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A B S T R A C T   

Sand scorpions of the genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837) are widespread in the sandy 
deserts of the Palearctic region, occurring from the Atlantic coast of West Africa across the Sahara, and 
throughout the Middle East to Central Asia. The limits of Buthacus, its two species groups, and many of its species 
remain unclear, and in need of revision using modern systematic methods. The study presented here set out to 
investigate the phylogeny and biogeography of the Buthacus species occurring in the Levant, last studied in 1980. 
A phylogenetic analysis was performed on 104 terminals, including six species collected from more than thirty 
localities in Israel and other countries in the region. Three mitochondrial and two nuclear gene loci were 
sequenced for a total of 2218 aligned base-pairs. Morphological datasets comprising 22 qualitative and 48 
quantitative morphological characters were compiled. Molecular and morphological datasets were analyzed 
separately and simultaneously with Bayesian Inference, Maximum Likelihood, and parsimony. Divergence time 
and ancestral range estimation analyses were performed, to understand dispersal and diversification. The results 
support a revised classification of Levantine Buthacus, and invalidate the traditional species groups of Buthacus, 
instead recovering two geographically-delimited clades, an African clade and an Asian clade, approximately 
separated by the Jordan Valley (the Jordan Rift Valley or Syro-African Depression), the northernmost part of the 
Great Rift Valley. The divergence between these clades occurred in the Early Miocene (ca. 19 Ma) in the Levant, 
coinciding temporally with the existence of two land bridges, which allowed faunal exchange between Africa and 
Asia.   

1. Introduction 

Scorpions of the genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 
1837), commonly known as ‘sand scorpions’, are widespread in the 
sandy deserts of the Palearctic region, from the Atlantic coast of West 
Africa across the Sahara, and throughout the Middle East to Central Asia 
(Vachon, 1952; Levy et al., 1973; Levy and Amitai, 1980; Fet and Lowe, 
2000; Lourenço, 2004; Lourenço and Qi, 2006; Yağmur et al., 2008; 
Zambre and Lourenço, 2010). All species of the genus possess a suite of 
ultrapsammophilous to semi-psammophilous adaptations for locomo
tion and burrowing on sandy substrates (Cain et al., 2021). Stenotopic 
specialization to sandy substrates and homing behavior, considered 
adaptive in burrowing species (Polis et al., 1986), may have limited the 

vagility of Buthacus and, together with the fragmented nature of sandy 
habitats, disrupted gene flow between isolated populations, promoting 
speciation by vicariance in the genus (Prendini, 2001a). 

Although many new species of Buthacus were described in recent 
years, no modern revision exists for the genus, and the limits of many 
infrageneric taxa remain unclear. The present contribution addresses the 
phylogeny of Buthacus species recorded from the Levant, defined here as 
the region of the Middle East including Syria, Lebanon, Jordan, Israel, 
the Palestinian territories and the Sinai Peninsula of Egypt. The scorpion 
fauna of this region was well studied by Levy et al. (1973) and Levy and 
Amitai (1980) who recognized four species and subspecies of Buthacus in 
Israel and the Sinai Peninsula, based on morphological characters 
(Fig. 1). Buthacus leptochelys nitzani Levy et al., 1973, endemic to the 
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Haluza sand dunes in the northern Negev Desert, was described as a 
distinct subspecies from the more widely distributed nominotypical 
form of Buthacus leptochelys (Ehrenberg, 1829), Buthacus yotvatensis Levy 
et al., 1973 was described from the southern part of the Jordan Valley 
(the Arava Valley), and specimens from northern Sinai were identified as 
Buthacus arenicola (Simon, 1885) (Fig. 1). Levy and Amitai (1980), fol
lowed by others (e.g., Lourenço, 2006), doubted whether the population 
of B. arenicola occurring east of Libya was conspecific with the typical 
population, to the west. Levy et al. (1973) also considered placing 
B. yotvatensis in a different genus. However, following Vachon (1952), 
Levy et al. (1973) and Levy and Amitai (1980) proposed dividing the 
species of Buthacus into two groups, the B. arenicola group and the 
B. leptochelys group, based on the dentition of the movable finger of the 
pedipalp chela. Lourenço (2006) observed significant variation in finger 

dentition and questioned its utility for species assignment to the two 
groups, but the character remained in widespread use for species diag
nosis in the genus (Kovařík, 2005, 2018; Lourenço, 2006; Zambre and 
Lourenço, 2010; Lourenço and Sadine, 2015; Kovařík et al., 2016; 
Alqahtani and Badry, 2020). 

Various updates to the systematics of Levantine Buthacus were pro
vided subsequently (Vachon and Kinzelbach, 1987; El-Hennawy, 1987, 
1992; Amr et al., 1988, 2015; Amr and El-Oran, 1994; Kabakibi et al., 
1999; Kovařík, 2001, 2005; Kovarik and Whitman, 2004; Lourenço, 
2006; Shehab et al., 2011; Amr, 2015; Saleh et al., 2017; Badry et al., 
2018; Lowe et al., 2019) such that, prior to Cain et al. (2021), five 
infrageneric taxa of Buthacus, including several synonyms, were recog
nized from the region. Based on extensive new collections and a reas
sessment of the morphology (including multivariate statistical analysis), 

Fig. 1. Records of sand scorpions, genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837) in Israel and Sinai, after Levy and Amitai (1980). Buthacus l. leptochelys 
(Ehrenberg, 1828); ● Buthacus leptochelys nitzani Levy et al., 1973; Buthacus arenicola (Simon, 1885); ◆ Buthacus yotvatensis Levy et al., 1973. 
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Cain et al. (2021) elevated Buthacus nitzani Levy et al., 1973 to the rank 
of species and described three new species, Buthacus amitaii Cain et al., 
2021, Buthacus arava Cain et al., 2021, and Buthacus levyi Cain et al., 
2021, raising the number of Buthacus species in the Levant, to seven. 

The present contribution set out to test the monophyly of the 
B. arenicola and B. leptochelys species groups, and reconstruct the 
phylogenetic relationships and biogeographical history of Buthacus in 
the Levant, in light of geological events associated with plate tectonics, 
which provide the backdrop for biotic diversification in the region 
(Leprieur et al., 2016; Ficetola et al., 2017; Zaffos et al., 2017; Pellissier 
et al., 2018). The rich biodiversity of the Levant has been attributed to 
its position at the crossroads of Africa and Asia over the course of its 
geological history (Tchernov, 1988) but studies on the biogeography of 
its arthropods remain scarce. A recent phylogenetic analysis based on 
seven 16S rDNA sequences, representing three species of Buthacus 
(Alqahtani and Badry, 2020), recovered a clade comprising two African 
species, B. arenicola and B. leptochelys, to the exclusion of an Asian 
species, Buthacus nigroaculeatus Levy et al., 1973. This hypothesis is 
tested here with phylogenetic analyses of a more extensive dataset, 
comprising DNA sequence data from two nuclear and three mitochon
drial gene loci and morphological characters for 103 ingroup terminals, 
including six species collected from more than thirty localities across the 
region, as well as divergence time and ancestral range estimation ana
lyses on a reduced molecular dataset including one terminal per species. 

The results support the classification of Levantine Buthacus by Cain 
et al. (2021), and invalidate the traditional species groups of Buthacus, 
instead recovering two geographically-delimited clades, an African 

clade and an Asian clade, approximately separated by the Jordan Valley 
(the Jordan Rift Valley or Syro-African Depression), the northernmost 
part of the Great Rift Valley. The divergence between these clades 
occurred in the Early Miocene (ca. 19 Ma) in the Levant, coinciding 
temporally with the existence of two land bridges, which allowed faunal 
exchange between Africa and Asia. 

2. Materials and methods 

2.1. Fieldwork and material 

Specimens were collected from type localities and other suitable 
habitat with ultraviolet (UV) light detection (Stahnke, 1972) using 
portable UV-LED lamps on warm, dark nights, around the new moon. 
Material was preserved in 80% ethanol for morphological study, and 
96% ethanol for DNA isolation. Additional material was donated by 
citizen scientists. 

Material is deposited in the American Museum of Natural History, 
New York (AMNH), with tissue samples stored at − 20 ◦C in the Ambrose 
Monell Cryocollection (AMCC), and the National Natural History 
Collection at the Hebrew University of Jerusalem, Israel (HUJ). 

2.2. Taxon sampling 

The dataset comprised 103 ingroup taxa representing 33 localities in 
Israel, Egypt and Tunisia (Table 1). Material sampled at sites 1–9 and 
13–15 (Table 1; Fig. 2C) corresponds to the two subspecies of 

Table 1 
Collection locality data for samples used in phylogenetic analysis of sand scorpions, genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837): Buthacus amitaii Cain 
et al., 2021, Buthacus arava Cain et al., 2021; Buthacus arenicola (Simon, 1885); Buthacus leptochelys (Ehrenberg, 1828); Buthacus levyi Cain et al., 2021; Buthacus nitzani 
Levy et al., 1973; Buthacus yotvatensis Levy et al., 1973; and an outgroup taxon, Androctonus amoreuxi (Linneaus, 1758).  

Species Site Country: Locality Georeference N  Species Site Country: Locality Georeference N 

B. nitzani 1 Israel: Palmahim 31◦54′39.4′′N 
34◦43′31.8′′E 

2  B. levyi 9 Israel: Be’er Milka, Holot Haluza sand dunes 30◦55′42.5′′N 
34◦24′41.9′′E 

7  

2 Israel: Ashdod 31◦48′53.5′′N 
34◦39′11.3′′E 

2   19 Egypt  2  

3 Israel: The Great Dune, Ashdod Nizzanim Nat. 
Res. 

31◦46′18.3′′N 
34◦39′09.7′′E 

3   20 Egypt: Qesm Remanah 30◦59′39.1′′N 
32◦46′17.9′′E 

1  

4 Israel: Nizzanim, Ashdod Nizzanim Nat. Res. 31◦45′16.0′′N 
34◦38′06.8′′E 

7   21 Egypt: Qesm Ad Dabaah 31◦02′34.7′′N 
28◦26′37.2′′E 

1  

5 Israel: Ashqelon 31◦37′50.7′′N 
34◦32′46.3′′E 

2   22 Egypt: Qesm Ad Dabaah 30◦58′40.1′′N 
28◦28′33.6′′E 

1  

6 Israel: Retamim, Holot Haluza sand dunes 31◦04′16.5′′N 
34◦41′55.1′′E 

8   23 Egypt: Abou Rawash 30◦02′32.3′′N 
31◦05′10.2′′E 

1  

7 Israel: Mashabbim, Holot Haluza sand dunes 31◦05′00.8′′N 
34◦41′11.0′′E 

1  B. arava 24 Israel: Nahal Sha’alav 30◦02′40.6′′N 
35◦06′33.7′′E 

1  

8 Israel: Ramat Hovav, Holot Haluza sand dunes 31◦05′32.7′′N 
34◦49′01.6′′E 

3   25 Israel: Lotan 30◦00′10.4′′N 
35◦05′44.1′′E 

5  

9 Israel: Be’er Milka, Holot Haluza sand dunes 30◦55′42.5′′N 
34◦24′41.9′′E 

5   26 Israel: Yotvata 29◦53′21.1′′N 
35◦04′34.8′′E 

2 

B. leptochelys 10 Egypt: Zafarana 29◦04′36.3′′N 
32◦27′07.9′′E 

1  B. yotvatensis 27 Israel: Nahal Gidron 30◦46′52.2′′N 
35◦14′33.5′′E 

1  

11 Egypt: Zafarana 29◦04′22.0′′N 
32◦26′48.9′′E 

1   28 Israel: Nahal Mashaq 30◦47′26.1′′N 
35◦15′26.5′′E 

1  

12 Egypt: Faiyum Oasis 29◦32′11.0′′N 
30◦48′08.8′′E 

1   29 Israel: Nahal Shezaf 30◦44′36.0′′N 
35◦16′03.2′′E 

1 

B. amitaii 13 Israel: Mamshit 31◦01′50.7′′N 
35◦04′35.2′′E 

6   30 Israel: Ein Zik campsite 30◦48′22.4′′N 
34◦51′03.1′′E 

2  

14 Israel: Nahal Yamin 30◦57′01.8′′N 
35◦04′51.7′′E 

4   24 Israel: Nahal Sha’alav 30◦02′40.6′′N 
35◦06′33.7′′E 

2  

15 Israel: Color Sands, Ha-Makhtesh Ha-Gadol 30◦57′07.9′′N 
35◦01′34.9′′E 

5   25 Israel: Lotan 30◦00′10.4′′N 
35◦05′44.1′′E 

2 

B. arenicola 16 Tunisia: Tozeur 33◦56′35.3′′N 
07◦50′13.7′′E 

1   31 Israel: Hay-Bar Yotvata Nat. Res. 29◦50′51.0′′N 
35◦01′42.5′′E 

6  

17 Tunisia: Tozeur 33◦56′22.0′′N 
07◦50′19.3′′E 

1   32 Israel: Samar sand dunes 29◦49′36.8′′N 
35◦02′35.8′′E 

7  

18 Tunisia: Tozeur 33◦51′12.5′′N 
07◦44′00.7′′E 

1   33 Israel: Avrona Nature Reserve 29◦41′12.5′′N 
34◦59′46.2′′E 

6       

A. amoreuxi 9 Israel: Be’er Milka, Holot Haluza sand dunes 30◦55′42.5′′N 
34◦24′41.9′′E 

1  
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B. leptochelys occurring in Israel, as reported by Levy and Amitai (1980), 
with sites 6 and 7 (Table 1, Fig. 2C) situated near the type locality of 
B. nitzani. Samples from three localities (sites 10–12) in mainland Egypt, 
east and west of the Nile River (Table 1; Fig. 2B), correspond to the 
nominotypical form of B. leptochelys, described from Egypt (Cain et al., 
2021). 

As B. arenicola was reported to occur in Sinai by Levy and Amitai 
(1980), sandy habitats near Be’er Milka (site 9 in Fig. 2C) were thor
oughly surveyed. These efforts yielded material that was morphologi
cally indistinguishable from material collected in northern Sinai and 
previously identified as B. arenicola by Levy and Amitai (1980). How
ever, the Be’er Milka material was morphologically distinct from ma
terial collected near the type locality of B. arenicola in Tunisia, 
supporting the opinions of Levy and Amitai (1980) and Lourenço (2006) 
that specimens previously assigned to B. arenicola from localities to the 
east of Libya are not conspecific with B. arenicola (discussed further by 
Cain et al. (2021), who described these populations as B. levyi). In order 
to test this hypothesis with phylogenetic analysis, specimens from the 
vicinity of Tozeur, Tunisia, the type locality of B. arenicola (Table 1, 
Fig. 2A; sites 16–18), and four localities (sites 20–23) in the Sinai 
Peninsula and mainland Egypt, west of the Nile River (Table 1; Fig. 2B), 
were included, along with two Egyptian specimens acquired from a 
dealer, for which precise locality data were unavailable (Table 1). 

As published phylogenetic analyses of Buthidae are partial and 
conflicting (Fet et al., 2003; Suranse et al., 2017), Androctonus amoreuxi 
(Linneaus, 1758) was selected as outgroup based on a preliminary 
analysis of the five concatenated gene loci used in this study (see below), 
in which it was placed closer to Buthacus than the other two buthid 
outgroup species included, Buthus israelis Shulov and Amitai, 1959 and 

Hottentotta judaicus (Simon, 1872). 

2.3. DNA sequencing 

DNA isolation, PCR amplification and sequencing were conducted at 
the University of Haifa – Oranim and the AMNH Sackler Institute for 
Comparative Genomics, using standard protocols (Prendini et al., 2002, 
2003, 2005) and primers (Supplementary Table S1). 

A multilocus dataset was produced for the 103 ingroup terminals and 
one outgroup terminal from five gene loci, which provide different levels 
of phylogenetic resolution and were selected based on previous studies 
of scorpions and other arachnids (Prendini et al., 2003, 2005; Bryson 
et al., 2013a): 277 base-pairs (bp) of the 12S rDNA (12S), 269 bp of the 
16S rDNA (16S) and 616 bp of the Cytochrome c Oxidase Subunit I 
(COI), from the mitochondrial genome; and 510 bp of the D3 region of 
the 28S rDNA (28S) and 480 bp of the Internal Transcribed Spacer 2 
(ITS2) from the nuclear genome. 

Genomic DNA was extracted from leg muscle tissue using the DNeasy 
96 Blood and Tissue Kit (Qiagen, Hilden, Germany). DNA was amplified 
using GoTaq® Green Master Mix (Promega, Maddison, WI, U.S.A.), 1 μl 
(10 μM) of each primer, and 1–4 μl of DNA template. The PCR program 
involved an initial denaturing step at 94 ◦C for 5 min, 40 amplification 
cycles (94 ◦C for 15 s, 50 ◦C for 10 s, 72 ◦C for 15 s), and a final step of 72 
◦C for 7 min, in a GeneAmp PCR System 9700 thermocycler (Applied 
Biosystems, Foster City, CA, U.S.A.). Specific conditions were optimized 
for samples or primer pairs (e.g., a lower annealing temperature was 
used for COI). PCR products were verified on 1–1.5% agarose-TBE gels 
and purified with QIAquick columns (Qiagen), illustraTM ExoProstarTM 

(GE Healthcare Life Sciences, Little Chalfont, U.K.), or AMPure Magnetic 

Fig. 2. Collection localities of sand scorpions, genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837) in Tunisia (A), Egypt, Israel and Jordan (B, C). Black symbols 
indicate localities from which specimens were sequenced for the phylogenetic analysis, whereas white symbols represent localities from which specimens were only 
examined morphologically. Buthacus amitaii Cain et al., 2021; ■ Buthacus arava Cain et al., 2021; Buthacus arenicola (Simon, 1885); Buthacus leptochelys 
(Ehrenberg, 1828); ▴ Buthacus levyi Cain et al., 2021; ● Buthacus nitzani Levy et al., 1973; ◆ Buthacus yotvatensis Levy et al., 1973. Buthacus arava and B. yotvatensis 
were sympatric at sites 24–26, whereas B. levyi and B. nitzani were sympatric at site 9. See Table 1 for locality data. 
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Beads Purification System (Beckman Coulter, Brea, CA, U.S.A.), fol
lowed by Sanger dideoxy sequencing using an ABI 3730 automated 
sequencer (Applied Biosystems). The accuracy of sequences was verified 
by independently amplifying and sequencing the complementary 
strands of all fragments. Primer sequences were removed and comple
mentary strands of DNA assembled into consensus sequences, edited, 
and checked for quality using MEGA6 (Tamura et al., 2013), and 
Sequencher ver. 5.4.6 (Gene Codes, Ann Arbor, MI, U.S.A.). If comple
mentary strands disagreed (besides minor mismatches), the sample was 
reamplified and sequenced to resolve discrepancies. Edited contig se
quences are deposited in GenBank (https://www.ncbi.nlm.nih.gov/ 
genbank; Supplementary Table S2). 

Sequence length was calculated using the script “gc_calculator.py” in 
Biopython (Cock et al., 2009). Due to missing data, sequence length was 
variable across all loci: 12S: 246–277 bp; 16S: 238–269 bp; COI: 
266–616 bp, 28S: 186–510 bp, ITS2: 318–480 bp. Sequences of the 12S, 
16S and ITS2 loci were mostly complete for all terminals. Two terminals, 
B. amitaii (HUJ INVSC 3472) and B. levyi (AMCC [LP 16601]), were 
missing 256 and 351 bp, respectively, of the COI locus and five termi
nals, B. leptochelys (AMCC [LP 16599, 16600]), B. amitaii (HUJ INVSC 
3474), B. yotvatensis (HUJ INVSC 3482) and B. levyi (AMCC [LP 16587]) 
were missing 190, 193, 209, 221 and 325 bp, respectively, of the 28S 
locus. 

2.4. Morphological data 

A morphological data matrix, comprising 22 qualitative characters 
(Supplementary Table S3) was prepared using WinClada v. 1.00.08 
(Nixon, 2002). Characters scored in the matrix included traits capturing 
the morphological diversity within Buthacus, most pertaining to the 
adult stage: total length, 1 (5%); pedipalps, 6 (27%); legs, 1 (5%); 
pectines, 4 (18%); metasoma, 6 (27%); telson, 4 (18%). Morphological 
terminology follows previous phylogenetic analyses of Buthidae by one 
of the authors (e.g., Prendini, 2001b, 2004; Prendini and Esposito, 2010; 
Esposito et al., 2018). Four multistate characters were treated as 
unordered/non-additive (Fitch, 1971) in analyses to avoid a priori 
character state transformations. 

Additionally, a dataset of quantitative morphological characters was 
prepared that included 24 morphometric ratios, the measurement of 
total body length, and the dextral pectinal tooth count for the adult male 

and female, resulting in a total of 48 characters (Supplementary Table 
S4). Total body length was converted to a ratio (divided by 100) to avoid 
overweighting (Goloboff et al., 2006). These quantitative characters 
represent the range (e.g., minimum–maximum) and mean ratios and 
counts for each species, calculated from 49 measurements and seven 
meristic counts recorded in 74 specimens (n = 39 ♂, 35 ♀), as described 
by Cain et al. (2021): B. amitaii (5 ♂, 5 ♀); B. arenicola (2 ♂); B. arava (7 
♂, 1 ♀); B. leptochelys (1 ♂, 4 ♀); B. levyi (8 ♂, 9 ♀); B. nitzani (8 ♂, 10 ♀); 
B. yotvatensis (8 ♂, 6 ♀). Cain et al. (2021) also conducted non-metric 
multidimensional scaling (NMDS) and permutational multivariate 
analysis of variance (ADONIS) on the 24 ratios and counts for each sex. 

2.5. Sequence alignment and statistics 

Sequences were aligned using MAFFT v. 7.402 on the CIPRES Science 
Gateway (https://www.phylo.org; Miller et al., 2010). The COI and ITS2 
loci were aligned using the G-INS-i alignment strategy, whereas the ri
bosomal 12S, 16S and 28S loci were aligned using the Q-INS-i strategy, 
which considers the secondary structure of RNA. Alignments were 
checked using Mesquite v. 3.5 (Maddison and Maddison, 2019). The 
alignment length of each locus was as follows: 12S: 281 bp; 16S: 270 bp; 
COI: 616 bp; 28S: 510 bp; ITS2: 541 bp (Table 2). The aligned loci were 
concatenated to create a multilocus molecular dataset with a total 
alignment length of 2218 bp. Mean nucleotide composition, number of 
variable positions and parsimony-informative sites, and percentage of 
transitions and transversions using a maximum composite likelihood 
method were calculated for each locus and the concatenated dataset in 
MEGA v. 10.1.7 (Tamura et al., 2004; Tamura et al., 2013; Kumar et al., 
2018, Stecher et al., 2020). MEGA was also used to calculate mean un
corrected pairwise genetic distances, within and between species of 
Buthacus, for the COI locus. 

2.6. Phylogenetic analysis 

The molecular dataset (2218 aligned bp) and 22 qualitative 
morphological characters were concatenated and analyzed simulta
neously using parsimony, Bayesian Inference (BI) and Maximum Like
lihood (ML). Simultaneous analysis of molecular and morphological 
datasets, also known as the “total evidence” approach, increases 
explanatory power (see discussion and citations in Prendini et al., 2003) 

Table 2 
Genomic data statistics for aligned DNA sequences of two nuclear and three mitochondrial gene markers used for phylogenetic analysis of sand scorpions, genus 
Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837): aligned length (base-pairs); model selected by Akaike Information Criterion (AIC); number and percentage of 
variable positions; number and percentage of parsimony-informative (PI) positions, including gaps (and percentage of aligned length); mean percentage nucleotide 
composition; percentage of transitions (ts) and transversions (tv) for each nucleotide combination and overall. Calculations were conducted using the maximum 
composite likelihood test (mcl) under the Tamura et al. (2004) model of substitution.   

Nuclear Mitochondrial   

ribosomal    protein-coding   
28S ITS2 12S 16S COI Total 

Length (bp) 510 541 281 270 616 2218 
AIC HKY + I K80 + I HKY + G GTR + G GTR + I - 
Variable (%) 17 (3) 159 (29) 95 (34) 88 (33) 159 (26) 518 (23) 
PI (%) 9 (2) 79 (15) 74 (26) 74 (27) 129 (21) 365 (16)  

A 24 22 40 38 42 33  
C 26 28 8 9 25 22  
G 31 25 19 18 13 21  
T 19 24 33 35 20 24 

ts A → G 27.92 24.23 18.17 23.24 0.59 11.45  
G → A 20.75 21.19 38.98 50.1 1.98 17.85  
T → C 10.39 12.16 6.78 2.64 43.52 16.52  
C → T 7.55 10.11 28.44 9.97 34.23 18.49 

tv A/G → T 3.17 3.84 1.26 2.43 1.98 4.34  
A/G → C 4.37 4.61 0.3 0.64 2.51 3.88  
T/C → A 3.9 3.6 1.54 2.7 4.12 5.87  
T/C → G 5.25 4.11 0.72 1.25 1.24 3.76 

ts: tv 2.23 2.24 1.12 4.53 0.03 0.71  
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and is particularly helpful when molecular data are missing for some 
taxa or when testing groups with relatively conservative morphology 
(Wilson et al., 2020), as in the present study. The molecular dataset and 
qualitative morphological characters were also concatenated with the 
48 quantitative morphological characters (24 for each sex) and analyzed 
simultaneously using parsimony, however, for these analyses, the 
qualitative morphological dataset was reduced to seventeen characters 
by deactivating five characters (1, 3–5 and 12) which were not inde
pendent of some of the quantitative characters (Supplementary Tables 
S3, S4). The molecular dataset was also analyzed separately using 
parsimony, BI and ML. 

Parsimony analyses were performed in TNT v. 1.1 (Goloboff et al., 
2003, 2008). Gaps were treated as missing data, uninformative char
acters inactivated with the command xinact, and quantitative characters 
analyzed as such. The dataset was analyzed using equal weighting and 
implied weighting with five values of the concavity constant (k = 1, 3, 
10, 60, 100). A script from Santibáñez-López et al. (2014), that was 
modified from Dimitrov et al. (2012, 2013) and includes tree drifting, 
tree fusing and mixed sectorial searches, was used to find the most 
parsimonious trees: hold 10000; rseed1; xm: noverb nokeep; rat: it 0 up 4 
down 4 au 0 num 36 give 99 equa; dri: it 10 fit 1.00 rfi 0.20 aut 0 num 36 
give 99 xfa 3.00 equa; sec: mins 45 maxs 45 self 43 incr 75 minf 10 god 75 
drift 6 glob 5 dglob 10 rou 3 xss 10–14 + 2 noxev noeq; tf: rou 5 minf 3 best 
ke nochoo swap; xm: level 10 nochk rep 50 fuse 3 dri 10 rss css noxss mult 
nodump conse 5 conf 75 nogive notarg upda autoc 3 xmix; xm; xmult. 
Jackknife support was evaluated using a script from Dimitrov et al. 
(2012): hold 10000; rseed1; mult: noratchet repl 10 tbr hold 1; resample jak 
repl 1000 freq from 0 [mult]. A bootstrap analysis with 1000 replicates 
was performed for comparison. 

Bayesian Inference was performed in MrBayes v. 3.2.7a (Ronquist 
and Huelsenbeck, 2003) on CIPRES. The dataset was partitioned by loci 
and parameters were unlinked across all partitions. Models for each 
molecular partition were selected using the Akaike Information Crite
rion in jModelTest v. 2.1.6 (Guindon and Gascuel, 2003; Darriba et al., 
2012) on CIPRES. A gamma distribution, i.e., the Lewis (Mk) model 
(Lewis, 2001), was applied to the morphological partition. The analysis 
was run for 5 million generations or until the standard deviation of the 
split frequencies was 0.01, with the following settings: mcmc; nchains =
4; print frequency = 1000; sample frequency = 1000; diagnosing frequency 
= 1000; burnin = 0.25; savebrlens = yes. Nodal support was evaluated 
using posterior probabilities. 

The ML analysis was performed in RAxML v. 8.2.12 (Stamatakis, 
2006, 2014) on CIPRES. The dataset was partitioned by loci and a 
multigamma model applied to the five molecular partitions, whereas the 
Lewis (Mk) model (Lewis, 2001) was applied to the morphological 
partition. A rapid bootstrap analysis was used to search for the best 
scoring ML tree and nodal support evaluated with 1000 iterations of 
rapid bootstrapping. Individual loci were also analyzed separately in 
RAxML using a GTRGAMMA model. 

2.7. Divergence time estimation analysis 

A divergence time estimation analysis was performed on the mo
lecular dataset using BEAST v. 1.10.4 (Drummond et al., 2012) on 
CIPRES. The dataset was trimmed to one terminal per species with 
ingroup exemplar terminals chosen based on geographical proximity to 
the type locality of each species, and rooted on A. amoreuxi. Sequences in 
the reduced molecular dataset were aligned using methods described 
above with xml files prepared in BEAUti v. 1.10.4 (Drummond et al., 
2012). The dataset was partitioned by loci and site models were un
linked across all partitions. The site model for each partition was chosen 
using the Bayesian Information Criterion in jModelTest v. 2.1.6 (Guin
don and Gascuel, 2003; Darriba et al., 2012). Tree models were linked 
across all partitions and a Birth–Death model applied. Clock models 
were unlinked across all partitions and an uncorrelated lognormal mo
lecular clock chosen for each partition. As no closely related fossil taxa 

were available, the analysis was calibrated using published molecular 
clock rates for scorpions (Gantenbein and Largiadèr, 2002; Gantenbein 
et al., 2005; Graham et al., 2012, 2013a,b, 2017, 2019; Bryson et al., 
2013a,b, 2014). The ucld.mean was set to a normal distribution for the 
COI and 16S loci with the following settings: μ = 0.007, σ = 0.00146 for 
COI and μ = 0.005, σ = 0.00270 for 16S (Graham et al., 2019). A uni
form prior was applied to the ucld.mean for the 12S, 28S and ITS2 loci, 
with the following settings: min = 0.002, max = 0.5 for 12S, and min =
0.0001, max = 0.01 for 28S and ITS2 (Bryson et al., 2013a). A Markov 
Chain Monte Carlo (MCMC) analysis with 500 million generations, 
sampling every ten thousand generations, was performed in two inde
pendent searches. Tracer v. 1.7.1 (Rambaut et al., 2014) was used to 
ensure that Effective Sample Size (ESS) values were >200 and assess 
convergence of the two independent runs. Tree files were combined in 
LogCombiner v. 1.10.4, removing the first 25% of samples as burnin. 
TreeAnnotator v. 1.10.4 was used to find the maximum clade credibility 
tree of the combined tree files. 

2.8. Ancestral range estimation 

An ancestral range estimation analysis was performed on the time- 
calibrated phylogeny using the R package BioGeoBEARS v. 1.1.1 
(Matzke, 2013a,b, 2014). The drop.tip function from the R package ape 
(Paradis et al., 2004) was used to remove the outgroup, A. amoreuxi, and 
the force.ultrametric function from the R package phytools (Revell, 
2012), to constrain the tree to be ultrametric. Four biogeographical 
areas were defined following Machado et al. (2020): west of the Nile 
River; east of the Nile River; the Levant; and the Arabian Peninsula. 
Terminal species were scored as present or absent in each area. The 
maximum number of areas that a given species was allowed to occupy 
was set to four. Three models, Dispersal-Extinction-Cladogenesis (DEC), 
DIVALIKE, and BAYAREALIKE, were tested, and an additional jump 
dispersal parameter (j) tested for each model. Statistical analyses pro
duced log-likelihoods of each model and the best model was selected 
using the corrected Akaike Information Criterion (AICc), appropriate for 
small datasets (Supplementary Table S5). 

3. Results 

3.1. DNA sequence composition and pairwise distances 

As in other scorpion families (Prendini et al., 2003; González- 
Santillán and Prendini, 2015), the mitochondrial loci were more vari
able. The proportion of variable and parsimony-informative sites in the 
mitochondrial 12S, 16S and COI loci was 34%, 33%, 26% and 26%, 
27%, 21%, respectively (Table 2). In contrast, only 3% of the sites were 
variable and 2% parsimony-informative in the nuclear 28S. These low 
values are similar to those reported in a species-level analysis of scor
pions (Talal et al., 2015) and predictably lower than reported in genus- 
level analyses (Prendini et al., 2003; González-Santillán and Prendini, 
2015). Nevertheless, as shown in scorpions and other arthropods (e.g., 
Wiemers et al., 2009; Bryson et al., 2013a), the nuclear ITS2 fragment 
contained more variable (29%) and parsimony-informative (15%) sites. 
A total of 518 (23%) sites were variable and 365 (16%) parsimony- 
informative in the concatenated dataset. The estimated overall transi
tion to transversion ratio (ts:tv; Table 2) was 0.71, higher than the ex
pected value of 2 (González-Santillán and Prendini, 2015). The 
mitochondrial loci were characterized by an AT-bias, with 73% mean 
AT-content for 16S and 12S, and 62% mean AT-content for COI, whereas 
the nuclear loci were more GC-rich with 57% and 53% mean GC-content 
for 28S and ITS2, respectively (Table 2). 

Mean uncorrected pairwise distances of the COI locus varied from 
11.6 to 13.7% between A. amoreuxi and the seven species of Buthacus 
(Table 3). Among the species of Buthacus, mean uncorrected pairwise 
distances of the COI locus were highest between B. levyi and B. nitzani 
(11.2%) and lowest between B. leptochelys and B. nitzani (2.1%). Mean 
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uncorrected pairwise distances of the COI locus within species of 
Buthacus (Table 3) were lowest among populations of B. amitaii (0.2%) 
and highest among populations of B. nitzani (1.4%). 

3.2. Phylogenetic analyses 

Simultaneous analysis of the molecular dataset and 22 qualitative 
morphological characters with parsimony and equal weighting or 
implied weighting (k = 1, 3, 10, 60, or 100) recovered each species of 
Buthacus as monophyletic (Table 4). Relationships among the species 
were mostly consistent among the analyses except for the position of 
B. nitzani, placed sister to B. leptochelys in the parsimony analyses with 
equal weighting or implied weighting with k = 3, 10, or 100, but sister to 
B. amitaii in the analyses with implied weighting and k = 1 or 60. 
Simultaneous analysis of the molecular dataset and qualitative 
morphological characters with ML also recovered each species as 

monophyletic with high (≥93% for B. arava, B. arenicola, B. levyi, and 
B. yotvatensis) or moderate (64–76% for B. leptochelys and B. nitzani) 
bootstrap support, and placed B. nitzani sister to B. amitaii with moderate 
bootstrap support (69%). Simultaneous analysis of the molecular dataset 
and qualitative morphological characters with BI and ML, including 
ascertainment bias with Lewis correction, recovered each species as 
monophyletic with high posterior probabilities (≥0.92), except for 
B. nitzani, which was rendered paraphyletic by B. leptochelys. Relation
ships among the other species recovered with BI and ML with Lewis 
correction were identical to the relationships recovered with parsimony 
and ML, and received high support (≥0.93). 

Simultaneous analysis of the molecular dataset, 48 quantitative 
morphological characters (analyzed as range and mean ratios), and 17 
qualitative morphological characters with parsimony and equal 
weighting or implied weighting (k = 1, 3, 10, 60, or 100) recovered each 
species of Buthacus as monophyletic. Relationships among the species 

Table 3 
Mean between-species and within-species (boldface) uncorrected pairwise (p) distances of the Cytochrome c Oxidase Subunit I locus for sand scorpions, genus Buthacus 
Birula, 1908 (Buthidae C.L. Koch, 1837): Buthacus amitaii Cain et al., 2021; Buthacus arava Cain et al., 2021; Buthacus arenicola (Simon, 1885); Buthacus leptochelys 
(Ehrenberg, 1828); Buthacus levyi Cain et al., 2021; Buthacus nitzani Levy et al., 1973; Buthacus yotvatensis Levy et al., 1973.   

B. amitaii B. arava B. arenicola B. leptochelys B. levyi B. nitzani B. yotvatensis 

B. amitaii 0.0024       
B. arava 0.0993 0.0027      
B. arenicola 0.1032 0.0856 0.0119     
B. leptochelys 0.0360 0.1072 0.1063 0.0082    
B. levyi 0.1106 0.0870 0.0601 0.1088 0.0067   
B. nitzani 0.0296 0.1097 0.1074 0.0213 0.1116 0.0137  
B. yotvatensis 0.0990 0.0924 0.1007 0.1034 0.1076 0.1017 0.0034  

Table 4 
Nodal stability for species and clades in phylogenetic analysis of sand scorpions, genus Buthacus Birula, 1908 
(Buthidae C.L. Koch, 1837), based on separate and simultaneous analysis of 22 (Qual) or 17 (Qual-r) qualitative 
morphological characters, 48 quantitative (Quan) morphological characters and 2218 aligned base-pairs of DNA 
from two nuclear and three mitochondrial loci (Mol) datasets using Maximum Likelihood (ML) including ascer
tainment bias with Lewis correction (ML-Asc), Bayesian Inference (BI) and parsimony with equal weighting (EW) 
or implied weighting (IW) with five values of the concavity constant (k). Black cells indicated clades and taxa 
recovered under various parameters. Species abbreviated as follows: ami: Buthacus amitaii Cain et al., 2021; ara: 
Buthacus arava Cain et al., 2021; are: Buthacus arenicola (Simon, 1885); lep: Buthacus leptochelys (Ehrenberg, 1828); 
lev: Buthacus levyi Cain et al., 2021; nit: Buthacus nitzani Levy et al., 1973; yot: Buthacus yotvatensis Levy et al., 1973.  
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Fig. 3. Phylogeny of 104 samples of sand scorpions, genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837) and an outgroup, Androctonus amoreuxi (Linneaus, 
1758) inferred from Maximum Likelihood analysis of 22 qualitative morphological characters and 2218 aligned base-pairs of DNA sequence from three mitochondrial 
gene loci, 12S rDNA, 16S rDNA, and Cytochrome c Oxidase Subunit I, and two nuclear gene loci, 28S rDNA and the Internal Transcribed Spacer (ITS2). Lewis (Mk) 
model applied to morphological partition and GTRGAMMA model to molecular partition. Codes for terminals denote species, site and sample number (Supple
mentary Material S2). Bootstrap support values indicated at nodes. Nodal stability for species and clades in RAxML analysis of each locus represented by circles below 
nodes. Loci order (left to right): 12S, 16S, CO1, 28S, ITS. Black and white circles indicate supported and unsupported clades, respectively. 
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were consistent with simultaneous analyses of the molecular dataset and 
qualitative morphological characters except that B. nitzani was placed 
sister to B. amitaii in the analyses with equal weighting or implied 
weighting and k = 1, 60, or 100, and sister to B. leptochelys in the ana
lyses with implied weighting and k = 3 or 10 (Table 4). Relationships 
among the species were congruent when quantitative characters were 
analyzed as range or mean ratios, however. 

Separate analysis of the molecular dataset with ML or BI recovered 
each species as monophyletic except for B. nitzani, again rendered par
aphyletic by B. leptochelys (Table 4). Each species and clade received 
high bootstrap (≥83%) and posterior probability (≥0.92) support values 
except the clade comprising B. leptochelys and B. nitzani, which received 
moderate bootstrap support (56%). 

Despite the abovementioned differences, all analyses identified two 
major clades that were geographically-delimited (Fig. 3): an African 
clade comprising species distributed across North Africa, from Tunisia to 
the Sinai Peninsula, and into Israel, west of the Jordan Valley (i.e., 
B. amitaii, B. arenicola, B. leptochelys, B. levyi and B. nitzani), and an Asian 
clade comprising species from Israel and Jordan, in the southern part of 
the Jordan Valley (known as the Arava Valley), and to the east thereof (i. 
e., B. arava and B. yotvatensis). 

The African clade was further divided into two subclades. One sub
clade comprised B. leptochelys from Egypt (sites 10–12 in Table 1; 
Fig. 2B), and B. amitaii and B. nitzani from the Negev Desert in Israel 

(sites 1–9 and 13–15 in Fig. 2C). The other subclade comprised 
B. arenicola from Tunisia (sites 16–18 in Fig. 2A) and B. levyi from Israel, 
Sinai and mainland Egypt (sites 9 and 20–23 in Fig. 2B, C), and two 
additional specimens from mainland Egypt without accurate locality 
data (site 19 in Table 1). Specimens collected in close proximity (sites 9 
and 20) to localities from which B. arenicola was previously reported in 
Sinai (Levy and Amitai, 1980) were found to be distinct from pop
ulations in the vicinity of the type locality of B. arenicola in Tunisia 
(Table 1, Figs. 2, 3), and grouped together with specimens from main
land Egypt, including localities west of the Nile River (Fig. 2B), justi
fying their recognition as a distinct species, B. levyi, by Cain et al. (2021). 

The Asian clade comprised specimens of B. arava and B. yotvatensis 
(Fig. 3) from localities in the Arava Valley (sites 24–29 and 31–33 in 
Fig. 2C), extending slightly west to Ein-Zik (site 30 in Fig. 2C). 

3.3. Divergence time estimation analysis 

The divergence time estimation analysis produced a fully dichoto
mous tree (Fig. 4), congruent with results of the phylogenetic analyses 
described above: (A. amoreuxi ((B. arava B. yotvatensis) ((B. arenicola B. 
levyi) (B. amitaii (B. leptochelys B. nitzani))))). The monophyly of species 
and clades received high posterior probability support (≥0.89). Diver
gence between the ancestors of the African and Asian clades occurred 
around 19 Ma whereas divergence between the ancestors of B. arava and 
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Fig. 4. Estimation of ancestral ranges of sand scorpions, genus Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837) across four biogeographical areas, using Bio
GeoBEARS: (A) west of the Nile River; (B) east of the Nile River; (C) the Levant; (D) the Arabian Plate. Reconstructions plotted on dated phylogeny produced using 
BEAST v. 1.10.4 after analysis of 2202 aligned base-pairs of DNA sequence from three mitochondrial gene loci, 12S rDNA, 16S rDNA, and Cytochrome c Oxidase 
Subunit I, and two nuclear gene loci, 28S rDNA and the Internal Transcribed Spacer 2 (ITS2), for reduced dataset comprising one exemplar terminal per species and 
an outgroup, Androctonus amoreuxi (Linneaus, 1758). Numbers at nodes indicate divergence dates in millions of years (Ma). Regions-map constructed with ArcGIS 
Pro v. 2.6.0. Median ages presented above nodes and 95% confidence interval of median ages presented below. 
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B. yotvatensis occurred around 10 Ma, and between the two subclades of 
the African clade (i.e., the subclade comprising B. arenicola and B. levyi, 
and the subclade comprising B. amitaii, B. leptochelys, and B. nitzani), 
around 15 Ma. 

3.4. Ancestral range estimation 

The DEC model was chosen as the most appropriate due to the lowest 
log likelihood and best AICc score (Supplementary Table S5). The 
following ancestral ranges were recovered for each species based on this 
model: Arabian Peninsula for B. arava and B. yotvatensis; the Levant for 
B. amitaii and B. nitzani; and west of the Nile River for B. arenicola. The 
ancestral ranges for B. leptochelys and B. levyi encompassed North Africa 
(east and west of the Nile River) and the Levant. The Levant was 
recovered as the ancestral area for the African clade and the Arabian 
Peninsula as the ancestral area for the Asian clade. 

4. Discussion 

4.1. African and Asian clades separated by Great Rift Valley 

The analyses presented here identified two distinct clades: an African 
clade, represented within the study area by species extending from 
Tunisia (B. arenicola), through Egypt and Sinai (B. leptochelys, B. levyi), 
the western Negev Desert and southern coastal plain of Israel (B. nitzani), 
to the northern Negev Desert (B. amitaii), and an Asian clade, repre
sented by species inhabiting the southern part of the Jordan Valley (i.e., 
the Arava Valley) and vicinity (B. arava and B. yotvatensis) (Fig. 2). The 
recognition of two geographically-delimited clades of Buthacus in Africa 
and Asia, approximately separated by the Jordan Valley (the Jordan Rift 
Valley or Syro-African Depression), the northernmost part of the Great 
Rift Valley, which extends all the way to southern Africa, was also 
supported by morphological evidence, including an NMDS analysis in 
which B. arava and B. yotvatensis clustered separately from five Buthacus 

species occurring west of the Jordan Valley (Cain et al., 2021; Fig. 5). 
These findings were independently recovered in a recent phyloge

netic analysis by Alqahtani and Badry (2020), based on 16S rDNA se
quences for seven ingroup terminals, representing three species of 
Buthacus, which recovered a clade comprising two African species, 
B. arenicola and B. leptochelys, to the exclusion of an Asian species, 
B. nigroaculeatus. Whereas the Egyptian samples referred to as 
B. arenicola by Alqahtani and Badry (2020) are undoubtedly conspecific 
with B. levyi, as defined by Cain et al. (2021), B. nigroaculeatus is closely 
related to B. yotvatensis, and was originally described as a subspecies 
thereof (Levy et al., 1973). As such, the findings of Alqahtani and Badry 
(2020) are directly comparable with the study presented here, which 
was based on a far more extensive dataset and more exhaustive analyses. 

Numerous morphological characters differentiate members of the 
African and Asian clades of Buthacus. For example, the total body length 
of species in the Asian clade is often greater than that of species in the 
African clade (Table 5), and the tegument surfaces (notably the cara
pace, pedipalps, mesosomal tergites, metasoma and telson) are typically 
more granular in species of the Asian clade than species of the African 
clade, in which the surfaces are more glabrous. Morphological differ
ences characterizing the two clades are shared by other species not 
included in the phylogenetic or NMDS analyses. For example, B. arava 
and B. yotvatensis share characters such as the granular tegument sur
faces with other Buthacus species occurring east of the Jordan Valley, 
such as B. nigroaculeatus, from the Arabian Peninsula, and Buthacus 
tadmorensis (Simon, 1892), which extends across the Fertile Crescent, 
from northern Jordan, Syria, and Turkey, to Iraq and Iran (Cain et al., 
2021). 

Although it is conceivable that the African and Asian clades may 
constitute different genera, a notion first suggested for B. yotvatensis by 
Levy et al. (1973), implementing such a move would be premature, as 
the matter requires a more extensive phylogenetic analysis, including a 
broader sample of taxa. As noted by Cain et al. (2021), the limits of 
Buthacus with respect to several other psammophilous Palearctic buthid 
genera, e.g., Buthiscus Birula, 1905, Gint Kovařík et al., 2013, Liobuthus 
Birula, 1898, Pectinibuthus Fet, 1984, Plesiobuthus Pocock, 1900, Trypa
nothacus Lowe et al., 2019, and Vachoniolus Levy et al., 1973, some of 
which include species previously assigned to Buthacus (Kovařík et al., 
2013, 2016; Kovařík, 2018; Lowe et al., 2019; Alqahtani and Badry, 
2020), remain unclear. Kovařík et al. (2016) suggested, without pre
senting phylogenetic evidence, that Buthacus might be paraphyletic 
because many of the putative diagnostic characters for the genus appear 
to be plesiomorphic. A rigorous test of the monophyly of Buthacus, 

Fig. 5. Nonmetric multidimensional scaling (NMDS) plots of adult males (A) 
and females (B) of sand scorpions, genus Buthacus Birula, 1908 (Buthidae C.L. 
Koch, 1837), reproduced from Cain et al. (2021): Buthacus amitaii Cain et al., 
2021; Buthacus arava Cain et al., 2021; Buthacus arenicola (Simon, 1885); 
Buthacus leptochelys (Ehrenberg, 1828); Buthacus levyi Cain et al., 2021; 
Buthacus nitzani Levy et al., 1973; Buthacus yotvatensis Levy et al., 1973. 

Table 5 
Total body length (mm) for adult male and female sand scorpions, genus 
Buthacus Birula, 1908 (Buthidae C.L. Koch, 1837): Buthacus amitaii Cain et al., 
2021; Buthacus arava Cain et al., 2021; Buthacus arenicola (Simon, 1885); 
Buthacus leptochelys (Ehrenberg, 1828); Buthacus levyi Cain et al., 2021; Buthacus 
nitzani Levy et al., 1973; Buthacus yotvatensis Levy et al., 1973.  

Clade Species Sex n min max 

African B. amitaii 5 48.02 58.87   
5 48.49 50.78  

B. arenicola 2 54.26 54.39  
B. leptochelys 1 63.71 63.71   

4 63.15 68.00  
B. levyi 8 45.44 52.57   

9 53.61 62.03  
B. nitzani 8 47.46 58.53   

10 44.38 54.57 
Asian B. arava 7 61.77 75.00   

1 62.29 62.29  
B. yotvatensis 8 61.88 71.88   

6 71.66 85.06  
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which was beyond the scope of the present study, is in preparation. 

4.2. Invalid species groups 

The African and Asian clades invalidate the traditionally recognized 
B. arenicola and B. leptochelys groups, based primarily on the count of 
retrolateral accessory denticles on the movable finger of the pedipalp 
chela and, to a lesser extent, the pilosity of the metasoma (Levy et al., 
1973; Levy and Amitai, 1980; Kovařík, 2005; Alqahtani and Badry, 
2020). As originally proposed, species of the B. leptochelys group bear a 
complete, or almost complete, series of retrolateral accessory denticles 
on the chela movable finger, compared with species of the B. arenicola 
group, in which all or most of the retrolateral accessory denticles are 
absent (Levy et al., 1973; Levy and Amitai, 1980). Although Lourenço 
(2006) questioned the diagnostic value of retrolateral accessory denti
cles on the movable finger in Buthacus, based on significant variation 
observed within the B. arenicola and B. leptochelys groups, the character 
remained in widespread use (Kovařík, 2005; Lourenço, 2006; Zambre 
and Lourenço, 2010; Lourenço and Sadine, 2015; Kovařík et al., 2016; 
Kovařík, 2018; Alqahtani and Badry, 2020). 

Cain et al. (2021) confirmed the doubts of Lourenço (2006) con
cerning the utility of retrolateral accessory denticles on the movable 
finger in Buthacus. Some species of Buthacus were more likely to possess 
a complete series of denticles whereas others lacked them altogether, 
and an overlap was observed in the number of denticles between 
B. amitaii (0–10, n = 10) and B. levyi (0–5, n = 16), representing the 
B. leptochelys and B. arenicola groups, respectively. The phylogenetic 
analyses presented here further reinforce the conclusion that the two 
species groups constitute a false dichotomy. Buthacus leptochelys and 
B. nitzani, previously assigned to the B. leptochelys group (Levy et al., 
1973; Levy and Amitai, 1980), were monophyletic with B. arenicola, of 
the B. arenicola group, to the exclusion of B. yotvatensis, also previously 
assigned to the B. leptochelys group, rendering the B. leptochelys group 
paraphyletic (Fig. 3). 

As with counts of retrolateral accessory denticles on the chela 
movable finger, metasomal pilosity cannot be used to separate the two 
groups (contra Levy et al., 1973; Alqahtani and Badry, 2020). Although 
densely setose in several species of the Asian clade, e.g., 
B. nigroaculeatus, B. tadmorensis and B. yotvatensis, the metasoma and 
telson are sparsely setose in the closely related B. arava, as in species of 
the African clade previously assigned to the B. arenicola and 
B. leptochelys groups (Cain et al., 2021). 

4.3. Species limits and cryptic diversity 

The limits of two African species, B. arenicola and B. leptochelys, 
resolved by the morphological investigation of Cain et al. (2021), were 
confirmed by the phylogenetic analyses presented here. Levy and Amitai 
(1980) noted that the distributions of B. arenicola and B. leptochelys 
overlap in parts of Egypt and that the population of B. arenicola in the 
Sinai Peninsula differs morphologically from the population in Algeria 
and Tunisia, suggesting it may represent a distinct subspecies, an 
opinion shared by Lourenço (2006). Following examination of the types 
of B. arenicola and B. leptochelys, in addition to material from the vicinity 
of the type locality of B. arenicola, in Tunisia, and from mainland Egypt, 
the Sinai Peninsula, and Israel, Cain et al. (2021) confirmed the 
distinction between B. arenicola and B. leptochelys, and previous sug
gestions that the population of B. arenicola in Egypt and Israel is distinct 
from the typical population in Algeria and Tunisia (Levy and Amitai, 
1980; Lourenço, 2006). The phylogenetic analyses presented here, 
which include specimens from the vicinity of the type locality of 
B. arenicola in Tunisia, and from mainland Egypt and the Sinai Penin
sula, confirmed that B. arenicola is restricted to central Tunisia and 
northeastern Algeria, and the population previously identified as 
B. arenicola from Egypt and Israel represents a distinct species, described 
by Cain et al. (2021) as B. levyi. The two allopatric species (Fig. 2) form 

well-supported clades (Fig. 3), and differ morphologically (ADONIS: R2 

= 0.36, Pr = 0.043; Fig. 5). 
The analyses presented here also supported the elevation of 

B. nitzani, originally described as a subspecies of B. leptochelys (Levy 
et al., 1973; Levy and Amitai, 1980), to the rank of species by Cain et al. 
(2021). Although not reciprocally monophyletic in the separate analyses 
of the molecular dataset or the simultaneous analysis of the morpho
logical and molecular datasets with BI, B. leptochelys and B. nitzani were 
reciprocally monophyletic in all other simultaneous analyses. This 
finding, taken together with their consistent morphological differences, 
confirmed by the NMDS analysis (Fig. 5), justifies their recognition as 
distinct species. Buthacus leptochelys is restricted to mainland Egypt and 
the Sinai Peninsula, whereas B. nitzani is endemic to Israel (Cain et al., 
2021). 

The phylogenetic analyses presented here also revealed a cryptic 
species, described by Cain et al. (2021) as B. amitaii. Specimens from 
three sites in the northeastern Negev Desert (sites 13–15 in Fig. 2C), 
including material identified as B. leptochelys by Levy and Amitai (1980), 
were consistently separated from B. leptochelys and B. nitzani by all 
phylogenetic analyses, despite failing to separate clearly in the NMDS 
analysis (Fig. 5). Upon closer examination, distinct morphological 
characters were observed in these specimens, e.g., the posterior granules 
on the ventrosubmedian and ventrolateral carinae of the second and 
third metasomal segments, and the ventrolateral carinae of the fifth 
segment, were much more pronounced than in B. nitzani (Cain et al., 
2021). Such processes are considered an ecomorphological adaptation 
in species which use the metasoma for loosening hard, gritty soil in 
burrow construction (Barahoei et al., 2021; Prendini, 2001a,b; Prendini 
et al., 2003), consistent with the compacted sand and loess typical of the 
northeastern Negev Desert, inhabited by B. amitaii (Singer, 2007). In 
contrast, the smooth ventral surfaces of the metasomal segments of 
B. nitzani are consistent with the semi-consolidated to unconsolidated 
sand dunes in which this species occurs (sites 1–9 in Fig. 2C). 

Despite the superficial similarity between B. arava and B. nitzani, 
both of which inhabit semi-consolidated to unconsolidated sand dunes, 
the phylogenetic analyses (Fig. 3) confirmed the NMDS analysis (Fig. 5) 
that this similarity is convergent. Buthacus arava is a member of the 
Asian clade, more closely related to the morphologically disparate 
B. yotvatensis, with which it is sympatric at several localities (e.g., sites 
24–26 in Fig. 2C). The many morphological differences between B. arava 
and other species in the Levant are elaborated by Cain et al. (2021). 

4.4. The Levant as crossroads between Africa and Asia 

Most of the Negev Desert and Sinai Peninsula form part of the 
phytogeographical Saharo-Arabian region, with sandy desert habitats 
extending along the coastal plain of Israel to the southern part of the 
Jordan Valley, known as the Arava Valley (Kugler, 1988), and neigh
boring countries in Asia. The colonization of this area by Saharan ele
ments is attributed to dispersal along the narrow stretch of sand dunes in 
northern Sinai and the southern coastal plain by psammophilous taxa 
(Tchernov, 1988). These African and Asian influences match the two 
major clades reported here. The location of the Levant as a continental 
crossroads, combining Asian and African influences, is further exem
plified by the distribution of other psammophilous taxa. For example, 
among horned vipers (Cerastes Laurenti, 1768) and short-fingered 
geckos (Stenodactylus Fitzinger, 1826), the Arava Valley represents the 
westernmost tip of the Asian species, Cerastes gasperettii Leviton and 
Anderson, 1967, and Stenodactylus doriae (Blandford, 1874), whereas 
Cerastes vipera (L., 1758) and Stenodactylus petrii J. Anderson, 1896 from 
North Africa and Sinai, extend northeast to the western Negev (Werner, 
1988; Werner et al., 1991; Fujita and Papenfuss, 2011; IUCN 2019). 
Similarly, in mammals, the psammophilous gerbil, Gerbillus nanus 
Blanford, 1875, is distributed in Asia, the Arabian Peninsula, and the 
Arava Valley, whereas the North African gerbils, Gerbillus andersoni de 
Winton, 1902 and Gerbillus pyramidum Geoffroy, 1825, extend along the 
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coastal plain of Israel, but do not reach the Arava Valley (Abramsky 
et al., 1985). 

The patterns of distribution of African and Asian taxa in Israel and 
the Sinai Peninsula are best explained by plate tectonics. Approximately 
20 Ma, the Afro-Arabian plate collided with the Eurasian plate, con
necting the two continents via the Gomphotherium Landbridge (Rögl, 
1999; Harzhauser et al., 2007; Hou and Li, 2018; Georgalis et al., 2020), 
which existed in present-day Turkey, Syria and Iraq. Several studies 
hypothesized that the formation of this land bridge was crucial for 
faunal exchange between Africa and Asia, enabling many vertebrate 
taxa to move across in both directions (Pook et al., 2009; Sen, 2013; 
Kapli et al., 2015; Machado et al., 2020). Further south, the Levantine 
Corridor, spanning the Jordan Valley between Israel and Jordan, pro
vided another land bridge for dispersal between Africa and Asia from the 
Early Miocene onwards (López-Antoñanzas et al., 2016, 2019; Grossman 
et al., 2019). The divergence time estimation analysis of sand scorpions 
presented here supports these hypotheses, as the African and Asian 
clades of Buthacus diverged in the Early Miocene (19 Ma) and the Levant 
was the ancestral area for both clades (Fig. 4). More recent divergences 
reported here between B. amitaii, from the northeastern Negev Desert, 
and B nitzani from the western Negev Desert and southern coastal plain 
of Israel, may be have resulted from uplift of the Central Negev within 
the last 2 Ma (Horowitz, 1988). 

5. Conclusions 

The study presented here set out to resolve the systematics and 
biogeography of the sand scorpions, genus Buthacus, occurring in the 
Levant. The results invalidate the traditional B. arenicola and 
B. leptochelys species groups. Instead, two geographically-delimited 
clades were recovered, representing African and Asian lineages, the 
divergence of which coincides temporally with the existence of land 
bridges that facilitated dispersal between Africa and Asia in the Early 
Miocene. The results agree with a previous study of Buthacus based on a 
single mitochondrial locus, and with biogeographical studies of other 
taxa in the region. Although the sampling includes only a small pro
portion of the known species of Buthacus and focuses on the Levant, the 
results provide a starting point for understanding the origins and 
diversification of this widespread Palearctic scorpion genus. The inclu
sion of additional species from across the distribution in future in
vestigations will clarify the systematic limits and biogeographical 
history of sand scorpions in more detail. 
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2007. Biogeographic responses to geodynamics: A key study all around the Oligo- 
Miocene Tethyan Seaway. Zool. Anz. 246, 241–256. 

Horowitz, A., 1988. The Quaternary environments and paleogeography in Israel. In: 
Yom-Tov, Y., Tchernov, E. (Eds.), The Zoogeography of Israel. Dr. W. Junk, Boston, 
pp. 35–57. 

Hou, Z., Li, S., 2018. Tethyan changes shaped aquatic diversification. Biol. Rev. 93, 
874–896. 

International Union for the Conservation of Nature (IUCN), 2019. The IUCN Red List of 
Threatened Species. Version 2019-2. Available at http://www.iucnredlist.org 
(accessed 7.10.19). 

Kabakibi, M.M., Khalil, N., Amr, Z., 1999. Scorpions of southern Syria. Zool. Middle East 
17, 79–89. 

Kapli, P., Lymberakis, P., Crochet, P.-A., Geniez, P., Brito, J.C., Almutairi, M., 
Ahmadzadeh, F., Schmitz, A., Wilms, T., Pouyani, N.R., Poulakakis, N., 2015. 
Historical biogeography of the lacertid lizard Mesalina in North Africa and the 
Middle East. J. Biogeogr. 42, 267–279. 
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