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Assembling the Scorpion Tree of Life: ‘High-level Systematics and Phylogeny of the

Extant Scorpions (Scorpiones: Orthosterni)’ Reanalysed

Lorenzo Prendini
Scorpion Systematics Research Group, Division of Invertebrate Zoology, American Museum of

Natural History, Central Park West at 79t Street, New York, NY 10024-5192, US.A;

lorenzo@amnh.org .

Introduction

The suprageneric phylogeny and classification of scorpions is in a state of flux. In 1980, seven
families were recognised and grouped into three superfamilies, Buthoidea C.L. Koch,
Chactoidea Pocock and Scorpionoidea Latreille, based on a manual cladistic analysis by
Lamoral (1980). By 2000, between 16 and 20 families were recognised by different authors,
who placed them in 4 to 6 superfamilies, or none at all (Fig. 1). Few of these classifications
were based on cladistic evidence, most on nothing more than appeals to authority.

Stockwell (1989, 1992) attributed the dysfunctional state of the suprageneric
classification of scorpions, where familial assignment of specimens often required prior
identification to genus, to the infrequent application of quantitative phylogenetic methods by
contemporary workers, who defend taxonomic proposals on the basis of authority, rather
than evidence. A decade later, Prendini (2000) observed that little had changed and this
remains mostly true today. Authoritarianism continues to prevail in scorpion systematics,

although in recent years it has been recast by some into a new pseudo-analytical guise.
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The first quantitative phylogenetic analysis of Recent scorpions, excluding Buthidae C.L.
Koch, was undertaken by Stockwell (1989) but was never published. Stockwell’s (1989)
matrix of 89 supraspecific terminal taxa and 138 morphological characters incorporated all
currently recognised non-buthid genera, a single buthid terminal taxon (a composite of the 50
buthid genera recognised at the time), seven composite fossil terminals, and composite
terminals representing eurypterids, ‘arachnids’ and xiphosurans. Stockwell’s (1989) analysis
identified four major clades of Recent scorpions, for which he proposed superfamilial status:
Buthoidea; Chactoidea; Scorpionoidea; Vaejovoidea Thorell.

Prendini (2000, 2001, 2003), Prendini et al. (2003) and Prendini & Wheeler (2005)
pointed out fundamental problems with Stockwell’s (1989) analysis, including forced
character transformations, the coding of similar character derivations in allegedly unrelated
taxa as separate states on the assumption that they evolved independently, and the use of
supraspecific terminals rather than exemplar species. These problems reduce confidence in
Stockwell’s (1989) cladistic findings and, consequently, his revised classification. Stockwell
(1992) published only his proposed revisions to the suprageneric classification of North
American Chactoidea and Vaejovoidea, however. Others, notably Lourenco (1998a, b, 2000)
and Soleglad & Fet (2008), have since published his revisions to the Chactoidea and
Vaejovoidea.

Three original family-level phylogenetic analyses based on morphological data appeared
since Stockwell (1989). Prendini (2000) treated superfamily Scorpionoidea based on an
analysis of 71 exemplar species and 115 characters (three phylogenetically uninformative).
Soleglad & Sissom (2001) treated the chactoid family Euscorpiidae Laurie based on an

analysis of 11 supraspecific terminal taxa representing genera, and 89 characters (15
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characters were phylogenetically uninformative and another 14 were deactivated in the
analysis). Soleglad & Fet (2003) treated all extant scorpion families in an analysis based on 60
supraspecific terminal taxa representing genera and 105 characters (12 phylogenetically
uninformative), and proposed a radical reworking of the classification: four extant
‘parvorders’, six extant superfamilies and fourteen extant families were recognised (Table 1).
Prendini & Wheeler (2005) criticised Soleglad & Fet's (2003) phylogenetic analysis on
theoretical and empirical grounds, rejected their phylogeny and revised classification, and
reverted to a classification based on the most recent peer-reviewed treatments, pending the
outcome of a rigorous phylogenetic analysis. Fet & Soleglad (2005) promptly reinstated their
previous classification (Soleglad & Fet 2003), ignoring the problems identified by Prendini &
Wheeler (2005), but it was not universally accepted. Several authors have since followed the
recommendations of Prendini & Wheeler (2005). However, the classification of Soleglad & Fet
(2003) continues to be used by others and promoted on amateur websites. The present
contribution demonstrates that these endorsements are misguided. Soleglad & Fet’s (2003)
classification is poorly supported by a reanalysis of their own data, and rapidly disintegrates
as some of the most basic problems outlined by Prendini & Wheeler (2005) are addressed.
There remains no scientific justification for accepting the results of Soleglad & Fet’s (2003)
analyses or the revised classification derived from them, nor any requirement to do so based

on the rules of nomenclature.
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Material and methods

Four separate reanalyses of Soleglad & Fet’s (2003) morphological character matrices were
conducted to test the support of their data for their phylogeny and revised classification. The
first analysis was intended to simulate that conducted by Soleglad & Fet (2003), the actual
results of which were never presented. The other three analyses entailed progressive removal
of the assumptions of character transformation and taxon monophyly pervasive in their
matrix, corrections to the scoring of characters, and the addition of relevant characters from
the literature.

Analysis 1: Soleglad & Fet’s (2003: 66) original Table 3, comprising 60 supraspecific
terminal taxa representing genera and 105 characters (12 phylogenetically uninformative),
was analysed with characters 1 and 27 ordered (additive) and characters 19, 41, 42, 60, 82
and 102 partially ordered as described in Soleglad & Fet’s (2003: 135-147) Appendix A.

Analysis 2: As for Analysis 1, except with all characters unordered (nonadditive).

Analysis 3: The 60 supraspecific terminal taxa in Soleglad & Fet’s (2003) Tables 3 and 4
were replaced with the exemplar species studied by these authors. The composite fossil
Palaeopisthacanthus Petrunkevitch was deconstructed into observations for the four species
from which it was assembled by Soleglad & Fet (2001, 2003): Compsoscorpius elegans
Petrunkevitch, Cryptoscorpius americanus Jeram, Palaeopisthacanthus schucherti
Petrunkevitch and Palaeopisthacanthus vogelandurdeni Jeram. The composite terminal for
Typhlochactas Mitchell was deconstructed into the six species from which it was assembled by
Soleglad & Fet (2003): Typhlochactas cavicola Francke, Typhlochactas granulosus Sissom &

Cokendolpher, Typhlochactas mitchelli Sissom, Typhlochactas reddelli Mitchell, Typhlochactas



Monografia Digital SVE

rhodesi Mitchell, Typhlochactas sylvestris Mitchell & Peck. Other supraspecific terminal taxa
based on observations from multiple exemplar species in Soleglad & Fet’s (2003: 65, 67)
analysis were represented by all exemplar species mentioned in their Taxa Set discussion.
Unidentified species and subspecies of particular genera were presumed to be the following
based on locality data in Soleglad & Fet’s (2003: 6-9) Material Examined section: Lychas
perfidus (Keyserling) (Fiji), Lychas scutilus C.L. Koch (Singapore), Microbuthus pusillus
Kraepelin (Oman), Hadogenes gunningi Purcell (Johannesburg), misidentified as Hadogenes
troglodytes (Peters), Liocheles karschii (Keyserling) (Papua New Guinea), Scorpio maurus
fuscus (Ehrenberg) (Israel), Chactas exsul (Werner) (Panama), Anuroctonus pococki bajae
Soleglad & Fet (Anza-Borrego, California).

Soleglad & Fet’s (2003: 66, 68) Tables 3 and 4 were then fused and the following
corrections implemented to the characters. Ordered character 1, portraying ‘fundamental’
trichobothrial patterns in Soleglad & Fet’s (2003) Table 3, was replaced with Soleglad & Fet’s
(2004) Table 4: 62 trichobothria ‘existence’ characters representing orthobothriotaxy. State 2
was converted to state 1 in all binary characters from Table 4 in which the putative
‘intermediate’ petite state was not observed. Among the remaining characters from Table 3,
similar character derivations in different taxa were assigned the same state (by merging
identical states), removing the assumption that they were independently derived and
allowing these hypotheses to be tested by congruence with other characters. Forced reversals,
coded as apomorphic states of separate characters, were removed by merging states or
characters. Other unjustified instances of forced character transformation were removed by
merging additive binary characters and unordering as necessary. States with overlapping

variation and characters that were not independent were merged. States were split or
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additional characters created when more than one state or character was subsumed.
Polymorphic ‘states’ were removed by scoring appropriately in different exemplar species.
Unknown ‘states’ were removed by scoring with a questionmark. Characters known in and
applicable to particular taxa, previously scored unknown or inapplicable by Soleglad & Fet
(2003), were scored appropriately. Various other corrections (by no means exhaustive) were
also implemented (Table 2). The resulting matrix comprised 81 exemplar species (5 species in
4 extinct genera and 76 species in 57 extant genera), and 161 characters (10 phylogenetically
uninformative). All characters were unordered (nonadditive) in this analysis.

Analysis 4: All relevant characters from previous or contemporaneous cladistic analyses of
extinct and/or extant scorpion phylogeny (Lamoral 1980; Stockwell 1989; Jeram 1994, 1998;
Prendini 2000, 2003; Dunlop & Braddy 2001; Soleglad & Sissom 2001) were incorporated
into the matrix prepared for Analysis 3 and scored in the 81 exemplar species. The fusion of
the 161 revised characters from Soleglad & Fet’s (2003) original matrices with partially or
completely overlapping characters from the abovementioned analyses created 174
characters, to which 26 other relevant characters from these analyses, previously omitted
from Soleglad & Fet’s (2003) matrices, were added. The resulting matrix comprised 81
exemplar species and 200 characters (13 phylogenetically uninformative). All characters
were again unordered (nonadditive) in this analysis.

Character data were edited and cladograms prepared using WinClada (Nixon 2002).
Characters were weighted equally a priori, uninformative characters deactivated, and
heuristic searches conducted with equal weighting in TNT (Goloboff et al. 2003-2006; 2008).
The following options were applied in each of the four analyses. The maximum number of

trees held in memory was set to 10,000. A new technology search was performed, starting
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with 1,000 random addition sequences and followed by a driven search with 1,000 initial
addition sequences. In each case, 100 iterations of the parsimony ratchet (Nixon 1999) were
conducted, along with 100 cycles of tree drifting (Goloboff 1999), three rounds of tree fusing
(Goloboff 1999), and six cycles of sectorial search, using default parameters. A strict
consensus of the resultant trees was then calculated and the support for each node recovered
in the consensus assessed with 1,000 replicates of jackknife resampling (Farris et al. 1996;

Goloboff et al 2003) at a 36% character removal probability.

Results

Analysis 1: An attempt to simulate Soleglad & Fet’s (2003) analysis by running their
unmodified matrix using the original settings, yielded 197 most parsimonious trees (MPTs) of
307 steps (Fig. 2). One clade portrayed in Soleglad & Fet’s (2003) tree and ten suprageneric
taxa (one superfamily, three families, three subfamilies, two tribes and one subtribe) in their
revised classification and subsequent emendations (Fet & Soleglad 2005; Fet et al. 2004a;
Soleglad & Fet 2003, 2004, 2008; Soleglad et al. 2005; Table 1) were not monophyletic (Table
3). Among those that were, five clades and one subfamily received <50% jackknife support.
One superfamily received exactly 50% jackknife support.

Analysis 2: When Soleglad & Fet’s (2003) unmodified matrix was analysed with all
characters unordered (nonadditive), 79 MPTs of 293 steps were retrieved (Fig. 3). Four clades
in Soleglad & Fet’s (2003) tree and nine suprageneric taxa (two superfamilies, two families,
three subfamilies, one tribe and one subtribe) in their classification were not monophyletic
(Table 3). Among those that were, four clades and one tribe received <50% jackknife support.

Analysis 3: When Soleglad & Fet’s (2003) supraspecific terminal taxa were converted to

10
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exemplar species, their assumptions of character transformation removed, and some
corrections to their character coding implemented (Table 2), 156 MPTs of 401 steps were
recovered (Fig. 4). Three clades in Soleglad & Fet’s (2003) tree and 11 suprageneric taxa (one
superfamily, one family, five subfamilies, three tribes and one subtribe) in their classification
were not monophyletic (Table 3). Among those that were, five clades, one family and three
subfamilies received <50% jackknife support.

Analysis 4: After fusion of the matrix used for Analysis 3 with other matrices and character
data from the literature, 227 MPTs of 498 steps were obtained (Fig. 5). Seven clades in
Soleglad & Fet’s (2003) tree and 12 suprageneric taxa (two superfamilies, two families, six
subfamilies, one tribe and one subtribe) in their classification were not monophyletic (Table
3). Among those that were, two clades, one superfamily and two subfamilies received <50%
jackknife support.

When Soleglad & Fet’s (2003) original tree (reproduced here as Fig. 6A) is compared with
the strict consensus of suprafamilial relationships retrieved by the four reanalyses presented
here (Fig. 6B), we see substantial collapse. Nine clades and 18 suprageneric taxa (two
superfamilies, four families, eight subfamilies, three tribes and one subtribe) in their tree,
revised classification and subsequent emendations were not recovered in at least one analysis
(Table 3). Another four clades, one superfamily and two subfamilies received <50% jackknife
support in at least one analysis. The following were not monophyletic and/or received <50%
jackknife support in the majority of analyses: (Pseudochactida + Buthida + Chaerilida +
[urida), (Buthida + Chaerilida + Iurida), (Chaerilida + Iurida), Iuroidea, (Chactoidea +

Scorpionoidea), Chactoidea, Smeringurinae, Smeringurini, Syntropinae, Syntropini,

11
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Syntropina, Vaejovinae, (Brotheinae + Chactinae), (Euscorpiinae + Megacorminae),
(Scorpionidae + Urodacidae), Scorpionidae.

The general trend emphasised by these analyses is a progressive decrease in the number
of monophyletic clades and suprageneric taxa in Soleglad & Fet’s (2003) tree, revised
classification and subsequent emendations, associated with removing the assumptions of
character transformation and taxon monophyly, correcting the scoring of characters, and
adding characters from the literature (Fig. 7A). This finding is unsurprising because many of
Soleglad & Fet’s (2003) characters were specifically designed to achieve a preconceived result
and various characters which might challenge this result were omitted (Prendini & Wheeler
2005). It is noteworthy, however, that more clades and suprageneric taxa received <50%
jackknife support in Analysis 1, the attempted simulation of Soleglad & Fet’s (2003)
assumption-laden analysis, than in Analysis 4 without the assumptions of monophyly and
character transformation, and with additional characters (Fig. 7B), indicating that Soleglad &

Fet’s (2003) tree and classification are poorly supported by their original data matrix.

Discussion

Soleglad & Fet (2003) proposed a radical reworking of the suprageneric classification of
extant scorpions based on their phylogenetic analysis of 60 supraspecific terminal taxa,
representing genera, scored for 105 morphological characters (Table 1). The ‘parvorder’
category (Sibley & Monroe 1990; McKenna & Bell 1997) was introduced to scorpion
classification and four extant parvorders created within Infraorder Orthosterni Pocock
(Buthida Soleglad & Fet; Chaerilida Soleglad & Fet; Iurida Soleglad & Fet; Pseudochactida

Soleglad & Fet). Six extant superfamilies, two new (luroidea Soleglad & Fet; Pseudochactoidea

12
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Soleglad & Fet, 2003), were recognised and two synonymised (Bothriuroidea Simon;
Vaejovoidea). Fourteen extant families were recognised, including a new family,
Caraboctonidae Kraepelin (formerly Caraboctoninae Kraepelin of Iuridae Thorell). One family
was synonymised (Troglotayosicidae Louren¢o) and three were downgraded to subfamilies of
other families (Diplocentridae Karsch; Hemiscorpiidae Pocock; Heteroscorpionidae
Kraepelin). Three subfamilies, four tribes (one new, Nullibrotheini Soleglad & Fet) and two
subtribes (one new, Neochactina Soleglad & Fet) were established within Chactidae Pocock,
and various chactoid genera were transferred from one family to another.

Many changes proposed by these authors are controversial, the monophyly and
composition of Chactoidea, luroidea and their component families, Caraboctonidae, Chactidae,
Euscorpiidae, Iuridae, Superstitioniidae Stahnke and Vaejovidae Thorell, especially so
(Coddington et al. 2004; Prendini & Wheeler 2005; Francke & Prendini 2008). For example,
Soleglad & Fet (2003, 2004) placed the North American Uroctonus Thorell, previously
considered a basal vaejovid (Stockwell 1989; Sissom 1990, 2000a; Lourenc¢o 2000, 2001), in
subfamily Uroctoninae Mello-Leitdo of the largely Neotropical Chactidae, along with
Anuroctonus Pocock, another North American chactoid, formerly placed in subfamily
Hadrurinae Stahnke of Vaejovidae (Stahnke 1974), or of Iuridae (Stockwell 1989, 1992;
Lourengo 2000, 2001; Sissom & Fet 2000), or considered incertae sedis in Chactoidea
(Francke & Soleglad 1981; Sissom 1990; Coddington et al. 2004). In contrast with the findings
of Soleglad & Fet (2003), Stockwell’s (1989) unpublished phylogenetic analysis, deemed
‘important and highly-regarded’ by Soleglad et al. (2005: 5), supported the placements of
Uroctonus and Anuroctonus in the Vaejovidae and Hadrurinae (the latter placed under

Caraboctonidae by Soleglad & Fet 2003), respectively.
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Another controversial example is provided by Belisarius Simon, a troglomorphic endogean
scorpion from the Pyrenees of France and Spain, placed in Chactidae, in an otherwise
exclusively Neotropical epigean subfamily Brotheinae Simon, by Soleglad & Fet (2003).
Regardless of disagreements concerning its taxonomic rank (reviewed by Coddington et al
2004), most previous authors (Mitchell 1971; Francke 1982; Stockwell 1989, 1992; Lourencgo
1998b, 2000, 2001; Sissom & Cokendolpher 1998; Fet & Sissom 2000; Sissom 2000b) either
considered a possible relationship to, or grouped Belisarius with, other mostly troglomorphic
endogean and hypogean scorpions, viz. Typhlochactinae Mitchell and/or Troglotayosicus
Lourenco, all of which were placed in Superstitioniidae by Soleglad & Fet (2003). A
monophyletic group comprising Belisarius, Troglotayosicus and Typhlochactinae was
retrieved in Stockwell’s (1989) unpublished phylogenetic analysis.

The phylogenetic position of the troglomorphic Neotropical genus Troglotayosicus is also
controversial. Troglotayosicus was originally placed in Chactidae (Lourenco 1981), where it
remained until Stockwell (1992) transferred it to the newly-elevated Superstitioniidae, along
with Belisarius, based on his unpublished phylogenetic analysis (Stockwell 1989). A new
family, Troglotayosicidae Lourengo (as Troglotayosidae), with two monotypic subfamilies,
Troglotayosicinae Lourencgo (as Troglotayosinae) and Belisariinae Lourencgo (as Belisarinae),
were subsequently created to accommodate the two genera, their inclusion in the same family
justified solely on the basis of their troglomorphic habitus and relictual distribution
(Lourenco 1998b). Lourenco (2000, 2001) continued to recognise Troglotayosicidae, in spite
of the criticisms of Sissom (2000b c) and Fet & Sissom (2000). Coddington et al. (2004)
questioned its monophyly, suggesting that Belisarius may be more closely related to

Euscorpiidae or Chactidae than to Troglotayosicus, which they suggested might be a
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superstitioniid. Soleglad & Fet (2003) returned Belisarius to Chactidae and Troglotayosicus to
Superstitioniidae, and synonymised Troglotayosicidae with Superstitioniidae. Prendini &
Wheeler (2005) then resurrected Troglotayosicidae and Fet & Soleglad (2005) synonymised
it again. Lourengco (2006) suggested that Troglotayosicus should be retained in
Troglotayosicidae or considered incertae sedis in Chactoidea, while Botero-Trujillo & Francke
(2009), who described the second species of this genus, also recognised Troglotayosicidae.

The Neotropical genus Chactopsis Kraepelin presents yet another example of a chactoid
genus with controversial phylogenetic placement. Chactopsis was first transferred to
Euscorpiidae by Soleglad & Sissom (2001), based on an analysis that included insufficient taxa
to rigorously test its position, omitted many important characters, and was fundamentally
flawed in other respects (Prendini & Wheeler 2005). Soleglad & Fet (2003) continued to
regard this genus as a euscorpiid although it was traditionally grouped with the Neotropical
chactids (Sissom 1990, 2000c; Lourengo 2000, 2001; Coddington et al. 2004), a position
confirmed in Stockwell’s (1989) unpublished phylogenetic analysis and in a more recent
analysis by Florez & Mattoni (2007). Lourengo (2003) also doubted its placement in
Euscorpiidae, based on an examination of male genitalia, and subsequently listed it under
Chactidae (Lourengo 2005).

Besides removing Chactopsis from Chactidae, Soleglad & Fet (2003: 97-102) extensively
revised the remaining Neotropical chactid genera, especially those grouped into tribe
Brotheini Simon. Three genera were synonymised, a new genus (Neochactas Soleglad & Fet)
erected, and 48 new combinations proposed, decisions based almost entirely on an
assessment of trichobothrial patterns obtained from the literature. No phylogenetic analysis

was presented, no other character systems besides trichobothria were considered, and only
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seven specimens in six genera and species of Neotropical Chactidae were actually examined
(vide Soleglad & Fet 2003: 7). Debate has since raged over the validity of one genus that was
synonymised, Auyantepuia Gonzalez-Sponga (Lourenco & Souza Aradjo 2004; Soleglad & Fet
2005b; Lourenco & Qi 2007), and it is fairly obvious that the other two, Cayooca Gonzalez-
Sponga and Guyanochactas Lourengo, were synonymised with the wrong genus.

Further revisions to the classification of Scorpionoidea, some contradicting Soleglad &
Fet’'s (2003) earlier actions, were implemented subsequently by Fet et al. (2004a) and
Soleglad et al. (2005). Fet et al. (2004a) resurrected subfamilies Bothriurinae Simon, 1880
and Lisposominae Lawrence of Bothriuridae Simon, while Soleglad et al. (2005) downgraded
Urodacidae Kraepelin to a subfamily of Scorpionidae Latreille, proposed Hemiscorpiidae as a
senior synonym of Liochelidae Fet & Bechly and Hormurinae Laurie as a senior synonym of
Liochelinae Fet & Bechly, and transferred Heteroscorpioninae Kraepelin to Hemiscorpiidae.

The ranking of the various scorpionoid families and subfamilies by these authors, in direct
opposition to the phylogenetic classification proposed by Prendini (2000), is questionable,
particularly in view of the justification provided for doing so (Soleglad & Fet 2003: 86):

Our treatment of the entire taxonomic diversity of scorpions compels us to approach the
family-group ranks with a degree of balance and proportionality. Thus, while we accept [the]
topology of Prendini (2000), we downgrade three of his families in Scorpionoidea
(Diplocentridae, Hemiscorpiidae, and Heteroscorpionidae) to subfamily rank (under,
respectively, Scorpionidae, Liochelidae, and Urodacidae). At the same time, in an opposite
move, we elevate Caraboctoninae to the family rank in [uroidea. These taxonomic acts, in our
opinion, are justified by the required proportionality of cladistically defined family-level

distinctions. While family-group ranks are somewhat arbitrary, the taxonomic balance within
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superfamilies Iuroidea, Chactoidea, and Scorpionoidea is best achieved by assigning family
level only to primary clades (two in Iuroidea, four in Chactoidea, and four in Scorpionoidea).
From our viewpoint, retaining Hemiscorpiidae, Heteroscorpionidae, or even a traditional
Diplocentridae as families would create an unnecessary emphasis on family diversity of
Scorpionoidea—in fact, subfamilies in Chactoidea (i.e. Chactinae and Brotheinae) present
deeper evolutionary differences than, say, those between Scorpioninae and Diplocentrinae.

[italics added]

The issue, however, is not balance, proportionality, diversity or divergence, but
monophyly, and the fact remains that the monophyly of many of these taxa, rearranged and
redefined by Soleglad & Fet (2003), Fet et al. (2004a) and Soleglad et al. (2005), remains
uncertain in spite of previous analyses (Prendini & Wheeler 2005). For example, Prendini
(2000, 2003) obtained two alternative placements for Urodacus Peters and Heteroscorpion
Birula, one in which they were monophyletic and another in which they were not. According
to the second hypothesis, first proposed by Stockwell (1989), Heteroscorpionidae is sister to
(Hemiscorpiidae + Liochelidae), whereas Urodacidae is sister to (Diplocentridae +
Scorpionidae). This finding was discussed at length by Soleglad & Sissom (2001: 72), Soleglad
& Fet (2003: 115-117) and Soleglad et al. (2005), who attempted to re-examine the matter in
a flawed reanalysis of Prendini’s (2000) data. Given the uncertainty in the relative positions of
these taxa, a prudent strategy to retain stability in the current classification, would have been
to continue recognising the well-supported families Heteroscorpionidae and Urodacidae as
separate monophyletic units (in the absence of evidence to the contrary), rather than

incorporating them into other families, until more data accumulated and their phylogenetic
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positions were more robustly supported (Prendini & Wheeler 2005). As it turns out, in this
particular example, the addition of data (taxa and characters) resolved the phylogeny in favor
of Prendini’s (2000) first hypothesis, supporting the recognition of Heteroscorpionidae and
Urodacidae as distinct families. In a reanalysis of urodacid phylogeny, Volschenk & Prendini
(2008) failed to retrieve the second hypothesis due to increased support for the
(Heteroscorpionidae + Urodacidae) sister-group hypothesis achieved by the character
combination and phylogenetic position of a basal urodacid, Aops Volschenk & Prendini.

In the past five years, Soleglad, Fet and their associates have focused on the suprageneric
classification of North American chactoid scorpions, especially Vaejovidae. Fet et al. (2004b)
proposed Hoffmannihadrurus Fet & Soleglad, a new genus of Caraboctonidae, to accommodate
two well known species of Hadrurus Thorell from mainland Mexico. Hoffmannihadrurus has
since been twice synonymised (Prendini & Wheeler 2005; Francke & Prendini 2008) and
twice revalidated (Fet & Soleglad 2005, 2008).

Proposed changes to vaejovid classification (Graham & Soleglad 2007; Soleglad & Fet
20054, 2006, 2008) include the creation of a new subfamily (Smeringurinae Soleglad & Fet),
three new tribes (Paravaejovini Soleglad & Fet; Smeringurini Soleglad & Fet; Stahnkeini
Soleglad & Fet), a new subtribe (Thorellina Soleglad & Fet), seven new genera (Franckeus
Soleglad & Fet; Gertschius Graham & Soleglad; Hoffmannius Soleglad & Fet; Kochius Soleglad &
Fet; Stahnkeus Soleglad & Fet; Thorellius Soleglad & Fet; Wernerius Soleglad & Fet) and 55
new combinations. No phylogenetic analysis justifying these changes, many taken
unashamedly from Stockwell’s (1989) unpublished PhD dissertation (vide Soleglad & Fet

2008: 1-2), has been presented to date. Most of the new vaejovid genera erected are nothing
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more than unoriginal names for species groups that have been recognised since the 1970s,

but the monophyly of which has yet to be tested.

Conclusions

Most systematists agree that stability is an important attribute of any taxonomic
classification; that predictivity is maximised for classifications stable to the addition of new
data, equating stability with repeatability; and that changes to a classification should bring
stability and be supported by rigorous, unbiased analyses of all available evidence (Nelson
1972, 1973; Gaffney 1979; Kluge 1989; Kluge & Wolf 1993; Nixon & Carpenter 1996;
Dominguez & Wheeler 1997; Knapp et al. 2004).

The stability of Soleglad & Fet’s (2003) classification and subsequent emendations (e.g.,
Fet & Soleglad 2005, 2008; Fet et al. 2004a, 2004b, 2005; Graham & Soleglad 2007; Soleglad &
Fet 2004, 2005a, 2006, 2008; Soleglad et al. 2005) depends on the rigor of their phylogenetic
analyses (in the few cases presented). However, the analyses presented by these authors
cannot be termed rigorous or unbiased because they fail to meet the most basic standards in
systematics (Prendini & Wheeler 2005): their ‘existence approach’ to trichobothrial
homology, in which the directionality of trichobothrial states is forced by Sankoff
optimization (Soleglad & Fet 2001), their ‘fundamental character’ analyses, in which
‘important’ characters are isolated and analysed separately from less important characters
(Soleglad & Fet 2003; Fet et al. 2005), their failure to analyse different sources of evidence
simultaneously (Fet et al 2003, 2005; Soleglad & Fet 2003), their use of hypothetical
outgroups (Soleglad & Fet 2001, 2004) and supraspecific terminal taxa (Soleglad & Fet 2001,

2003; Fet et al. 2005) and, most importantly, their approach to ‘modelling’ characters by
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assigning homology on the basis of preconceived notions of phylogenetic relationship and
character transformation (Soleglad & Fet 2003; Fet et al. 20044a, 2005; Soleglad et al. 2005), is
nothing more than an elaborate scheme designed to achieve and legitimise a desired result.
Prendini & Wheeler (2005) therefore rejected all changes to the suprageneric classification of
scorpions proposed by Soleglad, Fet and colleagues in their self-edited online publication
since 2001 and, pending a rigorous and unbiased analysis, reverted to a classification
reflected by the most recent peer-reviewed, published treatments. In response, Fet & Soleglad
(2005) promptly reinstated their previous classification (Soleglad & Fet 2003), ignoring the
problems identified by Prendini & Wheeler (2005), but it was not universally accepted.
Several authors have since followed the recommendations of Prendini & Wheeler (2005).
However, the classification of Soleglad & Fet (2003) continues to be used by others and
promoted on amateur websites. The present contribution demonstrates that these
endorsements are misguided. Soleglad & Fet’s (2003) classification is poorly supported by a
reanalysis of their own data, and rapidly disintegrates as some of the most basic problems
outlined by Prendini & Wheeler (2005) are addressed. There remains no scientific
justification for accepting the results of Soleglad & Fet’s (2003) analyses or the revised
classification derived from them, nor any requirement to do so based on the rules of
nomenclature: the Code ‘refrains from infringing upon taxonomic judgment, which must not
be made subject to regulation or restraint [and] does not determine the inclusiveness or
exclusiveness of any taxon, nor the rank to be accorded to any assemblage of animals’ (ICZN
1999: XIX).

The present contribution illustrates the effects of modest corrections to Soleglad & Fet's

(2003) character matrix, principally those steps taken to remove the more blatantly
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unacceptable assumptions discussed by Prendini & Wheeler (2005). The correction of all
remaining flaws in this matrix will not, however, achieve a rigorous analysis of scorpion
phylogeny. A serious attempt to assemble the scorpion Tree of Life will require an adequate
outgroup taxon sample, including representatives of all other chelicerate lineages, extinct and
extant; an extensive ingroup taxon sample, representing all extinct and extant scorpion
lineages with appropriate numbers of exemplar species, especially in the many groups that
are demonstrably paraphyletic; traditional character systems (e.g. pedipalp trichobothria,
carinae, hemispermatophore) to be properly homologised across the entire order and scored
in all taxa; new character systems (e.g. internal anatomy, pectinal peg sensillae, sperm
structure) to be explored and, if found to be informative, scored in all taxa; the inclusion of
DNA sequence data from multiple loci in the nuclear and mitochondrial genomes, preferably

including at least one nuclear protein-coding locus.
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Abstract
Soleglad & Fet (2003) presented a phylogenetic analysis of all scorpion families, using
supraspecific terminal taxa, and proposed a radical reworking of the classification: four extant

‘parvorders’, six extant superfamilies and fourteen extant families were recognised. Prendini
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& Wheeler (2005) criticised Soleglad & Fet’s (2003) analysis on theoretical and empirical
grounds, rejected their phylogeny and revised classification, and reverted to a classification
based on the most recent peer-reviewed treatments, pending the outcome of a rigorous
phylogenetic analysis. Fet & Soleglad (2005) promptly reinstated their previous classification
(Soleglad & Fet 2003), ignoring the problems identified by Prendini & Wheeler (2005), but it
was not universally accepted. Several authors have since followed the recommendations of
Prendini & Wheeler (2005). However, the classification of Soleglad & Fet (2003) continues to
be used by others and promoted on amateur websites. The present contribution
demonstrates that these endorsements are misguided. Soleglad & Fet’s (2003) classification is
poorly supported by a reanalysis of their own data, and rapidly disintegrates as some of the
most basic problems outlined by Prendini & Wheeler (2005) are addressed. Nine clades and
18 suprageneric taxa (two superfamilies, four families, eight subfamilies, three tribes and one
subtribe) in their tree, revised classification and subsequent emendations were not recovered
in at least one of four reanalyses conducted. Another four clades, one superfamily and two
subfamilies received <50% jackknife support in at least one analysis. The following were not
monophyletic and/or received <50% jackknife support in the majority of analyses:
(Pseudochactida + Buthida + Chaerilida + Iurida), (Buthida + Chaerilida + Iurida), (Chaerilida
+ [urida), Iuroidea, (Chactoidea + Scorpionoidea), Chactoidea, Smeringurinae, Smeringurini,
Syntropinae, Syntropini, Syntropina, Vaejovinae, (Brotheinae + Chactinae), (Euscorpiinae +
Megacorminae), (Scorpionidae + Urodacidae), Scorpionidae. There remains no scientific
justification for accepting the results of Soleglad & Fet’s (2003) analyses or the revised
classification derived from them, nor any requirement to do so based on the rules of

nomenclature.
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Table 1. The suprageneric classification of Recent (extant) scorpions proposed by
Soleglad and Fet (2003a) with subsequent emendations (Fet et al. 2004a; Fet &
Soleglad 2005; Soleglad et al. 2005; Soleglad & Fet 2008).

Parvorder Pseudochactida Soleglad and Fet, 2003
Superfamily Pseudochactoidea Gromov, 1998
Family Pseudochactidae Gromov, 1998
Parvorder Buthida Soleglad and Fet, 2003
Superfamily Buthoidea C.L. Koch, 1837
Family Buthidae C.L. Koch, 1837
Parvorder Chaerilida Soleglad and Fet, 2003
Superfamily Chaeriloidea Pocock, 1893
Family Chaerilidae Pocock, 1893
Parvorder lurida Soleglad and Fet, 2003
Superfamily Chactoidea Pocock, 1893
Family Chactidae Pocock, 1893
Subfamily Brotheinae Simon, 1879
Tribe Brotheini Simon, 1879
Subtribe Brotheina Simon, 1879
Subtribe Neochactina Soleglad and Fet, 2003
Tribe Belisariini Lourenco, 1998
Subfamily Chactinae Pocock, 1893
Tribe Chactini Pocock, 1893
Tribe Nullibrotheini Soleglad and Fet, 2003
Subfamily Uroctoninae Mello-Leitdo, 1934
Family Euscorpiidae Laurie, 1896
Subfamily Euscorpiinae Laurie, 1896
Subfamily Megacorminae Kraepelin, 1905
Tribe Chactopsini Soleglad and Sissom, 2001
Tribe Megacormini Kraepelin, 1905
Subfamily Scorpiopinae Kraepelin, 1905
Tribe Scorpiopini Kraepelin, 1905
Tribe Troglocormini Soleglad and Sissom, 2001
Family Superstitioniidae Stahnke, 1940
Subfamily Superstitioniinae Stahnke, 1940
Subfamily Typhlochactinae Mitchell, 1971
Family Vaejovidae Thorell, 1876
Subfamily Smeringurinae Soleglad & Fet, 2008
Tribe Paravaejovini Soleglad & Fet, 2008
Tribe Smeringurini Soleglad & Fet, 2008
Subfamily Syntropinae Kraepelin, 1905
Tribe Syntropini Kraepelin, 1905
Subtribe Syntropina Kraepelin, 1905
Subtribe Thorellina Soleglad & Fet, 2008
Tribe Stahnkeini Soleglad & Fet, 2006
Subfamily Vaejovinae Thorell, 1876
Superfamily luroidea Thorell, 1876
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Family Caraboctonidae Kraepelin, 1905
Subfamily Caraboctoninae Kraepelin, 1905
Subfamily Hadrurinae Stahnke, 1974

Family luridae Thorell, 1876

Superfamily Scorpionoidea Latreille, 1802

Family Bothriuridae Simon, 1880
Subfamily Bothriurinae Simon, 1880
Subfamily Lisposominae Lawrence, 1928

Family Hemiscorpiidae Pocock, 1893
Subfamily Hemiscorpiinae Pocock, 1893
Subfamily Heteroscorpioninae Kraepelin, 1905
Subfamily Hormurinae Laurie, 1896

Family Scorpionidae Latreille, 1802
Subfamily Diplocentrinae Karsch, 1880

Tribe Diplocentrini Karsch, 1880

Tribe Nebini Kraepelin, 1905
Subfamily Scorpioninae Latreille, 1802
Subfamily Urodacinae Pocock, 1893
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Table 2. Selected problems with the morphological characters presented in Soleglad &
Fet’s (2003: 66, 68) Tables 3 and 4, examples of the characters affected, proposed
corrections, and the number of characters amended in Analyses 3 and 4.

Problem: Similar stuctures in different taxa assigned to separate characters or states
based on putative phylogenetic relationship. Affected: 40 (24%): Tab. 3: char. 10-15,
21, 22, 24, 28, 32-36, 39, 41-44, 46-48, 50, 55, 60, 62, 67, 72, 82, 85, 86, 87, 93, 97,
98, 101, 102, 104, 105. Correction: Characters or states reexamined, merged where
homologous. Amended: 38 (23%).

Problem: Forced ‘reversal’. Affected: 6 (4%): Tab. 3: char. 37, 38, 41, 47, 48, 60.
Correction: Scored with ‘plesiomorphic’ state. Amended: 6 (4%).

Problem: Other forced transformation (additive binary or ordering). Affected: 56
(34%): Tab. 3: char. 1, 10, 19-21, 27, 41-43, 47, 48, 57, 58, 60, 82, 102; Tab. 4: char.
1,2,4,5,7,8, 10, 15, 17, 19, 20, 22, 24-26, 32, 33, 35, 36-39, 41, 42, 45-53, 55-61.
Correction: States or characters reexamined, redefined or unordered (multistate) as
necessary. Amended: 55 (34%).

Problem: Redundancy and lack of independence. Affected: 25 (15%): Tab. 3: char.
11, 14, 15, 17, 20-22, 25, 29, 36-38, 42, 43, 49, 52, 57, 58, 66, 67; Tab. 4: char. 10, 17,
24, 35, 45. Correction: Dependent characters merged. Amended: 10 (6%).

Problem: Trichobothrial homology across basic pattern types. Affected: 73 (44%):
Tab. 3: char. 1-4, 23-29; Tab. 4: char. 1-62. Correction: Revise primary homology
assessment. Amended: None.

Problem: States concepts, not observations. Affected: 14 (8%): Tab. 3: char. 1, 32—
38, 63-68. Correction: Replaced with real observations. Amended: 14 (8%).

Problem: Other characters subsuming non-homologous variation. Affected: 14 (8%):
Tab. 3: char. 13, 19, 27, 28, 31, 36, 60, 63—-65, 93, 97, 99, 101. Correction: Additional
characters created. Amended: 4 (2%).

Problem: States overlap. Affected: 15 (9%): Tab. 3: char. 12, 22, 32-36, 39, 55, 72,
86, 98, 101, 102, 105. Correction: Overlapping states merged. Amended: 15 (9%).

Problem: States subsume non-homologous variation. Affected: 33 (20%): Tab. 3:
char. 5, 8, 10-13, 15, 18, 26, 42, 45-48, 50, 54-59, 61, 62, 68, 73, 85, 86, 89, 90, 97,
98, 102, 104, 105. Correction: Additional states created and scored in exemplars.
Amended: 19 (11%).

Problem: Polymorphic ‘state’. Affected: 6 (4%): Tab. 3: char. 41, 45, 60, 102, 104,
105. Correction: States scored in exemplars. Amended: 6 (4%).

Problem: Unknown ‘state’. Affected: 2 (1%): Tab. 3: char. 57, 73. Correction: Scored
with questionmark. Amended: 2 (1%).

Problem: Scored inapplicable in taxa to which applicable. Affected: 56 (34%): Tab. 3:
char. 4-8, 10-14, 16-21, 24-36, 39, 49, 51-53, 55, 56, 62, 67, 74, 76-82, 88, 89, 93,
97, 100, 102-105. Correction: Scored in all taxa to which applicable. Amended: 53
(32%).

Problem: Errors in scoring of certain taxa. Affected: 28 (17%): Tab. 3: char. 4, 8, 10—
14, 16, 18, 23, 24, 26-28, 30, 42, 43, 47, 48, 53, 61, 68, 82, 85, 92, 95, 96, 99.
Correction: Errors corrected. Amended: 21 (13%).

Total characters affected by at least one problem: 158 (95%). Total characters
amended to correct at least one problem: 126 (75%).
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Table 3. Clades and suprageneric taxa proposed by Soleglad, Fet and colleagues
(Fet & Soleglad 2005; Fet et al. 2004a; Soleglad & Fet 2003, 2004, 2008; Soleglad et
al. 2005) which were not monophyletic (X) or received <50% jackknife support in four
reanalyses of Soleglad & Fet’s (2003) data under equal weighting (Figs. 2-5; see text
for details). Chactoidea received exactly 50% jackknife support in Analysis 1.
According to Soleglad et al. (2005): *(Hemiscorpiidae + Scorpionidae); ?Scorpionidae;
%(Diplocentrinae + Scorpioninae).

Clade or Suprageneric Taxon Anal.1 Anal.2 Anal.3 Anal. 4
(Pseudochactida + Buthida + Chaerilida + lurida) <50% X <50% <50%
(Buthida + Chaerilida + Iurida) <50% X X X
(Chaerilida + lurida) X X <50% <50%
luroidea X X X
luridae X X

Caraboctoninae X

(Chactoidea + Scorpionoidea) X X X
Chactoidea 50% X X X
Vaejovidae X <50%
Smeringurinae X X X X
Smeringurini X X X

Syntropinae X X X <50%
Syntropini X <50% X

Syntropina X X X X
Vaejovinae X X X X
(Chactidae + Euscorpiidae + Superstitioniidae) X X
(Chactidae + Euscorpiidae) <50% X
Chactidae X
(Brotheinae + Chactinae) <50% <50% X
Brotheinae <50% X
Brotheini X X
Chactinae X X
Uroctoninae <50% X
(Euscorpiinae + Megacorminae) <60% <50% <50% X
Megacorminae <50% X
Superstitioniinae <50% <50%
Scorpionoidea <50%
(Liochelidae + Scorpionidae + Urodacidae)* <50% <50%

(Scorpionidae + Urodacidae)? <50% <50% X
Scorpionidae® X X X X
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Fig. 1. Changes to the suprageneric classification of extant scorpions from 1758 to 2009 and the number of

suprageneric taxa recognised in some classifications from the past twenty years.

25 . .
Recent Scorpion  Superfamilies
. . Families
Classifications S ubfamilies _/—I
20 | Tlribes
: |
Stockwell (1989) 4 13 16 4
Sissom (1990) - 9 17 -
15 | Kovarik (1998) - 13 - -

Fet et al. (2000) - 16 16 -

Lourengo (2000) 6 20 16 -

10 Soleglad & Fet (2003) 6 14 16 10

Prendini & Wheeler (2005) - 18 9 -
6

Soleglad & Fet (2008) 13 2114
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Fig. 2. Results of Analysis 1, Soleglad & Fet’s (2003) unmodified matrix of 60 supraspecific terminal taxa and
105 characters, analysed using their original settings: a strict consensus of 197 most parsimonious trees of

307 steps.
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Fig. 3. Results of Analysis 2, Soleglad & Fet’s (2003) unmodified matrix of 60 supraspecific terminal taxa and
105 characters, with all characters unordered (nonadditive): a strict consensus of 79 most parsimonious

trees of 293 steps.

Palaeopisthacanthus
— Pseudochactas
— Chaerilus
Archaeobuthus
Liobuthus
——Androctonus
45 —Grosphus
—Isometrus
51 ——Karasbergia
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r —Microbuthus
—Microtityus
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t— Uroplectes
vy -—Miclgch:rmqg’
I: entruroides
60 Tityus
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—lumi' druroid
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——Pseudouroctonus
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52 Paruroctonus
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Syntropis
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Scorpiops
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Fig. 4. Results of Analysis 3, Soleglad & Fet’s (2003) supraspecific terminal taxa converted to exemplar
species, their assumptions of character transformation removed and some corrections to their character
coding implemented, creating a matrix of 81 exemplar species and 161 characters, treated unordered

(nonadditive): a strict consensus of 156 most parsimonious trees of 401 steps.

Palaeopisthacanthus schucherti
Com;soscnrpius elegans
alaeopisthacanthus vogelandurdeni
76 Cryptoscorpius americanus
——Archaeobuthus estephani
—— Pseudochactas ovchinnikovi
——Androctonus bicolor
Grosphus bistriatus
——Grosphus hirtus
——Isometrus maculatus
——Karasbergia methueni
——Liobuthus kessleri
——Lychas perfidus
——Lychas scutilus
99 [— Mesobuthus caucasicus
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——Microbuthus pusillus
——Microtityus jaumei
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Fig. 5. Results of Analysis 4, the matrix used for Analysis 3 fused with other matrices and character data from
the literature to create a matrix of 81 exemplar species and 200 characters, treated unordered (nonadditive):

a strict consensus of 227 most parsimonious trees of 498 steps.

Palaeopisthacanthus schucherti
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Fig. 6. A. The tree presented by Soleglad & Fet (2003: 71, Fig. 114) as the basis for their
revised classification of extant scorpions (Table 1). B. A strict consensus of suprafamilial
relationships retrieved by four reanalyses of Soleglad & Fet’s (2003) data under equal
weighting (Figs. 2-5; see text for details). Dashed lines indicate families which were not
monophyletic in at least one analysis. Note: According to Soleglad et al. (2005), Liochelidae
= Hemiscorpiidae, Scorpionidae = (Diplocentrinae + Scorpioninae) and Urodacidae =

Urodacinae.
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Archaeobuthidae B
Pseudochactidalae

Buthida/ae
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Archaeobuthidae
Pseudochactidalae
Buthida/ae
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- - - Caraboctonidae
Iuridae | luroidea
- - - Vagjovidae
- - - Chactidae
Euscorpiidae Chactoidea
Superstitioniidae
Bothriuridae

Superstitioniidae

. Liochelidae
Scorpionidae Scorpionoidea - - Scorplonidae
Urodacidae

Scorpionoidea
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Fig. 7. The number of clades and suprageneric taxa proposed by Soleglad, Fet and colleagues (Fet & Soleglad
2005; Fet et al. 2004a; Soleglad & Fet 2003, 2004, 2008; Soleglad et al. 2005) which were not monophyletic
(A) or received <50% jackknife support (B) in four reanalyses of Soleglad & Fet’s (2003) data under equal

weighting (Figs. 2-5; see text for details). One superfamily that received exactly 50% jackknife support in

Analysis 1 is included.
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