
tologist’s viewpoint as Kjellesvig-Waering (1986) es-
tablished not less than 48 families and 21 superfamilies
of fossil scorpions, grouped into five infraorders and two
suborders. This division of fossil taxa was criticized
(Stockwell, 1989; Jeram, 1994b, 1998) and probably is
overly detailed. On the other hand, placement of all
modern families into one superfamily by Kjellesvig-
Waering (1986) was definitely not satisfactory from the
perspective of extant scorpion systematics. Kjellesvig-
Waering (1986: 15) further suggested that all extant
scorpions should be treated as just three families (Buthi-
dae, Scorpionidae, and Bothriuridae); the latter was sin-
gled out based solely on its derived sternum shape; see
Soleglad & Fet, (2003).

The need for the superfamily category persisted, as
was expressed by Stockwell (1989) who recognized four
superfamilies: Buthoidea, Chactoidea, Vaejovoidea, and
Scorpionoidea. The only new name introduced by
Stockwell (1989) was Vaejovoidea, and he synonymized
Bothriuroidea with Scorpionoidea. However, Stock-
well’s important work was not published, and therefore
taxonomic changes proposed in it were not valid ac-
cording to the International Code of Zoological Nomen-
clature (ICZN, 1999). Some, but not all, family-group
and genus-group changes proposed by Stockwell (1989)
were published by this author later (Stockwell, 1992).

As a result, there is currently no consensus on usage
of superfamily category in scorpions. In their major ref-
erence works, Sissom (1990) and Fet et al. (2000) did
not list any valid superfamilies. Fet et al. (2000) were
compelled, for formal taxonomic purposes, to follow the
opinion of Kjellesvig-Waering (1986), thus listing three
available at this time superfamily names (Buthoidea,
Chactoidea, and Bothriuroidea) as synonyms of the sin-
gle extant superfamily, Scorpionoidea.

Prendini (2000) provided an extensive cladistic
analysis of the restricted superfamily Scorpionoidea
(sensu Stockwell, 1989) but did not discuss other super-
families, implicitly restricting the scope of overly in-
flated Scorpionoidea sensu Kjellesvig-Waering (1986) in
favor of the unpublished cladistic classification of
Stockwell.

Most recently, Lourengo (2000a) published a list of
six scorpion superfamilies (Buthoidea, Chactoidea, Cha-
eriloidea, Vaejovoidea, Bothriuroidea, and Scorpionoi-
dea), in part following Stockwell (1989), but without
separate justifications or diagnoses. Two new superfa-
mily names formally introduced by Lourengo (2000a)
were Vaejovoidea (based on family Vejovoidae Thorell,
1876, now Vaejovidae), which included Vaejovidae and

Iuridae; and Chaeriloidea (based on subfamily Chaerilini
Pocock, 1893, now family Chaerilidae), which included
Chaerilidae and Pseudochactidae. Prendini (2003a)
doubted the validity of Bothriuroidea.

Scorpion nomenclature above the family-group

Phylogenetic relationships within the ancient and
diverse subphylum Chelicerata are currently highly con-
troversial, and scorpions have long been a focus of this
controversy (Shultz, 1990; Selden & Dunlop, 1998;
Wheeler & Hayashi, 1998; Giribet & Ribera, 2000;
Dunlop & Braddy, 2001; Giribet et al., 2001). Scorpions,
known from the Silurian, have been traditionally treated
as an order of class Arachnida (Kjellesvig-Waering,
1986; Sissom, 1990; Fet et al., 2000). Kjellesvig-
Waering (1986) established an elaborate system of sub-
orders, infraorders, and superfamilies among fossil scor-
pion taxa. Starobogatov (1990) treated scorpions and
eurypterids as two superorders, and recognized for scor-
pions two orders: Palacophoniformes and Scorpionifor-
mes. Stockwell (1989) proposed a scheme, which raised
scorpions to a class Scorpionida (as first proposed by
Van der Hammen (1977)), with three orders: Protoscor-
piones, Palaeoscorpiones and Scorpiones. Of these, the
order Scorpiones was divided in two suborders,
Mesoscorpionina (extinct) and Neoscorpionina. The
latter included two infraorders, Palaeosterni (extinct) and
Orthosterni. This system was adopted by Selden (1993)
and Jeram (1994a, 1994b), who also treated scorpions as
class Scorpionida. Jeram (1994a) commented that “more
space is available in the taxonomic hierarchy for the
grouping of fossil forms into monophyletic clades”.
Most recently, Jeram (1998) conducted a cladistic analy-
sis of all known genera of the Silurian and Devonian
scorpions in which all scorpions again were treated as an
order, and the suborder name Mesoscorpionina was
used.

We should note here that the category of superfa-
mily is the highest rank category under the formal no-
menclatural regulation of the Code (ICZN, 1999). On
the other hand, order-group and class-group taxa are not
regulated in terms of priority and synonymy. There was
a considerable discussion on status of scorpions as either
a class (with several orders) or a single order (see Stock-
well, 1989; Selden, 1993; Jeram, 1994a, 1994b; Fet et
al., 2000). It is not our goal here to discuss the order-
group and higher categories, as the extant scorpion sys-
tematics is not directly relevant to these categories.

Following the existing consensus, we place all ex-
tant superfamilies under the infraorder Orthosterni
(known from the Carboniferous to present). This in-
fraorder name, preferred here, was used originally by
Pocock (1911), and later by Stockwell (1989), Selden
(1993), Jeram (1994a, 1994b) and Soleglad & Fet
(2003), while the alternative name Orthosternina was



used by Kjellesvig-Waering (1986), Sissom (1990) and
by Fet et al. (2000). One of the reasons we prefer to use
the name Orthosterni is to avoid confusion as we intro-
duce subtribe category here with ending “-ina” as ac-
cepted traditionally in many taxonomic groups (Cole-
optera, Lepidoptera, Mammalia). (By the same reason
we prefer to use the suborder name Neoscorpiones rather
than Neoscorpionina). A number of extinct families also
are placed in Orthosterni but we do not establish any
new above-family taxa for those. Our new nomenclatu-
ral scheme is given further in this paper; it is based on
our proposed phylogeny (Fig. 114).

The necessity of multiple intermediate categories
for taxa of rank higher than the family-group has been
long recognized by many cladists (McKenna, 1975). For
mammals, McKenna & Bell (1997) use not less than 16
subordinated named categories between class and super-
family, which are as follows: subclass, infraclass, su-
perlegion, legion, sublegion, infralegion, supercohort,
cohort, magnorder, superorder, grandorder, mirorder,
order, suborder, infraorder, and parvorder. We feel that
at least some of these categories may prove useful in
arachnid classification.

Our current attention is focused on the infraorder
Orthosterni, and the need of an intermediate category
between the infraorder and superfamily compels us to
introduce a category of parvorder, new for the arachnid
systematics. Some examples of the recent use of this
category come from vertebrate systematics. Sibley &
Monroe (1990) in their classification of the world’s birds
accept a number or parvorders. Parvorders are recog-
nized also in the latest phylogenetic classification of
mammals (McKenna & Bell, 1997), e.g. elephants are
placed into parvorder Proboscidea, infraorder Behemota,
and suborder Tethytheria of the order Uranotheria. Even
we, as it happens, belong to the superfamily Hominoi-
dea, parvorder Catarrhini, infraorder Anthropoidea, and
suborder Haplorhines of the order Primates (McKenna &
Bell, 1997). Since there is no standard ending for par-
vorders, we choose the ending “-ida” as it is done for
birds by Sibley & Monroe (1990).

Methods & Material

Cladistic analysis software packages

Software package PAUP* Version 4 (Beta) (Swo-
fford, 1998) was used for Maximum Parsimony (MP)
analysis of morphology based character codings, tree
searches, consensus trees, and bootstrap and jackknife
resampling sequences. Winclada Version 0.9.3 (Nixon,
1999) was used to generate the resulting PAUP* MP
cladogram showing distribution of all characters and their
states. Cladograms for the molecular sequences from
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PAUP* were generated by TreeView (Win 32) Version
1.5.2 (Page, 1998).

SEM microscopy

To investigate the leg tarsal armament, legs (usually
III or IV) were removed from the animals and fixed for
12 hours in 0.IM sodium cacodylate with 2.5%
gluteraldehyde (freshly prepared). After rinse/soak for
12 hours in plain 0.1 M sodium cacodylate, specimens
were post-fixed for 2 hours in freshly prepared 1%
osmium tetroxide again in sodium cacodylate. Spec-
imens were rinsed three times with distilled water and
dehydrated in an ethanol series (50, 75, 95, and two
changes of 100%) before being dried and coated with
gold/palladium (ca. 10 nm thickness) in a Hummer
sputter coater. Digital SEM images were acquired with a
JEOL JSM-5310LV at Marshall University, West
Virginia. Acceleration voltage (10-20 kV), spot size,
and working distance were adjusted as necessary to
optimize resolution, adjust depth of field, and to
minimize charging.

Material examined

We examined a large set of taxa representing all
major groups of Recent scorpions. The following scor-
pions (well over 150 species spanning 90 genera) were
examined in this study for either structure analysis
and/or illustration. The family and genus assignments
presented below, in alphabetical order, are based on cur-
rent classification, therefore they do not reflect the taxo-
nomic changes established further in this paper. See this
section for locality data of species-level illustrations.

Bothriuridae (7 genera, 11 species): Bothriurus
araguayae Vellard, 1934, Minas Gerais, Brazil, @ (VF);
Bothriurus burmeisteri Kraepelin, 1894, Gobernador
Costa, Chubut, Argentina, (VF); Brachistosternus
ehrenberghii (Gervais, 1841), Tarapaca Province, Valle
de Azapa, Chile, & (VF); Brachistosternus sp., Anto-
fagasta Province, Rio Loa, Chile, (VF); Centromachetes
pocockii (Kraepelin, 1894), Lebu, Arauco, Chile, (VF);
Cercophonius squama (Gervais, 1843), Engadine,
Sidney, Australia, @ (VF); Cercophonius sp., Mt. Field
National Park, Tasmania, Australia, (USNM); Oro-
bothriurus sp., Ancash Dept., Laguna Llangannco, Peru,
(MES); Phoniocercus pictus Pocock, Valdivia Nancul,
Fundo El Linque, Chile, @ (VF); Phoniocercus
sanmartini Cekalovic, 1973, Concepcion Province,
Estero Nonguen, Chile, (VF); Urophonius granulatus
Pocock, 1898, Ultima Esperanza, Laguna Amarga,
Chile, & (VF).

Buthidae (30 genera, 37 species): Alayotityus
nanus Armas, 1973, Santiago, Cuba, (VF); Androctonus
bicolor Ehrenberg, 1828, Lhav, Israel, & (MES);
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Anomalobuthus rickmersi Kraepelin, 1900, Bukhara,
Uzbekistan, (VF); Apistobuthus pterygocercus Finnegan,
1932, Oman, (VF); Babycurus exquisitus Lowe, 2000,
Oman, & (NMB); Buthacus yotvatensis Levy, Amitai &
Shulov, 1973, Abu Dhabi, United Arab Emirates, &
(VF); Buthus occitanus (Amoreux, 1789), Casablanca,
Morocco, (MES); Centruroides anchorellus Armas,
1976, Rio la Mula, Guama, Santiago de Cuba, ¢ (VF);
Centruroides exilicauda (Wood, 1863), Cabo San Lucas,
Baja California Sur, Mexico, @ (MES); Centruroides
hentzi (Banks, 1910), Panama City, Florida, USA, &
(MES); Compsobuthus matthiesseni (Birula, 1905),
Baghdad, Iraq, @ (VF); Grosphus bistriatus Kraepelin,
1900, Thotry, Madagascar, @ (VF); Grosphus hirtus
Kraepelin, 1901, Tamatave Province, Perinet, Mad-
agascar, @ (MES); Hottentotta minax (L. Koch, 1875),
Eritrea, & (VF); Isometrus maculatus (DeGeer, 1778),
Diego Garcia, Chagos Arch., @, & (USNM), Indonesia,
Q (VF); Isometrus sp., Papua New Guinea, ¢ (MES);
Karasbergia methueni Hewitt, 1913, Uapur Upington,
South Africa, & (LP); Kraepelinia palpator (Birula,
1903), Badghyz, Turkmenistan, @ (VF); Leiurus
quinquestriatus (Ehrenberg, 1828), Saudi Arabia, (VF);
Liobuthus kessleri Birula, 1898, Chardara, Kazakhstan,
(VF); Lychas sp., Viti Levu, Fiji, § (MES); Lychas sp.,
Indonesia, (VF); Lychas sp., Rime Road, Singapore, &
(VF); Mesobuthus caucasicus (Nordmann, 1840),
Chardara, Kazakhstan, @ (VF); Mesobuthus eupeus
(C.L. Koch, 1839), Repetek, Turkmenistan, @ (VF);
Microbuthus sp., Jabal Bani Jabir, Oman, @ (GL);
Microtityus jaumei Armas, 1974, Santiago, Cuba, (VF);
Odontobuthus sp., Oman, § (GL); Orthochirus scro-
biculosus (Grube, 1873), Israel, (MES); Parabuthus sp.,
Kenya, (VF); Paraorthochirus glabrifrons (Kraepelin,
1903), Oman, Q (GL); Polisius persicus Fet, Capes &
Sissom, 2001, Zahedan, Iran, holotype & (USNM);
Razianus zarudnyi (Birula, 1903), Gachsaran, Fars, Iran,
(VF); Rhopalurus junceus (Herbst, 1800), Camaquey,
Sibanidi, Cuba, @ (VF); Tityus nematochirus Mello-
Leitdo, 1940, Bucaramango, Colombia, & (MES);
Uroplectes vittatus (Thorell, 1876), Doddiebum, Zim-
babwe, & (VF); Vachoniolus globimanus Levy, Amitai
& Shulov, 1973, Oman, & (VF).

Chaerilidae (1 genus, 6 species): Chaerilus
celebensis Pocock, 1894, Luzon, Philippines, & (WDS);
Chaerilus chapmani Vachon & Lourengo, 1985,
Palawan Island, Philippines, @ (FK); Chaerilus
petrzelkai Kovarik, 2000, Saigon Province, Vietnam,
holotype @ (FK); Chaerilus tichyi Kovaiik, 2000,
Pahang, Malayasia, @ paratype (FK); Chaerilus tryznai
Kovatik, 2000, Bomi env., Tibet, @ paratype (FK);
Chaerilus variegatus Simon, 1877, Indonesia, & (MES),
Java (FK).

Chactidae (7 genera, 7 species): Broteochactas
delicatus (Karsch, 1879), Grande ile, French Guiana, &
(MES); Brotheas granulatus Simon, 1877, Grande ile,

French Guiana, @ (MES); Chactas sp., Darien, Panama,
& and @ (MES); Hadrurochactas schaumii (Karsch,
1880), Petite 1Ile, French Guiana, & (MES);
Nullibrotheas allenii (Wood, 1863), Cabo San Lucas,
Baja California Sur, Mexico, & and @ (MES), Los
Planes, Baja California Sur, Mexico, & (MES);
Teuthraustes oculatus Pocock, 1900, Latacunga,
Ecuador, @ (WDS); Vachoniochactas sp., Alto Rio
Mavaca, Amazonas, Venezuela (CAS).

Diplocentridae (5 genera, 6 species): Bioculus
comondae Stahnke, 1968, Loreto, Baja California Sur,
Mexico, &' (MES); Cazierius gundlachii (Karsch, 1880),
San Juan, Santiago de Cuba, Cuba, & (VF);
Didymocentrus leseurii (Gervais, 1844), Martinique, 9
(VF); Diplocentrus ochoterenai Hoffmann, 1931,
Oaxaca, Mexico, @ (MES); Diplocentrus whitei
(Gervais, 1844), Cuatro Cienegas, Coahuila, Mexico, &
(MES); Nebo hierichonticus (Simon, 1872), Haifa,
Israel, @ (VF).

Euscorpiidae (9 genera, 14 species): Alloscorpiops
lindstroemii (Thorell, 1889), Tak Province, Umphang,
Thailand, @ (CAS); Chactopsis insignis Kraepelin,
1912, Loreto, Peru, @ (MNHN); Euscorpiops binghamii
(Pocock, 1893), Misty Hollow, Dawna Hills, Burma, ¢
(WDS); Euscorpius flavicaudis (DeGeer, 1778),
Banyuls, France, & (MES); Euscorpius gamma
(Caporiacco, 1950), Slovenia (VF); Euscorpius italicus
(Herbst, 1800), Agarone, Ticino, Switzerland, & (MES);
Euscorpius naupliensis (C.L. Koch, 1837), Kalidona,
Peloponnese, Greece, @ (MES); Euscorpius tergestinus
(C.L. Koch, 1837), Slovenia (VF); Megacormus gertschi
Diaz Néjera, 1966, Zacualtipan, Hidalgo, Mexico, ¢
(MES); Megacormus granosus (Gervais, 1843), San
Andreas, Veracruz, Mexico, @ (AMNH); Neoscorpiops
tenuicauda (Pocock, 1894), Maharashtra, Bhimashankar,
India, &' (CAS); Plesiochactas dilutus (Karsch, 1881),
Portillo Nejapa, Oaxaca, Mexico, ¢ (AMNH);
Scorpiops tibetanus Hirst, 1911, Lhasa, Tibet, &
(USNM); Troglocormus willis Francke, 1981, Cueva de
la Llorona, Yerbabuena, Tamaulipas, Mexico, ¢ (WDS).

Hemiscorpiidae (1 genus, 1 species): Hemi-
scorpius maindroni (Kraepelin, 1900), Wadi Bani
Kharus, Oman, @ (GL), Wadi Mistal, Oman, & (GL).

Heteroscorpionidae (1 genus, 1 species): Hefero-
scorpion opisthacanthoides (Kraepelin, 1896), Mada-
gascar, 9 (MES).

Iuridae (6 genera, 13 species): Anuroctonus
phaiodactylus (Wood, 1863), Oneida Co., Idaho, USA,
& (MES), Beaver Co., Utah, USA, & (MES), Tooele
Co., Utah, USA, & and @ (CAS); Anuroctonus sp.,
Anza-Borrego Desert State Park (ABDSP), California,
USA, & (MES), Ojos Negros, Baja California, Norte,
Mexico, & and @ (CAS); Calchas nordmanni Birula,
1899, Megisti Island, Greece (VF), Anamur, Turkey, ¢
and & (NHMW), Baykau, Turkey, @ (NHMW),
Antalya, Turkey, § (NHMW); Caraboctonus keyserlingi



Pocock, 1893, Chili, & (MES); Hadruroides charcasus
(Karsch, 1879), Peru, @ (MES); Hadruroides maculatus
(Thorell, 1876), Huancayo, Peru, & and @ (MES);
Hadrurus arizonensis Ewing, 1928, Maricopa Co.,
Arizona, USA, (MES), ABDSP, California, USA, ¢
(MES); Hadrurus aztecus Pocock, 1902, Tehuacan,
Puebla, Mexico, & (MES); Hadrurus concolor Stahnke,
1969, Santa Rosalia, Baja California Sur, Mexico, 9
(MES); Hadrurus hirsutus (Wood, 1863), Cabo San
Lucas, Baja California Sur, Mexico, @ (MES); Hadrurus
obscurus Williams, 1970, ABDSP, California, USA, &
and @ (MES); Hadrurus pinteri Stahnke, 1969, Oakies
Landing, Baja California Norte, Mexico, ¢ (MES);
lurus dufoureius (Brullé, 1832), Turkey, & (MES).

Liochelidae (4 genera, 6 species): Cheloctonus sp.,
St. Lucia, Kwazula, Natal, ¢ (VF); Hadogenes
troglodytes (Peters, 1861), Johannesburg, South Africa,
Q (MES); Liocheles australasiae (Fabricius, 1775),
Sidemen, Karangasem, Bali, Indonesia, ¢ (VF);
Liocheles sp., Papua New Guinea, @ (MES); Liocheles
sp., Guadalcanal, Solomon Islands, & (MES);
Opisthacanthus lepturus (Beauvois, 1805), Canal Zone,
Panama, Q@ (MES).

Microcharmidae (1 genus, 1 species): Micro-
charmus hauseri Lourengo, 1996, Lokobe Natural
Reserve, Ile Nosy Be, Madagascar, holotype ¢
(MHNG).

Pseudochactidae (1 genus, 1 species): Pseudo-
chactas ovchinnikovi Gromov, 1998, Babatag, Uzbek-
istan, & and @ (VF).

Scorpionidae (4 genera, 5 species): Heterometrus
longimanus (Herbst, 1800), Mindanao, Philippines, &
(MES); Heterometrus petersii (Thorell, 1876), Palawan,
Philippines, & (USNM); Opistophthalmus sp., Johann-
esburg, South Africa, @ (MES); Pandinus imperator (C.
L. Koch, 1841), @ (MES); Scorpio maurus Linnaeus,
1758, Tel-Yezucham, Israel, @ (MES), Galil, Israel, @
(VF).

Superstitioniidae (2 genera, 2 species): Super-
stitionia donensis Stahnke, 1940, ABDSP, California,
USA, @ (MES), Peralta Canyon, Pinal Co., Arizona,
USA, @ (MES), Arizona, USA, & (VF); Alacran
tartarus Francke, 1982, Huantla Sistema, Sotano de San
Agustin, Oaxaca, Mexico, @ (WDS).

Troglotayosicidae (1 genus, 1 species): Belisarius
xambeui Simon, 1879, Vidra, Gerona, Catalunya, Spain,
Q (WDS), Fogars de Monclis, Montseny, Barcelona,
Spain, ¢ (VF).

Urodacidae (1 genus, 1 species): Urodacus mani-
catus (Thorell, 1876), Australia, (VF).

Vaejovidae (10 genera, 48 species): Paravaejovis
pumilis (Williams, 1970), Ciudad Constitution, Baja
California Sur, Mexico, & (MES); Paruroctonus
arnaudi Williams, 1972, El Socorro, Baja California
Norte, Mexico, & (MES); Paruroctonus boreus (Girard,
1854), Mercury, Nevada, USA, & (MES); Paruroctonus
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gracilior (Hoffmann, 1931), Cochise Co., Arizona, &
(MES); Paruroctonus Iuteolus (Gertsch & Soleglad,

1966), ABDSP, California, USA, & (MES);
Paruroctonus  silvestrii  (Borelli, 1909), ABDSP,
California, USA, (MES); Paruroctonus stahnkei

(Gertsch & Soleglad, 1966), Maricopa Co., Arizona,
USA, (MES); Pseudouroctonus andreas (Gertsch &
Soleglad, 1972), ABDSP, California, USA, (MES);
Pseudouroctonus angelenus (Gertsch & Soleglad, 1972),
Ventura Co, California, USA, (BH); Pseudouroctonus
apacheanus (Gertsch & Soleglad, 1972), Cochise Co.,
Arizona, USA, @ (MES); Pseudouroctonus minimus
castaneus (Gertsch & Solegald, 1972), San Diego Co.,
California, USA, & (MES); Pseudouroctonus reddelli
(Gertsch & Soleglad, 1972), Conal Co., Texas, USA, &
and @ (MES), Travis Co., Texas, USA, & (MES);
Serradigitus calidus (Soleglad, 1974), Cuatro Cienegas,
Coahuila, Mexico, @ paratype (MES); Serradigitus
gertschi gertschi (Williams, 1968), ABDSP, Chariot
Canyon, California, USA, @ (MES); Serradigitus
joshuaensis (Soleglad, 1972), ABDSP, California, USA
(MES); Serradigitus minutis (Williams, 1970), Cabo San
Lucas, Baja California Sur, Mexico, & and @ (MES);
Serradigitus subtilimanus (Soleglad, 1972), ABDSP,
California, USA, (MES); Serradigitus wupatkiensis
(Stahnke, 1940), Coconino Co., Arizona, USA, 9
(MES); Smeringurus aridus (Soleglad, 1972), ABDSP,
California, USA, & (MES); Smeringurus grandis
(Williams, 1970), Oakies Landing, Baja California
Norte, Mexico, & (MES); Smeringurus mesaensis
(Stahnke, 1957), ABDSP, California, USA, @ (MES);
Syntropis macrura Kraepelin, 1900, Ensenada Marquer,
Isla Carmen, Baja California Sur, Mexico, @ (WDS);
Uroctonites huachuca (Gertsch & Soleglad, 1972),
Huachuca Mtns., Arizona, USA, & (MES); Uroctonites
montereus (Gertsch & Soleglad, 1972), Monterey Co.,
California, USA, & (MES); Uroctonus mordax mordax
Thorell, 1876, Yosemite National Park, California, USA,
4 and @ (MES), Weott, California, USA, & (MES);
Uroctonus mordax pluridens Hjelle, 1972, Santa Clara
Co., California, USA, & (MES); Vaejovis bruneus
Williams, 1970, Loreto, Baja California Sur, Mexico, ¢
(MES); Vaejovis  carolinianus (Beauvois, 1805),
Haralson Co., Georgia, USA, @ (MES); Vaejovis
eusthenura (Wood, 1863), Cabo San Lucas, Baja
California Sur, Mexico, @ (MES); Vaejovis cazieri
Williams, 1968, Cuatro Cienegas, Coahuila, Mexico, 9
(MES); Vaejovis gravicaudus Williams, 1970, Santa
Rosalia, Baja California Sur, Mexico, ¢ (MES);
Vaejovis hirsuticauda Banks, 1910, ABDSP, California,
USA, & and @ (MES); Vaejovis intrepidus cristimanus
Pocock, 1898, Autlan, Jalisco, Mexico, ¢ (MES);
Vaejovis jonesi Stahnke, 1940, Coconino Co., Arizona,
USA, @ (MES); Vaejovis mexicanus mexicanus (C.L.
Koch, 1836), Aculco, Distrito Federal, Mexico,
(MES); Vaejovis nigrescens Pocock, 1898, Rioverde,
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San Luis Potosi, Mexico, & (MES); Vaejovis nitidulus
C. L. Koch, 1843, Cuicitlan, Oaxaca, Mexico, @ (MES);
Vaejovis occidentalis Hoffmann, 1931, Acapulco,
Guerrero, Mexico, @ (MES); Vaejovis paysonensis
Soleglad, 1973, Gila Co., Arizona, @ (MES); Vaejovis
punctatus Karsch, 1879, Acatlan, Puebla, Mexico, ¢
(MES); Vaejovis punctipalpi (Wood, 1863), Cabo San
Lucas, Baja California Sur, Mexico, ¢ (MES); Vaejovis
puritanus Gertsch, 1958, ABDSP, California, USA
(MES); Vaejovis spinigerus (Wood, 1863), Alamos,
Sonora, Mexico, @ (MES); Vaejovis solegladi Sissom,
1991, Teotitlan, Oaxaca, Mexico, @ (MES); Vaejovis
viscainensis Williams, 1970, Los Bombas, Baja
California Sur, Mexico, & and 9@ (MES); Vaejovis
vittatus  Williams, 1970, Cabo San Lucas, Baja
California Sur, Mexico, & (MES); Vaejovis vorhiesi
Stahnke, 1940, Cochise Co., Arizona, USA, @ (MES);
Vaejovis waeringi Williams, 1970, ABDSP, California,
USA, & (MES); Vejovoidus longiunguis (Williams,
1969), Los Bombas, Baja California Sur, Mexico, &
(MES).

Abbreviations

List of depositories: AMNH, American Museum of
Natural History, New York, New York, USA; BH, Per-
sonal collection of Blaine Hébert, Los Angeles, Califor-
nia, USA; CAS, California Academy of Science, San
Francisco, California, USA; GL, Personal collection of
Graeme Lowe, Philadelphia, Pennsylvania, USA; FK,
Personal collection of Frantisek Kovatik, Prague, Czech
Republic; LP, Personal collection of Lorenzo Prendini,
New York, New York, USA; MES, Personal collection
of Michael E. Soleglad, Borrego Springs, California,
USA; MHNG, Museum d'Histoire Naturelle de Geneve,
Geneva, Switzerland, NHMW, Naturhistorisches Mus-
eum, Vienna, Austria; VF, Personal collection of Victor
Fet, Huntington, West Virginia, USA; USNM, United
States National Museum (Smithsonian Institution),
Washington, DC, USA; WDS, Personal collection of W.
David Sissom, Canyon, Texas, USA.

Character Description and Evaluation

This section presents the results of new character
analyses conducted during this study. In particular, most
of these analyses are germane to fundamental characters
that have the most impact on determining the upper-
level phylogeny of Recent scorpions such as parvorders
and superfamilies. These analyses include, although not
limited to, metasomal carination, leg tarsus armament,
cheliceral dentition, and trichobothrial patterns. In
addition, some of these analyses are also applicable to
the lower-level taxonomies involving the superfamily
Chactoidea. Other structures and their characterizations

not discussed specifically in this section but used in the
cladistic analysis presented herein are discussed briefly
in Appendix A, where each character and its set of
assigned state values are provided.

It is important to note here that for purposes of
comparative analyses and the coherent presentation of
the material, the taxonomic name-groups and their rela-
tionships as established in this paper are used through-
out this discussion. The section on classification for-
mally establishes our taxonomic emendations. Finally,
for the sake of brevity in writing, the superfamily Chac-
toidea, whose phylogeny is (((Chactidae, Euscorpiidae),
Superstitioniidae), Vaejovidae), is divided as follows:
Vaejovidae and Chactoidea(-V) (= Chactidac + Eu-
scorpiidae + Superstitioniidae). This abbreviation is nec-
essary due to the frequency of structural comparisons
between these clades.

Metasoma

The metasoma as seen in the Silurian scorpions has
gone through subtle but significant changes to produce
the metasoma now present in Recent scorpions. We can
categorize these changes (or more appropriately deri-
vations) into three groups: 1) the gradual lengthening of
the more terminal metasomal segments, 2) a gradual
tapering of the metasomal segments, and 3) the loss of
metasomal carinae on the more terminal segments.

Fossil Scorpions: The typical metasoma found in a
Silurian scorpion, for example Proscorpius osborni
(Whitfield) (see Kjellesvig-Waering, 1986, Text-Fig. 8-
C), exhibits five segments all roughly the same width
and length — providing a somewhat stocky appearance.
In addition to the overall segment proportions, Kjel-
lesvig-Waering also described the basic carinal
ornamentation found in this scorpion: four pairs of
carinae, which we interpret here as the dorsal, dorsal
lateral, ventral lateral, and ventral median carinae. These
four carinal pairs were found on al// five metasomal
segments of P. osborni, again emphasizing little or no
difference from one segment to another. Although the
exact carination, i.e., which carinae are present on a
segment by segment basis, is not clear on most fossils
studied by Kjellesvig-Waering, the generally stocky and
similarly proportioned segments are quite evident in
many fossil scorpion genera spanning the major
infraorders he recognized (these are all illustrated in
Kjellesvig-Waering, 1986): Holosternina: Allopalae-
ophonus (early Silurian, 443-430 Ma), Proscorpius,
Archaeophonus, Stoermeroscorpio (late Silurian, 430—
417 Ma), Garnettius (late Carboniferous, 323-290 Ma);
Lobosternina: Palaeophonus (early Silurian), Eski-
scorpio (early Carboniferous, 354-323 Ma), Boreo-
scorpio,  Eoscorpius, Paraisobuthus (late  Car-
boniferous);  Meristosternina:  Palaeobuthus  (late
Carboniferous). Jeram (1994b) described the large
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Carboniferous scorpion Pulmonoscorpius kirktonensis
which also exhibits somewhat stocky metasomal
segments, all roughly the same length and width. In this
species Jeram (1994b: 293) was able to discern the same
number of carinal pairs as that reported by Kjellesvig-
Waering for the Silurian scorpion Proscorpius osborni,
except in this case the dorsal carinae were absent on
segment V. Jeram (1994b), using Stockwell’s (1989)
classification, placed this species in infraorder
Mesoscorpionina (order Scorpiones).

In the suborder Neoscorpionina (following Stock-
well’s classification), scorpions have developed an
elongated metasomal segment V. This condition, in fact,
is stated as a synapomorphy for this suborder (Jeram,
1994b, Fig. 1). It is not clear whether this gradual
elongation occurred initially on all segments, or just on
segment V. In Kjellesvig-Waering (1986), we see that
the Carboniferous genera Eoctonus (Text-Fig. 35-A, B)
and Buthiscorpius (Text-Fig. 40-A) (i.e., Holosternina
under Kjellesvig-Waering’s classification or Palaeo-
sterni under Stockwell’s) segments I-III are approx-
imately the same length, IV is equal or slightly longer,
and V is noticeably longer. Jeram (1994a: 532)
described the metasoma of Carboniferous scorpion
Compsoscorpius  elegans Petrunkevitch (infraorder
Orthosterni) as “... segments are short, but increase
slightly in length posteriorly along the tail. The fifth
metasomal segment (preanal) is twice as long as the
fourth ...”.

Jeram (1994a: 532, Text-Fig. 3-B, C) described the
metasomal carination for Compsoscorpius elegans
“Dorsal carinae are very prominent ... pairs of superior-
lateral, inferior lateral and inferior median carinae are
also present, making a total of ten carinae per segment
...”. Although Jeram only lists four pairs of carinae
(implying eight carinae, not ten), in Text-Fig. 3-G, he
illustrates five pairs, the median lateral (ml) not being
mentioned specifically in the text. This observation, as
well as those for Pulmonoscorpius kirktonensis and
Proscorpius osborni, is important since they show that
in general the number of metasomal carinae in fossil
scorpions did not vary across the metasomal segments.
This observation is somewhat intuitive since we see the
conspicuous tapering that is evident in Recent scorpions
is essentially absent in fossil scorpions, thus the
metasomal segments of fossil scorpions could accomm-
odate the full complement of carinae.

In summary, we see one major derivation in the
metasoma of fossil scorpions: the gradual lengthening of
the segments in a basal to terminal direction, especially
exhibited in segment V. In addition, although the more
terminal segments became elongated, tapering is not
evident and therefore a full complement of carinae is
typically found throughout all five segments, including a
paired set of ventral median carinae on segment V.
Jeram (1994a, Text-Fig. 3-B) illustrates these paired
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carinae on segment V for Compsoscorpius elegans. In
Fig. 4 we illustrate a hypothetical carinal configuration
of metasomal segments I, IV and V as reported by Jeram
(1994a) for C. elegans.

Recent Scorpions — General: In Recent scorpions,
we see a significant progressive lengthening of
metasomal segments starting with segment I and
continuing to segment V, clearly the longest segment in
the metasoma. In addition, the segments are in general
progressively thinner beginning with segment I. The loss
of metasomal carinal pairs is also evident in Recent
scorpions, especially on the more terminal segments. We
can categorize this loss of metasomal carinae into four
groups, ordered by their presumably phylogenetic
importance: 1) the loss of the dorsal carinal pair on
segment V; 2) the progressive partial loss of the lateral
carinae starting from the basal segment and continuing
to segment IV; 3) the loss of one of the paired ventral
median carinae on segment V (i.e., it is single); and 4)
the localized (i.e., occurring in some scorpion groups)
loss of one of the paired ventral median carinae on
segments [-IV. Following is a general depiction of the
metasomal segment carinae configuration found in a
large majority of Recent scorpions for segments I
through V (see Appendix C).

Metasomal segment I: This segment always
exhibits the complete complement of metasomal carinae,
five pairs (in some cases, the ventral median carina is
single). It is usually the shortest and widest segment in

the metasoma—we hypothesize that this segment, from
a carinal armament perspective, represents a form
closest to that exhibited in fossil scorpions across all
segments.

Metasomal segment II: This segment is similar to
segment | but longer, thinner and, in general, the lateral
carinae are reduced or absent altogether. The lateral
carinae, if present, exists from a posterior to anterior
direction, exhibiting development anywhere from total
obsolescence to complete development, but in general
occurs for less than 60% of the segment’s length.

Metasomal segment II1: As with segments I and II,
this segment becomes longer, thinner, and the lateral
carinal pair is even more reduced, on an average, present
for less than 30% of the segment’s length.

Metasomal segment IV: This segment is usually
noticeably longer and a little thinner than the preceding
segment with almost always showing complete
obsolescence of the lateral carinae.

Metasomal segment V: Segment V is quite unique
in Recent scorpions, considerably longer than the other
segments and in many cases exhibiting a slight tapering
towards the telson (although a lot of variability is present
in the latter). In addition, this segment is void of the
dorsal carinal pair, the ventral median carinae is single
(with one exception which is discussed below), and the
lateral carinae are variable either absent or present in
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variously degrees in an anterior to posterior direction.
Closely inspecting the dorsal aspect of segment V (Figs.
4-5), we see that the most dorsal carinae are quite
rounded, suggesting the possible remnants of another
more dorsal carinae pair. Therefore, based on this
observation as well as comparison with segment I, we
hypothesize that the dorsal carinae are absent in segment
V (i.e., the most dorsal carinac on segment V are the
dorsal lateral carinae).

In Recent scorpions a unique articulation mech-
anism is found between metasomal segments IV and V.
This unique structure, forming a ball (an articulation
condyle on segment V) and open socket (an articulation
socket on segment V) mechanism, provides a special
“hinge-like” function between these two segments,
forcing a restricted vertical 90+ degree motion. The
articulation socket is a conspicuous smooth and shiny
ball-like cuticle projection emanating from the dorsal
lateral carinae terminus. The articulation socket is a
smooth shiny concave structure projecting from the
anterior base of the dorsal lateral carinae (concave area
faces dorsal aspect). This mechanism is not found on the
other three metasomal segments (i.e., I-III) or between
segments III and IV which move in a more free form
rotating motion. Other similar articulation mechanisms,
where presumably precise articulation is required, are
also found on Recent scorpions; e.g., the base of the
chelal movable finger (two mechanisms, external and
internal condyles), the cheliceral movable finger base,
and on the legs connecting various segments. It is not
known whether this mechanism of the metasoma is
found in fossil scorpions.

We suggest here that the tapering seen in the meta-
somal segments of Recent scorpions has caused, in part,
the loss of carinae, especially in the terminal segments.
The most elongated segments, IV and V, are essentially

Figures 1-3: Metasomal segment V,
ventral view. 1. Pseudochactas ovch-
innikovi, showing paired ventral
median carinae. 2. Chaerilus petrzel-
kai, showing Y-shaped terminus of
single ventral median carina. 3. Bi-
oculus comondae, showing crescent-
shaped ventral transverse carina.

devoid of the lateral carinal pair, and in segment V, the
lateral carinae, if present, begin at the anterior aspect.
Segment V, usually the longest and thinnest of all seg-
ments, shows the most derivation, losing the dorsal cari-
nal pair and the ventral median carinal pair found in fos-
sil scorpions has been reduced to a single carina.

Also of interest, but occurring in much lower phylo-
genetic levels than the derivations discussed above, is
the reduction in segments I-IV of the ventral median
carinal pair to a single carina. This condition is observed
across a varied assemblage of Recent scorpion genera,
e.g. in scorpionoids: Heteroscorpion, Hemiscorpius, Ha-
bibiella, and Urodacus (Fig. 5); in euscorpiids: Eus-
corpius (Fig. 5), Megacormus, and Plesiochactas; and in
vaejovids: Syntropis and Vejovoidus (Fig. 5). In general
we consider these derivations localized to the groups in
which they occur, and in particular, we suspect this
condition as seen in the vaejovid genera Syntropis and
Vejovoidus to be caused, in part, by a radical adaptation
to their microhabitat; ultralithophilic for the former and
ultrapsammophilic for the latter. This conclusion is
based on the presumed close relationship of Syntropis to
Vaejovis and related genera, and Vejovoidus to Par-
uroctonus and related genera, i.e., they do not exhibit
any other significant differences except in this character.

Recent Scorpions — major groups, the parvorders:
Above we outlined the basic structure of the metasoma
for Recent scorpions; here we discuss the metasoma on a
major scorpion group basis, the parvorder, starting with
the presumed primitive Recent scorpions—the pseudo-
chactids, buthoids and chaerilids. See Appendix C for a
detailed chart of the metasomal carinae configuration for
all five metasomal segments representing a large assem-
blage of Recent scorpion species.

Pseudochactida: The very interesting species
Pseudochactas ovchinnikovi (Figs. 1 and 4) has a unique
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Figure 4: Diagrammatic cross-section of metasomal segments I, IV and V of the palaeopisthacanthids and primitive Recent
scorpions. Although the diagrams supplied for the palacopisthacanthids are hypothetical only, they do depict the five carinal pairs
reported by Jeram (1994a) for the complete metasoma. Of particular interest, note paired ventral median carinae (VM) exhibited
on segment V for genus Pseudochactas, lateral carinae (L) on segment V for genera Pseudochactas and Chaerilus, which is
absent in the two buthoids, and ventral median secondary (VMS) carinae on segment V on buthoid genera Mesobuthus and
Tityus. Note, although individual segment diagrams are to scale, they are not necessarily to scale between or within a species.
Numbers inside diagrams refer to number of primary carinae present, and therefore excludes VMS carinae; D = dorsal, DL =
dorsal lateral, L = lateral, VL = ventral lateral, VM = ventral median, VMS = ventral median secondary.
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condition of a set of paired ventral median carinae on
metasomal segment V, unprecedented in Recent
scorpions. In Figure 1 we can see that this well-
developed carinal pair tapers slightly posteriorly,
towards the telson. We believe that this tapering
suggests these carinae are in the process of becoming
single, which presents an intermediate between the
paired condition found in the palaeopisthacanthids and
the single condition found on all other Recent scorpions.
To support this hypothesis, the tapering occurs in the
same direction as the reduction of the lateral carinae on
this segment. We consider these paired ventral median
carinae to be a plesiomorphic condition, directly
inherited from a fossil lineage as that exhibited, for
example, in the palaeopisthacanthids. Otherwise, Pseu-
dochactas metasomal carinae ornamentation is typical of
Recent scorpions, segment V is equipped with lateral
carinae for 50% of its length, and, on segments [-1V, the
lateral carinae reduce progressively, becoming obsolete
on segment I'V.

Chaerilida: Segment V (Fig. 4) is equipped with
lateral carinae, developed from 70-80% of the segments
length (based on the examination of three species). The
lateral carina exhibits the typical progressive reduction
from segment I to segment IV where it is obsolete. In
many species of Chaerilus (as reported by Kovarik,
2000), the ventral median carina of metasomal segment
V Dbifurcates posteriorly, forming a wide Y-shaped
pattern. This pattern is evident in the three species
examined in this study. We do not considered this
bifurcation found in some Chaerilus species to be
evidence of a paired ventral median carinae evolving
however, (or, for that matter, in the process of
disappearing) since it is not consistent within the genus.
Plus, the true paired carinae as found in Pseudochactas
are more indicative of paired carinae that appear to be in
the process of becoming single, as evidenced by their
subtle posterior tapering. Kovaiik also reported paired
ventral median carinae for segment V in new species C.
petrzelkai. We examined this species and noted that the
carina is doubled in places (Fig. 2) caused by the intense
exaggerated granulation found on this little scorpion.
However, the spacing is much too close to be considered
homologous to paired carinae. This is also indicated
when compared to the spacing of the paired carinae
found on segment IV, which are more separated, and,
when segment V is viewed from the terminal end, it
clearly has a single carina.

Buthida: In Fig. 4 we illustrate diagrammatically
the key metasomal segment carination for an Old and a
New World buthid. In these diagrams we see that the
lateral carinae are obsolete in segments IV and V.
Appendix C presents 24 buthoid genera metasomal
carinae configurations, only three, Hottentotta, Alayo-
tityus and Microcharmus, exhibit lateral carinae, in part,
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on these segments (segment IV for the former and
segment V for the latter two). Although these
observations are based on solitary species within the
genus, we suspect that in general the complete loss of
the lateral carinae on segment V is indicative of the
buthoids (note this carinal pair is usually present, in part,
on all other Recent scorpion groups). On metasomal
segment V of many buthids is found a pair of ventral
median secondary (VMS) carinae, flanking the single
ventral median carina. These carinae do not completely
traverse the entire segment, showing development on the
anterior aspect only. For those cases where these carinae
extend towards the posterior half, there is sometimes a
transverse line of connecting granules forming a
crescent-shaped pattern, a ventral transverse carina
(VTC). In Appendix C, ten genera (out of 24) exhibit
VMS, and two of these, Mesobuthus (weakly) and
Buthacus, exhibit the ventral transverse carina.

Iurida: In general, this parvorder conforms to the typi-
cal carinal pattern as described above, the progressively
reduced lateral carinac on segments I-IV and the pres-
ence of lateral carinae, in part, on segment V. Of par-
ticular interest here is the presence of lateral carinae on
metasomal segment IV for two New World iuroid gen-
era, Hadrurus (Fig. 5) and Hadruroides, which is essen-
tially unprecedented in Recent scorpions. As indicated in
Appendix C, these carinae are present for 40-60% of
the segment’s length. For the scorpionoids there is a
tendency for complete obsolescence of the lateral cari-
nae on segments [-IV, but they are usually present, in
part, on segment V. Diplocentrus ochoterenai and
Bioculus comondae (Fig. 3) exhibit a ventral transverse
carina on segment V but it is not accompanied by ventral
median secondary carinae. Francke (1978) also reports
this condition in several diplocentrids (i.e., Oiclus,
Cazierius, Tarsoporosus, and Didymocentrus). In con-
trast, the genus Heteronebo does not exhibit a ventral
transverse carina (Francke, 1978) but instead, the ventral
median carina forms an irregular Y-shape bifurcation on
the posterior aspect of segment V on some species. In
general, the chactids, euscorpiids and vaejovids all com-
ply with the standard metasoma carinae configuration—
exhibiting the progressively reduced lateral carinae on
segments -1V and usually some trace of the lateral cari-
nae on segment V. The metasomal carina configuration
is variable in the superstitioniids: in Superstitionia the
dorsal and dorsal lateral carinae are present, the lateral
and ventral carinae are essentially smooth to obsolete;
the typhlochactines only exhibit weakly developed dor-
sal carinae, the others are obsolete. The metasomal cari-
nae are quite unusual in the troglobitic genus Alacran.
The five segments are very elongated, “rectangular”
when viewed from the end, exhibiting highly crenulated
dorsal and ventral lateral carinae as “corners” of the
segment. There is no trace of the ventral median carinae
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Figure 5: Diagrammatic cross-section of metasomal segments I, IV and V of “non-primitive” Recent scorpions, parvorder
Iurida. Of particular interest, note lateral (L) carinae present on segment IV for genus Hadrurus; single ventral median carina
(VM) on segments I and IV for genera Urodacus, Euscorpius and Vejovoidus; and the close proximity of ventral median (VM)
carinae in genus Smeringurus. Note, although individual segment diagrams are to scale, they are not necessarily to scale between
or within a species. Numbers inside diagrams refer to number of primary carinae present, and therefore exclude VMS carinae;
obs. = obsolete, see Fig. 4 for definition of other terms.
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Figure 6: Metasomal segment IV of a representative set of vaejovid genera. Lateral (left) and dorsal (right) views. Note that the
extreme posterior aspect of the dorsal lateral carina is highly developed, exhibiting a “flared terminus® in all major vaejovid
groups, Serradigitus, Pseudouroctonus, and to a more limited degree, in Vejovoidus and Paravaejovis. This condition, however,
is absent on Paruroctonus and Smeringurus. Compare these figures with those of the chactids illustrated in Fig. 7.

on any of the five segments, the ventral surface quite
smooth and flat. There is a slight trace of the dorsal lat-
eral carinae on segment I which reduces to a slight pos-
terior remnant on segments I1-II1.

Recent Scorpions — families Vaejovidae and
Chactidae: The terminus of the dorsal lateral carinae of
metasomal segment IV is quite distinct on a major cross
section of vaejovid scorpions. The extreme posterior
edge of this carina (i.e., the “terminus™) is flared ex-
tending above the articulation condyle of the segment.
Viewing this segment from a dorsal aspect we can see
that it also flares outward exhibiting a somewhat flat
pointed extremity, or spine. This unique condition of the
dorsal lateral carinae terminus is found in all Vaejovis
groups, Serradigitus, Syntropis, Pseudouroctonus, Uroc-
tonites, Vejovoidus, and Paravaejovis (see Fig. 6). It is

absent, however, in the related genera Paruroctonus and
Smeringurus (Fig. 6). The more exaggerated form of this
condition is found in the “nitidulus” group and some
members of the “eusthenura” group of Vaejovis, Pseu-
douroctonus, and Serradigitus, exhibiting lesser devel-
opment on Vejovoidus and Paravaejovis. Scorpions of
the families Chactidae, Euscorpiidae and Superstitionii-
dae do not exhibit this condition (Superstitionia is the
only exception to this, showing minor flaring of the dor-
sal lateral carina terminus). For these families, the dorsal
lateral carina terminus meets with the articulation con-
dyle (Fig. 7).

Stahnke (1974) first pointed out the unique terminus
of the dorsal lateral carinae of metasomal segment I'V for
the genus Vaejovis, stating (p. 134): “... the distal termi-
nus of superior lateral keels of segment IV flat, subtrian-
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Figure 7: Metasomal segment IV of a representative set of chactid genera. Lateral (left) and dorsal (right) views. Compare the
dorsal lateral carina terminus with that illustrated for the vacjovids in Fig. 6.

gular and projecting somewhat laterad ...”. Stahnke also
established (1974, p. 137) that the genus Paruroctonus
does not have this unique condition: “... nor is the distal
terminus of the dorsal keel on segment V flat and subtri-
angular ...” (this appears to be a mistake in the text: one
should read segment IV, not segment V). Stahnke illus-
trated this character in two species of Vaejovis (his Figs.
7-D, F) as well as the lack of same for Uroctonus (his
Fig. 7-A). Figures 6 and 7 in this paper illustrate this
feature for various vaejovid and chactid species, respec-
tively.

Figures 8-9 illustrate in detail the relationship of the
dorsal lateral carina terminus with the posterior articula-
tion condyle. The condyle on segment IV connects with
its counterpart located on the anterior end of metasomal
segment V. In Figs. 89, we illustrate this character in
detail for the vaejovid Vaejovis intrepidus cristimanus
and the chactid Uroctonus m. mordax. In the vaejovid
we see the dorsal lateral carina terminus extends consid-
erably above and posterior of the articulation condyle,
whereas in the chactid this carina terminates at the con-
dyle, typical of Chactoidea(-V).

Leg tarsus armature

The setal and spinule armature of scorpion legs has
historically been used as an important taxonomic
character. In this study we concentrate on the ventral
aspect of the tarsus. Very little is known about the tarsus
armature in fossil orthostern scorpions; in particular, the
tarsus is unknown for the palacopisthacanthids.
However, we do have a detailed description of the leg of
Pulmonoscorpius kirktonensis Jeram (suborder Meso-
scorpionina). Jeram (1994b: 293) reports “... The
telotarsus (= tarsus) bears a single inferior row of fixed
thorns ...” In addition, Santiago-Blay et al. (in press)
reports the following for Cretaceous fossil scorpion
Palaeoburmesebuthus grimaldii Lourenco: *...tarsus
exhibits two delicate rows of ventral spinules (areolae
were not visible so we are assuming here that these are
spinules, not setae) ...” Based on this limited data from
the fossil record, we cannot definitively hypothesize a
primitive state for the ventral aspect of the leg
tarsus.
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Figures 8-9: Metasomal segment IV, posterior end (left) and lateral (right) views. 8. Vaejovis intrepidus cristimanus. 9. Uroc-
tonus mordax mordax. Note the “flared” terminus of the dorsal lateral carinae that extends considerably above the articulation
condyle in V. i. cristimanus; in U. m. mordax, the terminus is not flared coinciding with the articulation condyle. AC = articula-

tion condyle; ¢ = terminus of dorsal lateral carina.

Definition of Terms. Following are definitions of
special terms used in this study to describe the scorpion
leg tarsus.

Spinule: A smooth tapering eruption from the
cuticle, forming a point at its extremity, exhibiting
various thickness and lengths; spinules may have minor
longitudinal striations or be smooth. No socket is
present. Short, blunt spinules are equivalent to what
usually is termed to “denticles” in other scorpion body
parts (carapace, pedipalp).

Seta: A tapering bristle that originates from a
“socket” in the cuticle, exhibiting various thickness and
lengths, from a large thick rigid “spinoid” seta to that of
a thin elongated flexible bristle-like seta; seta may have
longitudinal striations or be smooth. Unlike spinules,
many setae are innervated and carry a mechano- and/or
chemoreceptory function (Farley, 1999).

Spinule Cluster: A group of spinules formed in a
median row, either situated in irregular groups, or in
highly concentrated clusters (i.e., “tufts”). In general
these spinules are long, thin either tapering to a point or
truncated distally.

Socket: A round mound shaped projection from the
cuticle, exhibiting a circular orifice at its distal center
from which a seta originates; sockets may be quite large
extending considerably from the cuticle base, or may be
a small shallow rim-like projection situated at the cuticle

base surrounding the extending seta. Some sockets have
small blunt spinules circumscribing their orifice.

Striations: Evenly distributed semi-parallel, dense,
shallow longitudinal indentations extending most of a
seta or spinule’s shaft length, most prominent basally.

Ridges: Unevenly distributed, medium to deep lon-
gitudinal grooves originating proximally and extending
to the midpoint of a spinule(s) shaft.

Figure 10 depicts several setal and spinule forms, illus-
trating many of these special components.

Setal/spinule configurations. In Recent scorpions
we recognize five basic fundamental setal/spinule con-
figurations. We consider these basic configurations
relevant at the parvorder and superfamily levels. Other
hypothesized derivations within these configurations are
discussed below.

Pseudochactida
I. two median rows of spinules — superfamily
Pseudochactoidea

Buthida, Chaerilida
2. two or more irregularly positioned rows of
setac with medium to large sockets) —
superfamilies Buthoidea, Chaeriloidea
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eupeus
Liocheles
Grosphus australasiae :
bistriatus Chqer ilus
S etae variegatus
Hadrurus Anuroctonus
obscurus > phaiodactylus
Nullibrotheas
allenii
L. Figure 10: Leg tarsus, ventral
Superstgtloma view. Setae and spinules from
7 donensis representative  Recent  scorpion
/ genera. Of particular interest, note
the spinule clusters in genera Sup-
Pseudochactas Had i erstitionia and. Had}’uroides; the
ovchinnikovi adrurotaes deep irregular ridges in genus Had-
Euscorpius maculatus rurus; the large limbatic socket
amm ap surrounding the seta of Scorpio; and
8 Spin ules the fine striations present in both
setae and spinules.
Turida striations basally, extending to the midpoint or further

3. medially oriented row of spinule clusters
(irregular, concentrated clusters, or fused) —
superfamily Iuroidea

4. paired lateral rows of rigid “spinoid” setae
originating from large limbated sockets, with or
without a median row of spinules — superfamily
Scorpionoidea

5. paired lateral rows of small to medium setae
with small sockets accompanied by a median
row of spinules — superfamily Chactoidea

Pseudochactida: Pseudochactas, the sole member
of this parvorder, conforms to configuration I: two
essentially parallel submedian rows of small spinules
extending the entire length of the ventral aspect of the
tarsus (Figs. 11-12). Each spinule exhibits subtle

(Figs. 10 and 12). This form is unique in all Recent
scorpions. However, its evolutionary polarity is not
determinable, and therefore, this character is either
autapomorphic to this monotypic genus or is inherited
(i.e., plesiomorphic) from an ancestor. Jeram (1994a)
illustrates similar dual rows of small spinules on the
ventral aspect of the leg tibia and basitarsus (=
protarsus) for Carboniferous fossil Compsoscorpius
elegans (Text-Fig. 5, E & H); however the tarsus is
unknown in this fossil family. In line with this simple
configuration, we see that the basitarsus of
Pseudochactas also has two ventral rows of spinules
matching in size and position as those found on the
tarsus (Gromov, 1998, Fig. 3.7). If this pattern of
“matching spinule rows” across leg segments holds up
for the palacopisthacanthids, then it implies that this
spinule configuration is plesiomorphic to the
pseudochactids, again exhibiting another primitive
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character found on this Recent scorpion “relic”. In
addition, the description of the dual spinule rows in
fossil scorpion Palaeoburmesebuthus by Santiago-Blay
et al. (in press) may imply that the dual rows exhibited
in Pseudochactas are indeed primitive, however, the
authors were not completely sure about the true identity
of these tiny structures, i.e., spinules versus setae.

Buthida: The scorpions of this parvorder conform
to configuration 2: two or more irregularly oriented rows
of conspicuous socketed setae. In general, these setae are
somewhat elongated and striated, originating from well-
developed sockets (Figs. 10 and 15-18). For Mesobuthus
(Fig. 15) we see two irregular rows of fairly stout setae
projecting from well-developed sockets. In genera
Grosphus, Isometrus and Centruroides (Figs. 16—18),
the number of irregular rows increase, the setae are
longer, thinner, and the sockets are smaller. There is no
evidence of any spinule development on the ventral
aspect of the tarsus in buthoids.

Chaerilida: As the buthoids, the chaerilids conform
to configuration 2: two irregular rows of stout heavy
socketed setae (Figs. 10, 13—14). In Figs. 10 and 14 we
see the setal sockets are partially rimmed by minute
blunt spinules and the setal shaft exhibits subtle
striations. On the distal two-thirds of the ventral aspect
of the tarsus, we see a median row of small blunt
spinules (Fig. 13).

Iurida: The three superfamilies comprising parv-
order Iurida present a wide variety of setal/spinule
arrangements representing three fundamental config-
urations.

Turoidea — Scorpions of this superfamily conform
to setal/spinule configuration 3: median row of spinule
clusters. Although the iuroids are a small (albeit, widely
dispersed) group of scorpions, the variety of spinule
cluster forms exhibited is exceptional. No less than three
distinct forms are present, and one of these can be
divided further into two subforms: 1) an irregular
median row of grouped setal clusters (two to four) found
in juvenile to subadult Calchas; 2) a median row of
highly concentrated setal clusters, forming ‘“setaceous
tufts”, found in genera Jurus, Caraboctonus and
Hadruroides; and a median row of “fused” setal clusters,
forming individual “spinule-looking” protuberances,
found in genus Hadrurus. The configuration found in
Calchas is quite interesting (Figs. 19 and 23). This genus
exhibits a considerable number of irregularly positioned
large socketed setae (Fig. 10). In adults, the median row
of clustered spinules is essentially obsolete except for
the proximal aspect. In subadults and juveniles, the
spinule clusters are quite apparent being surrounded by
the larger and heavier setae (Fig. 23). The tarsus of adult
Calchas specimens is very similar to that found in
Chaerilus, both with a domination of socketed setae. As
pointed out above, Chaerilus also exhibits a small partial
median row of blunt spinules, but they are neither
clustered nor elongated as seen in Calchas. In the Old
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World iurid genus furus and the New World cara-
boctonines, Caraboctonus and Hadruroides, the spinule
clusters are highly concentrated forming distinct “tufts”
of elongated spinules (Figs. 10, 20-21). In both of these
turoid groups, the individual clusters are situated on low-
profile bases or platforms, which form a subtle ring
around the cluster (Figs. 10). In [urus, the spinules are
truncated, presenting a squared-off look to the cluster
terminus. In Caraboctonus and Hadruroides, the indivi-
dual spinules are tapered and of various lengths, forming
an overall pointed looking spinule cluster (Fig. 10). For
all three genera, the number of spinules per cluster and
their lengths are reduced considerably on younger
specimens. For very early instar specimens (see Fig. 24
for Hadruroides charcasus), the spinules in a cluster are
reduced to minimal numbers, approximating those seen
in Calchas. On mature specimens the individual spinules
may number as high as 100+. When viewing the ventral
aspect of the tarsus in genus Hadrurus under regular
magnification (10-30x), one sees a closely grouped
median row of spinules, typical of that seen in most
vaejovids or chactids (Fig. 22). However, under high
magnification, we see a somewhat blunt “spinule” with
conspicuous irregularly formed ridges originating at its
base and continuing most of its length (Figs. 10 and 25).
It is clear that these ridges are not the typical symmetric
semi-parallel striations found on many setae and some
spinules. Under close examination of the base of these
ridges, we see that they are three-dimensional, exhibiting
a relief almost separate from the other ridges forming the
base. We hypothesize here that these ridges are residual
spinules fused into a solid structure, presumably orig-
inating from the highly concentrated spinule clusters
found in Hadrurus’s sister group, Caraboctoninae. Note
that this very unique set of derivations of the iuroid
tarsus briefly described here is being further analyzed in
detail in an upcoming paper involving extensive SEM
micrography (Fet et al., in progress). In this analysis,
multiple species are investigated, each spanning diftf-
erent ontogenetic stages.

Scorpionoidea — This superfamily conforms to
setal/spinule configuration 4: two parallel lateral rows of
heavy spinoid setae emanating from well-developed
limbated sockets (Figs. 10, 27-30). A median spinule
row is optional. The number and lengths of these setal
pairs are highly variable dependent on the group within
this superfamily; they are quite numerous in the
scorpionines and diplocentrines, and less numerous in
the bothriurids and hemiscorpiines. Of particular interest
is the reduction of these spinoid setae to thinner, more
bristle-like setae, originating from smaller sockets in
certain scorpionoid genera such as Brachistosternus,
lomachus and Liocheles (Fig. 30). Close inspection of
these setal bases show that they still exhibit a somewhat
substantial socket, but smaller, lower-profile, due to the
much thinner seta.
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Uroctonus

Anuroctonus

Belisarius Brotheas

Chactas Teuthraustes

Neochactas Hadrurochactas

Figure 39: Diagrammatic ventral view of leg tarsus showing the basic arrangement of setal/spinule configurations of

representative chactid genera.

Chactoidea — This superfamily complies with
setal/spinule configuration 5: moderate to well-
developed lateral pairs of setac and a median row of
spinules. The sockets of the setal pairs are of small to
moderate development, never as large or significant as
those seen in the spinoid setae of the scorpionoids or as

that seen in most buthoids and chaerilids. The ventral
median spinule row is present in all vaejovids and in a
large majority of the euscorpiids and chactids as well.
The dominance of setal pairs versus the median spinule
row creates several sub-configurations within these two
large assemblages of taxa (Figs. 31-39). The spinule



28

median row is present in all vaejovids, the lateral setal
pairs are of weak to moderate development. Within the
vaejovids, the number of ventral distal spinule pairs is
considered an important taxonomic character, separating
some of the vaejovid genera and Vaejovis groups. Both
one-pair and multiple-pair groups are illustrated in Figs.
35-38: Vaejovis punctatus and Pseudouroctonus reddelli
(Figs. 35-36), and Serradigitus gertschi and Smerin-
gurus grandis (Figs. 37-38), multiple-pair and one-pair,
respectively. This character also proved to be important
in the distinction of some euscorpiid genera (Soleglad &
Sissom, 2001: 62-64). Williams & Savary (1991)
defined the vaejovid genus Uroctonites based, in part, on
the slightly heavier setal pairs found on the ventral
aspect of the tarsus, in contrast to those found in other
species of Pseudouroctonus. The chactid subfamilies
Chactinae and Uroctoninae are similar to the vaejovids,
all equipped with a median spinule row terminated by a
single pair of distal spinules; the setal pairs are weakly
developed in Uroctoninae (represented by Anuroctonus
in Fig. 34) and well-developed on most Chactinae
(represented by Nullibrotheas in Fig. 32). Subfamily
Brotheinae has essentially lost the median spinule row
showing a strong emphasis on the setal pair con-
figuration: Brotheas and Belisarius (Fig. 33) with
strongly developed setal pairs, and the other genera (e.g.,
Neochactas, Hadrurochactas) with thinner but more
numerous setal pairs (see Fig. 39 for the overall
configurations of setal and spinule arrangements for
family Chactidae). In the superstitioniids we see three
configurations. In subfamily Typhlochactinae (which
includes Alacran), the median spinule row is essentially
absent (minor development is reported in T. mitchelli
(Sissom, 1988)) and the setal pairs are prevalent, but
never as well-developed or numerous as those seen in
the brotheines. In subfamily Superstitioniinae, which
includes Superstitionia and Troglotayosicus, we see two
patterns. In Superstitionia, we see a very unique, dense
clustering of elongated spinules, which is similar, under
normal magnification, to the spinules clusters seen in
young Calchas specimens, although more dense and
continuous but never forming concentrated clusters of
setae as seen in some of the other iuroids (Figs. 10 and
26). The Troglotayosicus tarsus has not been examined
by us so our observations are based solely on the
description and illustration provided by Lourengo (1981:
654, Fig. 43): although the figure shows socketed setae,
the text uses the term “spinules (spiniformes)”’; whether
they are setae, spinules, or a mixture of both, they are in
any case quite numerous, elongated, and irregularly
positioned. If these “setae” turn out to be spinules, at
least for the median area, then we can possibly see a
taxonomic connection between this form and that

exhibited by Superstitionia—Dboth spinule sets would be
exceptionally elongated and closely set, which is
unprecedented in the chactoids.

Euscorpius— 2003, No. 11

Chelicerae

The chelicerae are an important taxonomic structure
in the diagnoses of high-level as well as low-level
scorpion taxonomic groups. Vachon (1963) formally
defined the basic cheliceral configurations found in
Recent scorpions as well as established a nomenclature
for identifying various denticles found on this structure.
In our analysis, which proposes the palaeopisthacanthids
as a primitive form for cladistic purposes, four important
aspects of cheliceral dentition are considered: the dorsal
and ventral aspects of the movable finger, and the dorsal
and ventral aspects of the fixed finger. Of particular
importance are: the presence or absence of fundamental
denticles on the dorsal edge of the movable finger, the
dentition on the ventral edge of the movable finger, the
orientation of the denticles of the fixed finger, and the
presence or absence of accessory denticles (i.e., “ pro-
tuberances”) on the ventral surface of the fixed finger.
As a character of lesser importance, we also consider the
relative alignment of the distal denticles terminating the
dorsal and ventral edges of the movable finger.

Kjellesvig-Waering (1986) and Jeram (1994a) des-
cribed and illustrated the chelicerae of two Carbon-
iferous palaeopisthacanthid scorpions. Kjellesvig-
Waering (1986: 233, Text-Fig. 103-E) illustrated the
chelicerae for Palaeopisthacanthus schucherti, and
Jeram (1994a: 534, Text-Fig. 4-E) described and
illustrated the chelicerac for Compsoscorpius elegans.
Of particular importance here is the fact that the
chelicerae of these two fossil genera match quite closely
in overall structure and dentition. We adopt these
descriptions and illustrations as the primitive condition
for this important structure, using both genera as a
composite when necessary to complete the information.

Movable finger. The cheliceral movable finger has
two distinct cutting edges (dorsal and ventral), which
enclose the denticulate edge of the fixed finger when a
chelicera is closed. These two edges exhibit variability
in their overall development as well as in specific
dentition configurations.

Dorsal edge. In Fig. 40, we show Palaeopistha-
canthus schucherti as illustrated by Kjellesvig-Waering
(1986). In this diagrammatic drawing we see that the
dorsal edge is considerably reduced, the ventral distal
denticle extending well beyond the dorsal distal denticle.
All four dorsal denticles are well-developed, however,
especially a somewhat large subdistal denticle. For fossil
scorpion Compsoscorpius elegans, Jeram (1994a)
writes: “... moveable finger has a superior row of five
teeth which increases in size distally ...”. We take
exception to Jeram’s count of five denticles for this edge.
We suspect that, when viewing the movable finger from
the dorsal aspect, that the ventral distal denticle was
included in this count. We therefore propose here that
Compsoscorpius has four denticles on the dorsal edge, as
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44 45 46 47

Figures 40-47: Cheliceral movable finger, dorsal aspect. 40. Palaeopisthacanthus schucherti (after Kjellesvig-Waering, 1986:
Text-Fig. 103-E, in part). 41. Pseudochactas ovchinnikovi. 42. Chaerilus variegatus. 43. Androctonus bicolor. 44. lurus
dufoureius. 45. Scorpio maurus. 46. Brachistosternus ehrenberghii. 47. Hadrurus aztecus. Note that the ventral edge is not
shaded in order to contrast it with its dorsal counterpart. vd = ventral distal (denticle), dd = dorsal distal, sd = subdistal, m =

median, b = basal.

that reported and illustrated for Palaeopisthacanthus. 1f
one views Kjellesvig-Waering’s (1986: Text-Fig. 103-E)
original illustration of the chelicerae, which shows all
denticles pigmented, the dorsal/ventral edges are not
discernable when viewed from the dorsal aspect. Only
when viewed internally (a view also shown in this
figure) do the two edges become apparent. Jeram’s
observation that the denticles increase in size distally is
consistent with our illustration of Palaeopisthacanthus
(Fig. 40). Therefore, we see consistency within the two
palacopisthacanthid genera in the dentition of the
cheliceral dorsal edge of the movable finger. We
consider this configuration of four denticles a primitive
condition: dorsal distal (dd), a single subdistal (sd),
median (m), and single basal (b) denticles.

In Figures 40—47, we illustrate the dorsal edge of
the movable finger of several Recent scorpion groups. In
Fig. 40 (Palaeopisthacanthus schucherti) we illustrate

the hypothesized primitive condition, as discussed
above. We see that the primitive condition of four
denticles is found in parvorder Chaerilida (Fig. 42), Old
World iuroids, and in most scorpionoids. We consider
this configuration plesiomorphic for these groups. This
primitive condition, which exhibits single subdistal (sd)
and basal (b) denticles, is found in both Old World
iuroid genera, furus (Fig. 44) and Calchas, and
consistently in scorpionoid families Scorpionidae
(represented by Scorpio in Fig. 45) and Liochelidae, as
well as in some bothriurid genera (i.e., Bothriurus,
Timogenes, and Vachonia (Prendini, 2000: 48)).
However, Prendini considered the occurrence of a single
subdistal denticle in these three bothriurid genera as
derived from a two subdistal denticle state (i.e., a
reversal, since these genera formed the most internal
aspect of his bothriurid clade (see Prendini’s Fig. 2)).
Two primitive Recent scorpion parvorders, Pseudo-
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Figures 48-55: Cheliceral movable finger, ventral aspect. 48. Palaeopisthacanthus schucherti (after Kjellesvig-Waering, 1986:
Text-Fig. 103-E, in part). 49. Pseudochactas ovchinnikovi. 50. Chaerilus variegatus. S1. Androctonus bicolor. 52. Calchas
nordmanni. 53. Iurus dufoureius. 54. Liocheles sp. (Papua New Guinea). 55. Nullibrotheas allenii. The dorsal edge is not shown.

vd = ventral distal (denticle), va = ventral accessory denticle (s).

chactida and Buthida, do not comply entirely with the
hypothesized primitive condition. In Pseudochactida
(Fig. 41), we see a single subdistal denticle, but the basal
denticle is missing. We consider the absence of the basal
denticle a derivation for this parvorder. In Buthida
(represented by Androctonus in our Fig. 43), we also see
a single subdistal denticle but the basal denticle is
doubled, clearly a derived condition for this parvorder.
For New World iuroids (represented by Hadrurus in Fig.
x), and most bothriurid genera (represented by
Brachistosternus in Fig. 46), we have two subdistal
denticles. With a few exceptions, all chactoids have two
subdistal denticles, which we consider a synapomorphy
for this superfamily. For superstitioniid subfamily Typ-
hlochactinae we see several species with a single
subdistal denticle (i.e., Sotanochactas elliotti, Typhlo-
chactas cavicola, T. sylvestris, and T. granulosus); and
one minute species, 7. mitchelli, has three dorsal

denticles, presumably missing the basal denticle.
Interestingly, species 7. rhodesi and T. reddelli are
equipped with two subdistal denticles (see Sissom &
Cokendolpher (1998: Table 1)). Due to the cave
adaptation of these highly specialized scorpions, we do
not consider the number of subdistal denticles of a
particular taxonomic importance. Clearly, this somewhat
arbitrary condition exhibited in this scorpion group is
derived from a two subdistal denticle configuration.
Gertsch & Soleglad (1972: Fig. 36) illustrated a single
subdistal denticle for vaejovid Uroctonites montereus
and also reported it as single in U. sequoia.

Ventral edge. As with the dorsal edge, we have
good information on the dentition of the ventral edge of
the movable finger for the two fossil Carboniferous
genera, Palaeopisthacanthus and Compsoscorpius. In
our Figure 48, showing Palaeopisthacanthus schucherti
(after Kjellesvig-Waering, 1986), we see an edge with
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three small crenulations or denticles. For Compso-
scorpius elegans, Jeram (1994a) writes: “... inferior
dentition consists of the large distal tooth and an inferior
row of approximately twelve small accessory teeth ...”.
Again this is consistent with Palaeopisthacanthus, both
fossil genera exhibiting a crenulated ventral edge and an
enlarged distal denticle. We consider this condition
primitive.

Figure 48 illustrates the primitive ventral edge for
fossil Palaeopisthacanthus schucherti. Figures 49-55
illustrate the ventral edge of the cheliceral movable
finger for several Recent scorpion groups. We see the
primitive condition of several accessory denticles
exhibited in parvorders Pseudochactida (Fig. 49) and
Chaerilida (Fig. 50). We considered this crenulation to
be plesiomorphic for these two parvorders. In parvorder
Buthida (represented by Androctonus in our Fig. 51), we
see two well-developed denticles, which is clearly a
derivation for this parvorder. The presence of these
distinct denticles is essentially conserved in Buthida,
representing well over 75 genera. In parvorder Iurida,
we have two fundamental configurations for the ventral
edge of the movable finger: 1) a large single basal
denticle, and, 2) a smooth edge. Superfamily Iuroidea is
equipped with a large single denticle on the ventral edge
(Figs. 52-53). The denticle is the most developed in the
genus furus (Fig. 53) where it is situated midfinger and
flares outward almost forming a tripod when the finger
edge is viewed internally (i.e., the tripod is formed by
the dorsal and ventral distal denticles and this large
ventral denticle). In the genus Calchas (Fig. 52), the
denticle is smaller and more basal. In addition, in some
specimens of Calchas, we see irregular crenulation
similar to that exhibited in the primitive condition (this
is illustrated in Fig. 52). One could hypothesize that this
relict genus retained the primitive state. In New World
iuroids, genera Hadrurus and Hadruroides have a well-
developed basal denticle situated on the proximal half of
the segment, and in genus Caraboctonus, the denticle is
smaller and more basally situated. Superfamilies
Scorpionoidea (represented by Liocheles in Fig. 54) and
Chactoidea have a smooth ventral edge of the movable
finger. In Chactoidea there are several examples of
ventral crenulations in various forms. These are all
considered secondary development, having been derived
from a smooth edge. This same hypothesis was proposed
by Soleglad & Sissom (2001: 73-74). In family
Euscorpiidae, Soleglad & Sissom (2001: Fig. 207)
proposed two separate derivations of a crenulated ventral
edge, for subfamilies Megacorminae and Scorpiopinae,
respectively. In this paper, we also propose two separate
crenulated ventral edge derivations for the family
Chactidae, subfamily Uroctoninae and tribe Nulli-
brotheini (subfamily Chactinae) (Fig. 55). In the family
Vaejovidae, several genera exhibit ventral crenulations
to one degree or another: Paruroctonus and related
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genera (Smeringurus and Vejovoidus), and Pseudo-
uroctonus (in part) and Uroctonites.

Dorsal/ventral distal denticle alignment. For
fossil genera Palaeopisthacanthus and Compsoscorpius,
Kjellesvig-Waering (1986) and Jeram (1994a) reported
an enlarged ventral distal denticle, contrasted to a
smaller, more offset dorsal distal denticle (Fig. 40). This
feature, again, illustrates consistency in the chelicerae of
these two palaeopisthacanthid genera.

In Recent scorpions, the relative proportional
development of the dorsal and ventral distal denticles
has diagnostic value in some scorpion groups. For the
three primitive parvorders, Pseudochactida (Fig. 41),
Chaerilida (Fig. 42), and Buthida (represented by
Androctonus in Fig. 43), we see a well-developed dorsal
distal denticle, slightly offset from its ventral
counterpart. In particular, in Buthida, the dorsal distal
denticle often extends beyond the ventral denticle, which
is, in general, a characteristic of this large scorpion
group. Interestingly, none of these three primitive
parvorders exhibit the primitive state as seen in the
palacopisthacanthids, the significantly offset dorsal
edge. In superfamily Iuroidea we see a well-developed
dorsal distal denticle in genus /urus (Fig. 44), with lesser
development in other genera. In the scorpionoids we see
that family Liochelidae and subfamily Hetero-
scorpioninae have a well-developed dorsal distal dent-
icle, approximately the same length as its ventral
counterpart. In contrast, other scorpionoids have a very
reduced dorsal distal denticle (represented by Scorpio
and Brachistosternus in Figs. 45-46). The relative
proportions of these two distal denticles were used as a
diagnostic character by Soleglad & Sissom in
Euscorpiidae (2001: 57-59) for distinguishing the very
developed dorsal distal denticle exhibited in the
subfamily Scorpiopinae. At a more localized scale,
several species of the vaejovid genus Paruroctonus have
a very reduced dorsal edge of the movable finger (e.g.,
P. gracilior, P. stahnkei, P. becki (see Gertsch &
Soleglad, 1966: Figs. 34, 37, 40), P. williamsi, and P.
pecos (see Sissom & Francke, 1981: Figs. 28, 32)). This
may possibly provide some diagnostic rationale for
grouping two or more of these species.

Fixed finger. The cheliceral fixed finger has only
one denticulate cutting edge, which we refer to in this
paper as the dorsal edge. The dentition of the fixed
finger, in general, is quite static in scorpions, only
exhibiting subtle variations in their configuration, thus
providing some diagnostic value. The ventral surface of
this finger does not form a cutting edge; it may be
smooth or be equipped with one or more denticles of
variable development (sometimes referred to as
“protuberances”).

Dorsal edge. The dorsal edge of the fixed finger has
been illustrated for both fossil genera discussed above,
both exhibiting four fundamental denticles: distal (d),
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Figures 56-63: Cheliceral fixed finger, ventral aspect. 56. Compsoscorpius elegans (after Jeram, 1994a: Text-Fig. 4-E, in part).
57. Pseudochactas ovchinnikovi. 58. Chaerilus variegatus. 59. Androctonus bicolor. 60. Troglocormus willis. 61. Pseudo-
uroctonus reddelli. 62. Smeringurus grandis. 63. Vejovoidus longiunguis. d = distal (denticle), sd = subdistal, m = median, b =

basal, va = ventral accessory.

single subdistal (sd), median (m), and basal (b) denticles.
In our Figure 56 of Compsoscorpius elegans (after
Jeram, 1994a), we see that the median and basal
denticles are conjoined on a common trunk, a con-
figuration usually found in Recent scorpions. Kjellesvig-
Waering (1986) illustrates the fixed finger for P.
schucherti with the median and basal denticles
somewhat flush with the finger edge. Kjellesvig-
Waering (1986: 233) reports: “... the fixed ramus seems
to correspond closely to the arrangement in the genus
Chaerilus ...”. He was referring to the flush orientation
of the median and basal denticles of the dorsal edge of
the fixed finger, a diagnostic character for the genus
Chaerilus (Fig. 58).

All Recent scorpions exhibit the fundamental four
denticles of the dorsal edge of the cheliceral fixed finger
(Figs 57-63) (one exception, see below). Parvorder
Chaerilida has a separate, non-conjoined median and
basal denticle configuration (Fig. 58). This is considered
a derivation for this parvorder since it is consistently
found in all known species (even though this same
configuration was described by Kjellesvig-Waering for

genus Palaeopisthacanthus). The non-conjoined denticle
pair is also seen, in part, in the euscorpiid genus
Troglocormus (Fig. 60) as well as in many super-
stitioniids such as Troglotayosicus (Lourengo, 1981: Fig.
44), Alacran (Francke, 1982a: Fig. 4), Sotanochactas
elliotti (Mitchell, 1971: Figs. 6-7), Typhlochactas
cavicola (Francke, 1986: Fig. 4) and T. rhodesi
(Mitchell, 1968: Figs. 4-5). Again, the minute scorpion
T. mitchelli exhibits the most radical departure, only
equipped with three denticles (Sissom, 1988: Fig. 2), the
basal denticle presumably is lost.

Ventral surface. Jeram (1994a) reports for C.
elegans: ... fixed finger ... Inferior dentition consists of
a row of five subequal teeth ...” In our Figure 56 (after
Jeram, 1994a), we see that the ventral surface of the
fixed finger is equipped with somewhat low-profile
denticles adjacent to the subdistal, median, and basal
dorsal denticles. Kjellesvig-Waering (1989) illustrates
the fixed finger for Palaeopisthacanthus schucherti but
does not show ventral dentition. However, it is not clear
which view is being shown, and therefore, we do not
know exactly whether these ventral accessory denticles
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are present in this species. Consequently, we consider
the condition illustrated and described by Jeram (1994a)
for C. elegans as primitive.

The ventral surface of the cheliceral fixed finger is
illustrated for all major Recent scorpion groups in
Figures 57-63. In the primitive condition, based on
Jeram’s (1994a) description of Compsoscorpius elegans
(our Fig. 56), we see five small denticles on the ventral
surface. In primitive Recent scorpion parvorders we also
see denticles on this surface. For Pseudochactida (Fig.
57), four to five small denticles are present (variable
within the same species, Pseudochactas ovchinnikovi),
remarkably in the same configuration as that seen in the
primitive condition. In Chaerilida (Fig. 58), we see a
series of substantial denticles, six in our example of
Chaerilus variegatus (Stockwell (1989: Fig. 53)
illustrated eight small denticles for C. granulatus). In
some Chaerilus species these denticles are less
developed: in C. tryznai, we see six pigmented denticles
of medium development; in species C. chapmani (a
troglobitic species) and C. tichyi, five weakly developed
and faintly pigmented denticles are present. We consider
the ventral denticles present in these two parvorders
plesiomorphic. In parvorder Buthida (represented by
Androctonus in Fig. 59), we see two well-developed
denticles, indicative, in general, of this large scorpion
group. We consider this specialized variant of the ventral
dentition of the fixed finger a derivation for the
parvorder Buthida. However, there are some exceptions
in the Buthida for this configuration. The following
genera lack these denticles: Karasbergia (Lamoral,
1979: 555) and Uroplectes (Sissom, 1990: 94). Sissom
(1990: 97) and Fet et al. (2001a: 184—185) also report
that genera Anomalobuthus, Hemibuthus, Isometroides,
Liobuthus, Lychas, Pectinibuthus, and Psammobuthus
are equipped with only one ventral denticle. A single
ventral denticle is also found in some species of New
World genera Alayotityus, Centruroides, Microtityus,
Rhopalurus, Tityus, and Zabius (R. Teruel, pers. comm.,
2003). In parvorder Iurida, ventral dentition is
essentially absent; where it does occur it is considered a
localized derivation for that group. In family
Euscorpiidae we see as many as five small ventral
denticles in genus Troglocormus (Fig. 60). For the
related vaejovid genera Paruroctonus, Smeringurus (Fig.
62), and Vejovoidus (Fig. 63), we see two to three small
ventral denticles. Gertsch & Soleglad (1966: Fig. 42)
illustrated three denticles for Smeringurus mesaensis.
These ventral denticles are also found in some species of
Pseudouroctonus (represented by P. reddelli in Fig. 61).
Gertsch & Soleglad (1972: Fig. 31) illustrated three such
denticles for species P. cazieri. These occurrences of
ventral denticles are only of localized importance,
maybe providing diagnostic characters at the genus
level.
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Trichobothria

Trichobothria, their fundamental orthobothriotaxic
patterns, basic positional orientation within these
patterns, and neobothriotaxy, all play an important role
in this study. Fundamental orthobothriotaxic patterns
provide major synapomorphies at the parvorder levels
defined herein; basic trichobothria positional patterns are
important at the superfamily level as well as lower levels
such as families, subfamilies and tribes, discussed and/or
defined in this study; neobothriotaxy is critical, in part,
in differentiating the subfamilies within the family
Chactidae. In this section we discuss relevant
trichobothria characterizations involving all of these
subjects.

Soleglad & Fet (2001) presented a formal cladistic
procedure  for  evaluating the evolution of
orthobothriotaxic patterns in Recent scorpions. In their
analysis individual trichobothrium homologies were
hypothesized spanning all defined orthobothriotaxic
types including two fossil groups, the
palaeopisthacanthids and the genus Archaeobuthus.
Crucial to this approach was that each trichobothrium
was treated as a separate cladistic character. This same
technique currently is being applied to the complicated
neobothriotaxy found in the euscorpiid genus
Euscorpius (Fet & Soleglad, in progress), thus
establishing homology in key accessory trichobothria.
Many of the observations presented in this paper
concerning the trichobothrial positions and/or patterns of
orthobothriotaxy found in the Vaejovidae and
Chactoidea(-V) families are based on preliminary results
of an ongoing cladistic study of the Type C pattern
(Soleglad, in progress). In this study all 48 trichobothria
comprising the Type C pattern are mapped onto
“positional grids”, thus allowing the cladistic
characterization of individual trichobothria positions.

Orthobothriotaxic patterns: In this current study
the same set of existence criteria and corresponding
homologies as established in Soleglad & Fet (2001),
involving 62 existence characters, were incorporated
with the other structural characterizations established in
this paper. The resulting phylogeny deviated slightly
from that derived in the other study which was based
solely on orthobothriotaxy. The phylogeny in this study
is formally contrasted in detail with that of Soleglad &
Fet (2001) elsewhere in this paper, where differences in
support and trichobothria derivations are presented.

In this study, the totality of all characterizations
provides a basic topology outlining the parvorders
established herein. As it turns out each Recent scorpion
parvorder established in this study corresponds directly
to a basic orthobothriotaxic pattern type, as formally
defined by Vachon (1974), types A, B and C, and
Soleglad & Fet (2001), types P, F1, and D:
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Figure 64: Femur alpha/beta trichobothria pattern of fossil and primitive Recent scorpions (after Soleglad & Fet (2001: Fig. 4),
in part). Designations reflect three sub-patterns: trichobothria d;,—d; alignment with respect to dorsoexternal carina, trichobothria
ds—d, alignment with respect to dorsoexternal carina, and d, surface position (dorsal or internal). Arrowheads depict direction of
alignment, double arrowheads depict parallel alignment. i = internal surface, d = dorsal surface, e = external surface.

Type P, family Palaeopisthacanthidae
Type F1, family Archaeobuthidae
Type D, parvorder Pseudochactida
Type A, parvorder Buthida

Type B, parvorder Chaerilida

Type C, parvorder lurida

Although we model orthobothriotaxy as a six-state
ordered character, we also present the actual derivations
on an individual trichobothrium basis for the four Recent
scorpion parvorders (see Appendix E). These can be
considered synapomorphies for each parvorder.

Trichobothria positions — femur: The alpha/beta
pattern established by Vachon (1975) for the Type A
configuration is an important character in the taxonomy
of buthoid scorpions. Sissom (1990: 93) used it as his
primary couplet in his extensive key to buthoid genera.
Vachon (1975) identified the positional orientation of
femoral dorsal trichobothria d;, d; and d, as well as the
dorsal/internal position of d,. Soleglad & Fet (2001)
discussed this basic pattern as it related to the fossil
scorpion  Archaeobuthus and Recent scorpion
Pseudochactas. These two species did not comply
specifically with either alpha or beta patterns as
originally defined by Vachon. Soleglad & Fet (2001)
hypothesized homology of all, or part, of the
trichobothria involved in the alpha/beta pattern across
all primitive Recent scorpions. In particular, Arch-

aeobuthus, Pseudochactas and the buthoids exhibit all
four trichobothria and Chaerilus has three, lacking d».
Consequently, in this study, we have divided the original
pattern as defined by Vachon into three separate
characters. This further breakdown of the alpha/beta
pattern is necessary in order to adequately place Arch-
aeobuthus, Pseudochactas and Chaerilus within this
scheme originally designed for the buthoids. Following
is a breakdown of the alpha/beta pattern into three sub-
patterns (Fig. 64):

e  Alpha/beta sub-pattern: alignment of d;,—d;
- parallel to dorsoexternal carina (primitive)
- points foward dorsoexternal carina (j3)
- points away from dorsoexternal carina (o)

e Alpha/beta sub-pattern: alignment of d;—d,
- parallel to dorsoexternal carina (primitive)
- points away from dorsoexternal carina ([3)
- points foward dorsoexternal carina (o)

e  Alpha/beta sub-pattern: placement of d,
- on dorsal surface (primitive and [3)
- on internal surface (o)

In Vachon’s (1975: Figs. a, B) original definition
for the alpha pattern, d1-d3 point away and d3-d4 point
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toward the dorsoexternal carina, and d, is located on the
internal surface. In contrast, these conditions are re-
versed in the beta pattern. In Archaeobuthus, d1-d3—d4
trichobothria are in a straight line, thus both sub-pattern
alignments are parallel to the dorsoexternal carina, and
d2 is located on the dorsal surface, which we hypothe-
size here as primitive states. Pseudochactas exhibits the
same pattern as Archaeobuthus except d1—d3 point to-
ward the dorsoexternal carina, a beta pattern character-
istic. Soleglad & Fet (2001: 24, 28) considered the pat-
tern exhibited by Pseudochactas as intermediate be-
tween Archaeobuthus and beta pattern buthoids, thus
exhibiting the most primitive femoral pattern found in
Recent scorpions. As discussed in detail in the section
concerning cladistics, this breakdown of the alpha/beta
pattern provides more resolution in the topology of these
primitive genera as well as possibly providing additional
insight into the phylogeny of the buthoids. The effects of
this modified alpha/beta model is discussed further in
the section dealing with cladistic analysis.

Homologies — Caraboctoninae: For the iuroid
subfamily Caraboctoninae, Stockwell (1989: 114, Figs.
175-176) proposed an important change to the
trichobothria homology scheme as originally suggested
by Vachon for genus Caraboctonus (Vachon, 1974:
Figs. 154—-156) and followed by Francke & Soleglad for
two species of Hadruroides (1980: Figs. 9—12, 27-30).
We accept these alternative homologies for several
reasons. As stated by Stockwell, this interpretation is
more parsimonious since it is less disruptive to
trichobothria positions normally encountered within the
Type C pattern. In particular, Vachon suggested that
palm trichobothria Db and Dt occurred on the middle of
the fixed finger, an essentially unprecedented position
for these trichobothria (albeit, Vachon, 1974: Figs. 190—
192, also made similar homologies for euscorpiid genus
Chactopsis). In Stockwell’s interpretation, these trich-
obothria are designated on the distal aspect of the palm.
Although distally situated, their relative distance and
positions are comparable to other configurations
normally found on the proximal aspect of the palm; in
addition, Db and Dt straddle the digital carina, also
typical of Type C pattern scorpions, therefore, this new
interpretation is a more intuitive designation. Finally,
under this new interpretation, the pattern of the db—dsb—
dst—dt series is now consistent with other Type C pattern
scorpions, another reason to accept this new
interpretation.

This new interpretation also establishes common
patterns found within the superfamily Iuroidea as well as
within the family Caraboctonidae. Stockwell’s new
scheme (see our Fig. 65) involves the following six
changes to homology:

35

Figure 65: Diagrammatic pattern (external view) of
Hadruroides charcasus showing alternative chelal trichobo-
thria designations for subfamily Caraboctoninae based on
Stockwell’s (1989: Figs. 175-176) interpretation. Connected
trichobothrial series depict new interpretations; trichobothria
designations in parentheses depict Vachon’s (1974: Figs. 154—
156) original designations.

Db replaces Et;s
Dt replaces db

Et; replaces eb
db replaces dsb
eb replaces Db
dsb replaces Dt

Stockwell’s interpretation of trichobothria esb and
eb could also be reversed, but we accept these
designations for overall completeness with his change.
Based on these changes in homology we see that 1) the
superfamily Iuroidea show chelal fixed finger
trichobothria series db—dt and eb—et on the distal half to
two-thirds of the finger (Calchas, due to its short fingers,
exhibits db on the base, but otherwise complies with this
position for the other seven trichobothria); 2) in family
Caraboctonidae, palm trichobothrium Et; is found on the
chelal fixed finger (as exhibited in genus Hadrurus
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(Soleglad, 1976a)). These characters are reflected in the
cladistic analysis presented elsewhere in this paper.

Chactoidea — orthobothriotaxy: There are a
number of subtle but significant differences in the
positions and overall patterns of orthobothriotaxy sep-
arating families Vaejovidae and Chactoidea(-V). These
are found on both the pedipalp chela and patella.

Chela — V-V, series: In the Vaejovidae the ventral
trichobothrial series V;—V, is in general aligned in a
straight line, V; positioned distally close to the internal
articulation condyle of the movable finger and V
situated proximal on the palm, quite close to the
ventroexternal carinae. The individual trichobothria are
roughly evenly spaced. This pattern is quite consistent
across all genera of Vaegjovidae (Fig. 66). For Paru-
roctonus and related genera (Smeringurus, Vejovoidus,
and Paravaejovis) we see a small positional difference
between trichobothria V;, V, and V3: distance between V>
and V;is noticeably larger than that seen in other typical
vaejovids, due in part, to the slightly closer proximity of
trichobothria 7; and V,, and likewise more proximal
positioning of V3. Since Paravaejovis is neobothriotaxic
in this series, we have hypothesized the designation of
orthobothriotaxic trichobothria based on this presumed
relationship, thus the feature just described is also
illustrated for this genus. For the Chactoidea(-V), we see
that the V;—V,—V; juncture conspicuously angles toward
the internal aspect of the palm. There is only one
exception to this, which is exhibited by euscorpiid
subfamilies Euscorpiinae and Megacorminae. In this
pattern, we see an exceptional short series, with 7, being
positioned on the external aspect of the palm. Soleglad
& Sissom (2001) considered this a synapomorphy for
the family Euscorpiidae which reversed itself in the tribe
Scorpiopini, subfamily Scorpiopinae. In addition, there
is a general tendency in Chactoidea(-V) for the ventral
trichobothria series to be shorter in length, ¥, not
positioned as far proximally. Presumably this is caused,
in part, by the internal angling of the V,—V,—V; juncture.
The shortest ventral series is found in the Brotheinae
subtribe Brotheina (Figs. 66, 89-90). ib—it series: For
the vaejovids, the internal trichobothrial series ib—if is
positioned on the chelal fixed finger, never on the palm
(Figs. 67-78), although ib in some species of the genera
Pseudouroctonus and Uroctonites is situated quite close
to the palm, located next to the extreme finger edge of
the articular membrane (Fig. 73—74). In the vaejovids,
the ib—it series is situated more proximally in the
“mexicanus” and “nitidulus” groups of Vaejovis (Figs.
71-72), the more distal positions exhibited on the genus
Serradigitus and to some degree, Vaejovis groups
“punctipalpi” and “eusthenura”. In Paruroctonus and
related genera, the ib—it series is somewhat basal,
especially species P. stahnkei and P. gracilior (Fig. 75),
but never as basal as that seen in some Pseudouroctonus
or Uroctonites species. In the Chactoidea(-V), the ib—it
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series is essentially found on the chelal palm, next to the
movable finger articular membrane (see Figs. §81-90). In
the family Superstitioniidae, we see the basal positioning
of this series limited to trichobothrium ib, although if is
usually quite close to the membrane. In genus Alacran,
trichobothrium i¢ is situated midfinger, quite distant
from ib, which is located basally. For the other families
making up Chactoidea(-V), the ib—it series is located
well on the chelal palm, adjacent to the fixed finger
articulation membrane (Figs. 81-90). eb—et series: In
Vaejovidae, the fixed finger trichobothrial series eb—et is
arranged in an essentially straight line with basal
trichobothrium eb angling towards the dorsal edge of the
finger (Fig. 79). This basic pattern is constant
throughout the family. Within the vaejovids, the angle
formed by trichobothria esb and eb is more exaggerated
in the genera Pseudouroctonus and Uroctonites, and, to
a degree, in genus Paravaejovis (Fig. 79). In
Chactoidea(-V) the pattern exhibited by this series is
variable, but, in general, not conforming to the pattern
found in the vaejovids (Superstitionia is the only
exception). In the family Chactidae we see a radical
angling of the trichobothria est—esb—eb juncture towards
the dorsal edge of the fixed finger, eb situated quite
close to the articular membrane, esb position more
dorsally in the finger (Fig. 79). This same configuration
is also found on the euscorpiid subfamilies Euscorpiinae
and Megacorminae. For the euscorpiid subfamily Scorp-
iopinae, the superstitioniids, and chactid subtribe
Brotheina, the eb—et series is arranged in a straight line,
no angling whatsoever at the est—esb—eb trichobothria
juncture. For the scorpiopines and Brotheina, we
consider this a derivatio<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>