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Nuclear and mitochondrial markers reveal the existence of two para-
patric scorpion species in the Alps: Euscorpius germanus (C. L. Koch,
1837) and E. alpha Caporiacco, 1950, stat. nov. (Euscorpiidae). - A
molecular (mtDNA and allozyme) data set reveals a clear divergent
phylogeny within the Alpine scorpion species Euscorpius (Alpiscorpius)
germanus (C. L. Koch, 1837). Two distinct (ca. 7 % DNA sequence diver-
gence), monophyletic clades exist which are geographically separated by
the Adige (Etsch) River in northern Italy. At the allozyme level, these
population groups are fixed for alternative alleles at eight out of 18 gene
loci and correspond roughly to the morphological subspecies E. g. germa-
nus and E. g. alpha. No evidence of introgressive hybridization between the
two groups is shown by the allozyme data. The branching points of the two
population groups are found at unusually high distances compared with the
outgroup taxa E. gamma Caporiacco, 1950 and E. flavicaudis (De Geer,
1778). The subspecies E. g. alpha is therefore elevated to species level:
Euscorpius alpha Caporiacco, 1950, stat. nov. A neotype for E. germanus
(C. L. Koch, 1837) and lectotypes for E. alpha stat. nov., E. germanus beta
syn. nov. of E. alpha, and E. germanus croaticus are designated. Phylo-

genetic and biogeographic implications are discussed.

Key-words: Scorpions - trichobothria - allozymes - 16S mtDNA - biogeo-

graphy - parapatric species - Alps - phylogeny.

INTRODUCTION

Several species of the scorpion genus Euscorpius Thorell, 1876 (Euscorpiidae)
are common in the circum-Mediterranean region and in southern Europe. Taxonomy
of this genus is not well resolved; there are currently seven “good” species, and 40 (!)
formally valid subspecies in Euscorpius (Fet & Sissom, 2000; Scherabon et al.,
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2000). Recently, we began to apply molecular data to solve complicated taxonomic
problems in this genus (Gantenbein & Scholl, 1998; Gantenbein et al., 1998, 1999a;
Fet et al., 1999; Scherabon et al., in press). This paper reports new phylogenetic data,
based on the analyses of mtDNA sequences and allozymes, from the Alpine
populations, which have been traditionally placed in Euscorpius germanus (C. L.
Koch, 1837).

E. germanus is a mountainous species, recorded from the western Balkans,
Austria, northern Italy and southern Switzerland (Capra, 1939; Caporiacco, 1950;
Valle et al, 1971; Bonacina, 1980; Scherabon, 1987; Crucitti, 1993; Fet &
Braunwalder, 1997; Gantenbein et al., 1998). Scorpion taxa are traditionally classified
using morphological characters such as variation in the trichobothrial numbers and
patterns (‘trichobothriotaxy’) (Birula, 1900, 1917; Hadzi 1931; Vachon 1962, 1981).
However, molecular markers have recently become a powerful tool for evaluating the
taxonomic status of populations and subspecies/species. The combination of nuclear
and mitochondrial markers has been efficiently applied to detect introgression
between taxa (Barton & Hewitt, 1989; Harrison, 1990; Bernatchez et al., 1995). The
subspecies Euscorpius germanus gamma Caporiacco 1950 was recently elevated to
species rank (Scherabon et al., in press) after using allozyme and mtDNA data.
Gantenbein et al. (1998) and Gantenbein & Scholl (1998) demonstrated that the Swiss
E. germanus populations probably have originated from two different refuges during
the glaciations, forming two genetically highly divergent population groups. In order
to further clarify the taxonomic status of the two subspecies E. g. germanus and E. g.
alpha and to confirm the hybrid zone between these taxa assumed by Bonacina
(1980), we initiated a molecular survey applying previously established nuclear (allo-
zymes) and mitochondrial (16S mtDNA sequences) gene markers.

METHODS AND MATERIALS

SPECIMENS ANALYSED

A map of Switzerland, northern Italy, Austria and Slovenia from where E.
germanus samples were collected is given in Fig. 1. Two outgroup species were
collected, Euscorpius gamma Caporiacco, 1950 (see Scherabon et al., 2000) from
Koschuta (Carinthia, Austria) and Euscorpius flavicaudis (DeGeer, 1778) from Lauris
(Vaucluse, France). The animals were caught in a sampling area of about 100-300 m?
and were brought alive to the laboratory where they were killed by deep-freezing and
stored in -80°C prior to biochemical analyses. In general, only few animals were
taken from one site because small sample sizes (N < 10) are already expected to result
in relatively good estimates of gene frequences at allozyme loci. Previous studies
reported a low genetic variability within E. germanus populations (Gantenbein et al.,
1998, 1999a). Sample sizes are given in appendix 1. After biochemical analyses, the
animals were transferred to 70 - 80% ethanol for morphological analysis.
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DNA ANALYSIS

DNA extraction and sequencing techniques: A comparative analysis of the
mitochondrial 16S ribosomal RNA and allozymes has been recently used for
resolving species-level phylogeny of Euscorpius (Gantenbein er al., 1999a); this
contribution should be consulted for the technical details and protocols. Total DNA
was extracted from fresh or preserved (95% ethanol) muscle tissue using a standard
extraction method. An approximately 400 bp long fragment of the mitochondrial (mt)
16S rRNA gene was amplified by the polymerase chain reaction (PCR) using the
primers 16Sbr (= LR-J-12887), (Simon et al. 1994; CGATTTGAACTCAGATCA;
forward, 18-mer) and a scorpion-specific reverse primer (GTGCAAAGGTAGCA-
TAATCA, 20-mer). A total of 25 mtDNA sequences was used for the analysis (Table
1). For further analysis, all ambiguities and indels were excluded, as suggested by
Swofford et al. (1996), with 357 characters remaining.

Haplotype diversity: We calculated the haplotype (gene) diversity (Nei, 1987),
the nucleotide diversity m (Nei & Li, 1979) and the number of segregating (poly-
morphic) sites (S) among sequences of E. germanus. Neutrality of mutations within
each species was examined by using Tajima’s D test (1989). The genetic variability
estimates and the neutrality tests were calculated using the computer program DnaSP
(Rozas & Rozas, 1999).

Phylogenetic analyses: We applied character-matrix-based methods (maxi-
mum parsimony (MP) and maximum likelihood (ML)) methods (Felsenstein, 1981a)
as well as distance-based methods (neighbour-joining (NJ) cluster algorithm) (Saitou
& Nei, 1987). The beta-version of the computer program PAUP* 4.0 (Swofford,
1998) was used for all phylogenetic DNA analyses. We calculated hierarchical
likelihood ratio tests, in order to find the most appropriate model of DNA substitution,
using the program MODELTEST 2.0 (Posada & Crandall, 1998). This program
calculates the likelihood ratio statistic 8 = -2 log A where A is defined as

_ max [Ly(NullModel |Data))
" max [Li(AlternativeModel |Data)]

with L being the likelihood under the null hypothesis (simple model) and L, being
the likelihood under the alternative hypothesis (more complex, parameter rich,
model). When the models compared are nested (the null hypothesis is a special case
of the alternative hypothesis) and the null hypothesis is correct, the & statistic is
asymptotically distributed as x2 with q degrees of freedom (q is the difference in
number of free parameters between the two models). In the next step, a test for the
molecular clock hypothesis (i. e. rate constancy among lineages) was calculated (x2
distributed, df= N - 2 OTUs). Details on model testing using maximum likelihood
ratios are given in Huelsenbeck & Rannala (1997) and in Huelsenbeck & Crandall
(1997). The likelihood ratio tests suggested the Tamura & Nei (1993) model with rate
heterogeneity (TrN93 + I'), which is a submodel of the general-time-reversible (GTR)
substitution model (Rodriguez ez al., 1990, Yang et al., 1994). All parameters (base
frequencies, rate matrix) were estimated via maximum likelihood. The rate
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heterogeneity among sites was assumed to follow a gamma distribution (shape para-
meter o was ML-estimated) with four categories, each represented by its mean (Yang,
1994). Phylogenetic analysis is facilitated when rates are equal among lineages.
However, the test for the molecular clock was rejected at the 0.01 level, therefore, the
tree search was carried out without enforcing the clock.

For ML analyses the tree space was explored using the heuristic search option
implemented in PAUP* with random addition of sequences (100 replicates, tree
bisection-reconnection (TBR) branch-swapping algorithm). For the MP analysis the
transitions (ti) were weighted twice over transversions (tv) according to the ML
estimated ti / tv ratio using the HKY85 (Hasegawa et al., 1985) model, and the tree
search was done using the branch-and-bound search option. To save computing time,
identical haplotypes were eliminated. The consistency index (CI) and the retention
index (RI) (Kitching et al., 1998) were calculated as measures for tree stability with
PAUP*.

Alternatively, pairwise ML-distances were estimated using the TIN93 + I’
model. Estimating distances via ML has the advantage of constant parameters over all
pairwise comparisons and consequently the variance of distances is reduced. These
distances were used as a matrix for neighbour-joining (NJ) clustering (Saitou & Nei,
1987). NJ is assumed to be a good heuristic approach for estimating the minimum
evolution tree (Page & Holmes, 1998). The trees were rooted using two outgroup
species: E. gamma and E. flavicaudis. The trees were bootstrapped resampling 1,000
data sets with 357 characters.

DNA SEQUENCE AVAILABILITY

All sequences were deposited in the EMBL Nucleotide Sequence Database
with the following accession numbers: E. alpha stat. nov.: EalGO (= EalFO) =
AJ389379; EalRA = AJ271886; EalSP = AJ286751; EalSG = AI286752; EalCA =
AJ286753; EalOL = AJ286754; EalSO = AJ286755; EalTA = AJ286756; EalMA (=
EgeML) = AJ286757; E. germanus: EgeVO (= EgeSH = EgeSM = EgeTz = EgeKR =
EgeVE) = AJ389380; EgeOB (= EgeDE = EgeST) = AJ249553; EgeBO = AJ286758,;
EgeME = AJ286759; EgeCR = AJ249552; E. gamma: EgaKO = AJ249554; E.
flavicaudis: EfILA = AJ389381. Abbreviations for haplotypes are given in appendix 1.

ALLOZYME ANALYSIS

Horizontal starch gel electrophoresis of allozymes was carried out according to
the protocols described in Harris & Hopkinson (1976) and Murphy et al. (1996). We
scored the same 18 loci as described in Gantenbein et al. (1998): N-(3-Aminopropyl)-
morpholine-citrate (AC, pH 6.2, modified from Clayton & Tretiak 1972), Tris-citrate
(TC, pH 7.3, Ayala et al. 1972) and Tris-borate-EDTA (TBE, pH 9.3, modified from
Ayala et al., 1972). The loci scored were: AAT-1 and AAT-2 (aspartate amino-
transferase; EC 2.6.1.1), ALPDH (alanopine dehydrogenase; EC 1.5.1.17), ARK
(arginine kinase; EC 2.7.3.3), DDH (dihydrolipoamide oxidase; EC 1.8.1.4), GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; EC 1.2.1.12), GTDH (glutamate dehy-
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drogenase; EC 1.4.1.2), GPI (PGI) (glucose-6-phosphate isomerase; EC 5.3.1.9), HK
(hexokinase; EC 2.7.1.1), IDH-1 and IDH-2 (isocitrate dehydrogenase; EC 1.1.1.42),
MDH-1 and MDH-2 (malate dehydrogenase; EC 1.1.1.37), MPI (mannose-6-
phophate isomerase; EC 5.3.1.8), PEP (pepdidase; EC 3.4.-.-), PGM (phospho-
glucomutase; EC 5.4.2.2), 6-PGD (6-phosphogluconate dehydrogenase; EC 1.1.1.44),
and PK (pyruvate kinase; EC 2.7.1.40). We refer to the observed electromorphs as
alleles which are identified by their electrophoretic mobility relative to the most
common mobility in the E. flavicaudis population from Lauris, France (assigned
mobility=100) as described in Gantenbein et al. (1998). To assess the genetic
variability within each population, the mean number of alleles per locus, the
percentage of polymorphic loci and the mean heterozygosity were calculated by the
direct count method and by Nei’s (1978) unbiased estimate. Calculations were done
using BIOSYS-1 (Swofford & Selander, 1989). Cavalli-Sforza & Edwards’ (1967)
chord distance was calculated from pairwise comparisons of populations using the
program GENDIST from the PHYLIP 3.5 package (Felsenstein, 1995). Using Nei’s
pairwise distances as an input matrix, an additive tree was created by the neighbour-
joining algorithm (NJ). Alternatively, an unrooted maximum likelihood tree was
calculated using the computer program CONTML. This estimates phylogenies by the
restricted maximum likelihood (REML) method, based on the Brownian motion
model (Cavalli-Sforza & Edwards, 1967). The REML algorithm was described in
Felsenstein (1973, 1981b). It uses less parameters than the full ML analysis and is
therefore considered to be more consistent. Additionally, the program calculates
branch lengths and rough confidence intervals for the branches. Bootstrap values were
obtained from 1,000 pseudo-replicates of allele frequencies using the SEQBOOT
routine in PHYLIP.

MORPHOLOGICAL ANALYSIS

We scored the number of pectinal teeth (Dp) and the numbers of trichobothria
on the ventral (Pv) and external (Pe) aspects of the palpal patella (called tibia by some
authors; see Hjelle, 1990). & & have higher numbers of pectinal teeth. We tested the
differences between two discovered clades using a one-sided #-test.

RESULTS

MOLECULAR ANALYSES

mtDNA data: We analysed 25 mtDNA sequences representing 17 different
haplotypes. The heuristic tree search (100 replicates) using maximum likelihood (ML)
revealed a single tree with a In likelihood of -904.57 (Fig. 2A). The nucleotide
fre;quencies within the 16S mtDNA were estimated via ML to A =0.332,C=0.13,G
= D.l2, and T = 0.41, respectively. The substitution rate matrix (R) was estimated via
MLtoA<->C=1,A<->G=190,A<>T=1,C<->G=1,C<->T=382,
and G <--> T = 1. The shape parameter o of the gamma distribution was estimated
via ML to 0.085. The relatively low estimate of o indicates a high rate of hetero-
geneity among nucleotide sites. The tree topology of the ML tree was identical to that
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(A) Maximum likelihood (ML) phylogeny based on the 16S mtDNA gene sequences in the
“western” clade (Euscorpius alpha stat. nov., Eal) and in the “eastern” clade (E. germanus,
Ege). The -In Likelihood was 904.57 using the model by Tamura & Nei (1993) with rate
heterogeneity (TrN93 + I'). (B) Strict consensus tree of six equally parsimonious trees (91
steps, CI = 0.80, RI = 0.85) calculated by weighted maximum parsimony (MP). Numbers at
nodes refer to bootstrap values calculated from 1,000 pseudoreplicates. Bootstrap values in
parentheses (in A) are from neigbour-joining (NJ) analysis, which resulted in the same tree
topology showing a deep split between both clades (species). Abbreviations for haplotypes are
explained in appendix L.

of a NJ tree (tree not shown) which was built using TIN93 + I" distances. The
bootstrap values for the ML tree and the NJ analysis (in parentheses) are given in Fig.
2A. This phylogeny splits all analysed mtDNA sequences of E. germanus into two
clearly distinct clades (“western” and “eastern”), both supported by relatively high
bootstrap values. ’
The analysis using weighted maximum parsimony (MP) revealed six equally
parsimonious trees with a tree score of 91 steps. 297 characters were constant, 27
characters were parsimony-informative. The consistency index (CI) for all eight trees
was 0.80 and the retention index (RI) was 0.85, respectively. Both indices indicate a
high tree stability. The strict consensus tree is shown in Fig. 2B. The deep splitting of
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two population groups in the MP analysis is consistent with the ML tree and the NJ
tree. However, the sequence from Crnice (EgeCR) showed an ambiguous grouping in
ML and NJ analysis. Therefore, the bootstrap values for the two clades were moderate
(about 70%) in ML and NJ analyses. This was not the case in MP analysis where both
clades were supported by high values (about 90%).

The DNA polymorphism of the 16S data is listed in Table 1 and in Appendix
II. The analysis of DNA variation revealed that 16 sites out of 357 characters were
polymorphic (segregating) among the eleven “western clade” sequences whereas 14
sites out of 364 were polymorphic among the twelve “eastern clade” sequences. The
probability that two randomly chosen haplotypes are different (= gene diversity) was
0.94 and 0.72, respectively (Table 1). Within the “western clade”, the average nucleo-
tide diversity 7 was 0.03 + 0.00, whereas in the “eastern clade” it was close to zero.
Tajimais D test statistics were not significant for both species.

TABLE 1: mtDNA diversity measures within the “western” and “eastern” clades (E. alpha stat.
nov. and E. germanus, respectively).

haplotype Average

Sample size  Number of (gene) Polymorphic Total Number numberof  Nucleotide 6 (=2 Ne p) per Tajima’s
n haplotypes diversity sites S of sites* nucleotide  diversity w site D**
differences
Western clade =
E. alpha stat. 11 8 0.95 16 357 5.78 0.0322 0.016 0.26
nov.
Eastern clade =

E. germanus 12 5 0.72 8 364 312 0.009 0.008 -1.39

* excluding indels and ambiguities.
** P>0.10

Allozyme data: The NJ tree based on allozyme gene frequency data at 18 loci
(appendix I) independently revealed a tree topology comparable to those obtained by
16S mtDNA sequence analysis. It splits all populations of E. germanus examined into
two highly divergent groups, a “western” and an ‘“eastern” one (Fig. 3). However,
bootstrap values of these two groups were not as high as in DNA analysis. This is
caused by the Crnice population, which in some cases exhibited ambiguous clade
groupings. The In Likelihood of the best tree (tree not shown) using the Restricted
ML (REM) criterion by Felsenstein (1981b) was -3647.51970 (14,688 trees explored)
and the topology was identical to that revealed by NJ analysis.

The genetic variation estimates within both clades are given for samples N > 4
in Table 2. The populations were fixed at many gene loci, therefore, the mean number
of alleles was approximatively one. Low genetic variability estimates were found for
the mean number of loci polymorphic (16%) and for the average heterozygosity (0.03
+ 0.02) (Table 2).

MORPHOLOGICAL ANALYSIS

We measured the number of pectinal teeths (Dp) in & 8 and @ ?from each of
the two major clades recognized by molecular analyses (Figs. 2-3). ? ¢ of the
“eastern clade” had significantly higher number (t = 2.29, P = 0.011) of pectinal teeth
((Dpjege + Dpright) /2) (mean = 6.05, s2 = 1.10, N = 83) than the 2 @ of the “western



851

PARAPATRIC ALPINE SCORPIONS (EUSCORPIIDAE)

‘sayeordaiopnasd o0 1

I0A0 paje[nofed sanfeA deiisiooq 01 I9J3I SOPOU 9Y) I8 SI9QUINN "190] SWAZO[[e §] UO Paseq ale SIOU)SIT 'XLew indul ue se (L96] ‘Sprempd
29 BZIOJS-1[[eAR))) JOURISIP PIOYD BZIOIS-1[eAr)) Suisn (s3103ds) sape[do oml ayl jo ( S N) sojdwes jo sisA[eue ({N) Sururof-~moqysoN ‘¢ Ol

S0UBISIP PIOYD (£961) BZIOJS-ll[eARD

] 001°0 00Z°0 00£°0 0040 0050
1 ] I R []
sIpnoojADY 3
pwwob 3 i
DI
ounjjog 169
a4opD) Ipozuoiny _
bangno.apisaqQ 16
unbIaps]
._um.o..“w_w_n__mn snNUDW.ISb *J =
UPDQUSNIDIS PO ULI)ISDD
241pp) Ip DI10G
V8
SuJIapNIYdS
6aaquajyory
Jiojsnw
DIDOZZag
D)OUJIAD]
bunaow
0Jpa7Ip u:__o«.._«o
ap1
ouLI63))94 uns Pavod 0L
OUIA|S
DjIqUIaIg *AOU "JD)S oY) F =
DJpUOY Ip D)OS]
DUOJD) IPD)I UIDISIM
0duDlg IUUDAOID UDS
oquiadg jo owyo
29440)0zZDIg
0p|0ZZaW

aJowauinjuoy



852 B. GANTENBEIN, V. FET, M. BARKER & A. SCHOLL

TABLE 2: Genetic variability estimates between the “western” and “eastern” clades (E. alpha
stat. nov. and E. germanus, respectively) based on 18 allozyme loci (see appendix I) (N = 4).

Mean heterozygosity
Mean no. of alleles Percentage of
per locus polymorphic  Direct count ~ Hardy-Weinberg

Nr Population loci * expected

Western clade =
E. alpha stat. nov.

Gondo
Fontainemore
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12 San Pellegrino
13 San Giovanni Bianco
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17 Mezzoldo
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23 Tavernola

25 Bezzecca

26 Molina di Ledro
27 Marling
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51 Federaun

52 Crnice .

Mean ; ©10.87 0.03 = 0.02 0.04 +0.03
Overall Mean 12£0.1 16.02 0.03 £ 0.02 0.06 + 0.04

* A locus is considered polymorphic if the frequency of the most common allele does not
exceed 0.99
** Unbiased estimate (Nei, 1978)
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clade” (mean = 5.68, s2 = 1.41, N = 111). This corresponded to a unimodal distri-
bution of this character in the “eastern clade” (common Dp = 6) versus bimodal in the
“western clade” (Dp = 5 or 6). 8 & of the “eastern clade” also had significantly higher
number (t = 1.73, P = 0.045) of pectinal teeth (mean = 7.58, s2 = 2.1, N = 24) than
3 3 of the “western clade” (mean = 6.98, s2 = 1.97, N= 60). This corresponded to a
bimodal distribution of this character in the “eastern clade” (Dp = 7 or 8) versus
unimodal in the “western clade” (common Dp = 7).

The average number of trichobothria on the ventral aspect of the pedipalp
patella ((Pvjq + Pvright) / 2) showed more variation. Among populations belonging to
the “eastern clade”, the number of ventral trichobothria ((Pv,.q + Pvright) / 2) was
more constant (mean = 4.96, s2 = 0.24, N = 126) and no geographic pattern was
detectable. Within the “western clade” the mean Pv was higher and more variable
(mean = 5.60, s2 = 0.34, N = 146) and also exhibited a considerable geographic
variation. In the center of its geographical range (Bergamascan Alps) the Pv character
was fixed around 6. However, in the marginal populations of the “‘western clade”, this
character was fixed at ca. 5. This holds true for both, the westernmost (Fontainemore
and Gondo), as well as the easternmost populations (Tavernola, Molina di Ledro,
Bezzecca, Marling and Bad Salz).

DISCUSSION

TAXONOMIC SUBDIVISION OF Euscorprius GERMANUS (C. L. KOCH)

Before the advent of chaetotaxy (trichobothrial pattern) analysis, taxonomy of
Euscorpius species was extremely confusing and was based mainly on morpho-
sculpture and coloration characters. Large and conspicuous trichobothria of
Euscorpius as taxonomic characters were first studied in detail by Hadzi (1929, 1931)
and Caporiacco (1950), who used overall trichobothrial counts of pedipalp chela and
patella for identification of species and subspecies.

Euscorpius germanus (C. L. Koch, 1837) has been originally described from
“southern Tirol [i.e. today’s Trentino - Alto Adige in Italy] and northern Italy”; see
Fet & Braunwalder (1997) for the detailed taxonomic history and authorship
discussion. This species traditionally included several subspecies with rather unclear
diagnostics (Caporiacco, 1950).

Although Birula (1900) already clearly demonstrated species-level differences
between E. germanus and the Caucasian E. mingrelicus (Kessler, 1876), several
authors later often confused these two species. Until 1980, E. germanus was treated as
a widely distributing species (from Italy to Caucasus) with a number of subspecies
(Hadzi, 1929; Caporiacco 1950; Curcic, 1971; Kinzelbach, 1975). Bonacina (1980)
limited E. germanus (C. L. Koch) to the Alpine regions of Italy (from Piemonte in the
West to Goriziano in the East), Switzerland, and Austria, plus some Balkan
populations; and reestablished as a “good” species E. mingrelicus (western Balkans
and Anatolia to Caucasus, with notable absence in Greece) (Bonacina, 1980; Fet,
1993; Fet & Sissom, 2000). Most recently, we (Scherabon et al., 2000) demonstrated
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presence of more than one species within the “E. mingrelicus complex”, including E.
gamma Caporiacco, 1950.

Hadzi (1929) was the first to establish subspecies of E. germanus; however,
his names (polytrichus, mesotrichus and oligotrichus) are invalid since they are
homonyms, and therefore replacement names are necessary. Moreover, they were not
sufficiently defined to allow identification of these taxa (Fet, 1997). Besides, most
populations of “E. germanus” from ex-Yugoslavia treated by Hadzi (1929) and by
Curcic (1971) do not belong to this species as it is currently defined (Bonacina, 1980;
Fet & Sissom, 2000; Scherabon et al., in press).

Capra (1939) separated E. germanus from Italy into four forms (A, B and C, as
well as a “typical form”) based on the number of pectinal teeth (Dp) and the number
of trichobothria on the ventral aspect of the pedipalp patella (Pv). Within Italy, the
“typical form” of E. germanus (Pv = 5) was limited by Capra to the region of
Trentino, Alto-Adige and Cadore; the ‘A-form’ (Pv = 6) to the Lombardian Alps; the
‘B-form’ (Pv = 5) was assigned to the Piemontese Alps and the ‘C-form’ (Pv =5 or 6)
to the Goriziano and the Karawanken Alps. Caporiacco (1950) confirmed all of
Capra’s forms and formally described three new subspecies (E. g. alpha, E. g. beta, E.
g. gamma) in addition to the nominotypical E. g. germanus. Caporiacco (1950) also
described E. g. croaticus from Croatia. Finally, Valle et al. (1971) described E. g.
marcuzzii from the Dolomites and Slovenia.

Bonacina (1980) in his revision restricted E. germanus to four subspecies: E. g.
germanus (= E. g. beta), E. g. alpha, E. g. marcuzzii and E. g. croaticus. E. g. gamma
was treated as a subspecies of E. mingrelicus (see Scherabon et al. (in press) for a
detailed taxonomic history). Bonacina (1980) synonymized the disjunct western
(Piemonte) E. g. beta with the eastern E. g. germanus since both taxa shared character
of Pv = 5. Furthermore, he suggested hybridization between the taxa E. g. alpha and
E. g. germanus. Bonacina (1980) also carried out a thorough statistical study of
trichobothrial numbers (on ventral and external surfaces of the pedipalp patella) for
numerous populations in Piemonte and Lombardy, Italy. He postulated that the
number of ventral patellar trichobothria is Pv = 5 for E. g. germanus and Pv = 6 in E.
g. alpha. He also suggested a hybridogenic origin for populations in the Bergamascan
Alps (Valle Brembana, north of Bergamo), because of intermediate forms (5-5 or 6-6)
and a high number of asymmetric (5-6 or 6-5) individuals. However, our allozyme
and DNA data do not confirm any assumptions of hybridogenic origin by Bonacina
(1980), or by Kinzelbach (1975); see also Gantenbein et al. (1999a).

Applying methods based on models of evolutionary change (pairwise distance
methods / maximum likelihood) and the maximum parsimony criterion, in our study,
two independent systems of molecular markers (allozymes and 16S mtDNA
sequences) revealed an almost identical phylogenetic pattern. The phylogeny based on
both mtDNA and allozyme data suggests a clear, distinct topology of two major
clades (Figs 2-3). These clades are well supported statistically. They include
parapatric population groups which are geographically separated by the river Adige
(Etsch). The genetic distance which is found between these two groups is comparable
to the genetic distance found between each of these clades and the outgroup species
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E. gamma. Therefore, we propose to treat these two population groups as two species:
Euscorpius germanus (C. L. Koch, 1837) sensu stricto (“eastern” clade) and
Euscorpius alpha Caporiacco, 1950 stat. nov. (“western” clade).

The deep divergence and parapatry of the “eastern” and “western” clades
inferred by using independent genetic markers is not entirely consistent with geogra-
phical ranges of the subspecies E. germanus germanus and E. g. alpha as shown by
Caporiacco (1950) and Bonacina (1980). Nevertheless, type localities of these two
taxa (as designated below) would fall well inside the ranges of two papapatric clades,
thus making the existing taxonomic names applicable to the monophyletic clades.

THE STATUS OF EUSCORPIUS GERMANUS BETA CAPORIACCO, E. G. CROATICUS CAPORIACCO,
AND E. G. MARCUZZII VALLE ET AL.

(a) Euscorpius germanus beta Caporiacco, 1950. Originally delineated by
Capra (1939) as “Form B” from Val d’Aosta, including the marginal, westernmost
populations of “E. germanus” (sensu lato). It was formally described as a subspecies
by Caporiacco (1950) and also limited to Piemonte populations. Bonacina (1980)
synonymized E. g. beta with eastern E. g. germanus since both taxa shared the
character Pv = 5. Other diagnostic characters listed by Caporiacco (1950) (i.e. meta-
somal granulation and carination of chela) were considered too variable to be
diagnostic. This synonymy, however, created a disjunct distribution for E. g. germa-
nus sensu Bonacina (1980).

Our molecular analysis shows that “E. g. beta” populations from Italy (Fon-
tainemore) and bordering Switzerland (Gondo, Zwischbergental) occupy the most
derived position in the “western clade”, or E. alpha. Both populations from this area
for which allozyme and DNA data were available (i.e. Fontainemore and Gondo)
grouped together and were supported by boostrap values in all analyses (Figs 2-3).
Thus, we cannot confirm Bonacinais synonymy E. g. beta = E. g. germanus. On the
other hand, assigning a separate taxonomic status to these two populations would
create a paraphyletic subspecies “E. alpha beta”. Subsequently we would be required
to treat other E. alpha subclades as monophyletic assemblages as well and assign at
least three other new “subspecies” names. Thus, it seems reasonable not to retain E. g.
beta as a valid taxon, but to place it into synonymy: Euscorpius alpha stat. nov.,
elevated from Euscorpius g. alpha Caporiacco, 1950 = Euscorpius g. beta Capo-
riacco, 1950 syn. nov.

(b) Euscorpius germanus croaticus Caporiacco, 1950. This taxon remained
enigmatic since its description. It was mentioned but not revised by Bonacina (1980).
We analysed the morphology of the only existing type specimen of this taxon (MZUF
5580, a male from Mali Halam, Velebit Mountains, Croatia; here designated as
lectotype, see below). Its trichobothrial pattern on the pedipalps, i.e. number of
ventral trichobothria on patella (Pv = 6) and position of trichobothria on the fixed
finger, is identical with that of many populations of E. alpha (but not of E. germanus
s. str.). The external face of the pedipalp patella in E. g. croaticus bears 22 tricho-
bothria (Pe = 22) in the following serial arrangement: ef = 5, est =4, em = 3, esb = 2,
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eb, = 4, eb = 4). However, the number ef = 5 is not found in other populations of E.
germanus or E. alpha, which have et = 4 or even et = 3. A number of other mor-
phological characters, first of all the very clear presence of carinae on the metasomal
segments, shape of pedipalps and spination of legs, indicate that this form is not close
to E. germanus and falls into the “species complex” of E. carpathicus (L., 1767).
Similar forms have been observed by one of us (V.F.) from the Rhodope Mountains
in Bulgaria.

Reduction of trichobothrial numbers is not uncommon in E. carpathicus. In
fact, reduction of the trichobothria in the series em from 4 to 3 in E. ¢. banaticus from
Romania has been the reason for confusion (Vachon & Jaques, 1977) since this single
character was considered to be diagnostic for E. germanus (sensu lato, including
E. alpha, E. gamma and E. mingrelicus). A detailed study of E. carpathicus and
related taxa is now being carried out by us (V. Fet, M. Soleglad, B. Gantenbein, in
preparation). Pending the completion of this study, we treat E. germanus croaticus
Caporiacco, 1950 as a form belonging to “E. carpathicus complex”, but not to E.
germanus C. L. Koch. Its exact taxonomic status has to be determined.

(c) Euscorpius germanus marcuzzii Valle, Berizzi, Bonino, Gorio, Gimmi-
laro-Negri & Percassi, 1971. Marcuzzi & Fabris (1957) first recorded a form of E.
germanus from the Dolomites (Italy) with 20 trichobothria (in contrast to the common
21) on the external face of the pedipalp patella (Pe = 20). Valle ef al. (1971, p. 95-96)
very briefly (one line!) described this subspecies from the “refugial massifs of the
Venetian Pre-Alps (Italy) and from northern Slovenia”, without designating any type
specimens (Valle’s syntypes of this subspecies are in the Museo Civico di Scienze
Naturali "Enrico Caffi", Bergamo). The sole morphological character distinguishing
this taxon from other subspecies is the presence of 3 trichobothria instead of 4, in the
accessory basal series (eb, = 3) on the external face of the pedipalp. This character is
unique and indeed accords with the general trend of trichobothrial number reduction
in the subgenus Alpiscorpius (see Gantenbein et al. 1999a). Bonacina (1980)
mentions a number of populations from northeastern Italy and Slovenia, some “pure”
E. g. marcuzzii and others mixed (and “hybrid”, i.e. asymmetric eb =3-4 or 4-3) with
E. g. germanus.

Our molecular analysis of E. alpha from Italy presently includes assymetrical
specimens (eba = 3-4 or 4-3) which were found to be rare at Bezzecca (only one find)
but are much more common at Auronzo di Cadore, Belluno, Schluderns, Voltago,
Vetriolo, Vols, and Crnice. None of the populations mentioned corresponds with a
monophyletic, clearly divergent clade. The only Slovenian locality studied (Crnice)
includes both symmetric “E. g. marcuzzii” (eb, = 3-3) and regular E. germanus speci-
mens. However, further molecular analysis of all populations with eb, = 3 and a
thorough analysis of the syntype series and of additional material are necessary to
clarify the status of E. g. marcuzzii, which currently appears to be a taxon of dubious
validity.
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DESIGNATION OF TYPE SPECIMENS

None of the taxa treated in here have a holotype or lectotype specimen. Types
designated by C. L. Koch (1837) are lost. For the taxon described by Caporiacco
(1950) only syntypes were designated; they are deposited in the collection of the
Museo Zoologico "La Specola” dell'Universita de Firenze, Florence, Italy (MZUF)
(Bartolozzi et al., 1988). Here we designate the necessary type specimens for the
following taxa:

Euscorpius germanus (C. L. Koch, 1837)

Originally described as Scorpius germanus C. L. Koch, 1837 (pp. 110-112,
plate 108, figs 250-252) from “southern Tyrol (now Trentino-Alto Adige, Italy) and
upper (= northern) Italy”.

Neotype: &, Brixen (Bressanone), Trentino - Alto Adige, Italy, 9. 10. 98, coll.
B. Gantenbein & 1. Gantenbein, sample No. BG-109-07, deposited in Natur-
historisches Museum Bern, Switzerland, accession number Scl. Trichobothrial for-
mula: Pv=5,Pe=21(et=4,est=4,em=3,esb=2, eb,=4,eb=4).

Euscorpius alpha Caporiacco, 1950 stat. nov.

Originally described as Euscorpius germanus alpha Caporiacco, 1950: 211.

Lectotype: 2 (MZUF 5569), Lago di Como near Varenna, Lombardy, Italy
(August 1879, coll. Cantoni). Trichobothrial formula: Pv = 6, Pe = 21 (et = 4, est = 4,
em=3,esb=2,eba=4,eb=4).

Paralectotypes: 1 8 (MZUF 5571), 5 @ R (MZUF 5568, 5570-5574), from the
type locality; 6 3 3, 5 ? 2(MZUF 5575-5579), Varese, Lombardy, Italy (1879, coll.
Cantoni); 1 ¢ (MZUF 5567), Monte Stelvio, Trentino - Alto Adige, Italy (August
1877, coll. P. Magretti).

Euscorpius germanus beta Caporiacco, 1950: 211

Here considered as syn. nov. of Euscorpius alpha Caporiacco, 1950.

Lectotype: 8 (MZUF 5588), Monte Massone (Cesara, Novara), Piemonte,
Italy (12 August 1879, coll. C. Parona). Trichobothrial formula: Pv = 5, Pe = 21 (et =
4, est=4,em=3,esb=2, eba =4,eb=4).

Paralectotypes: 5 33 and 5 2 @ (MZUF 5589, 5590-5593), type locality;
13,1 2 (MZUF 5584, 5585), Colle della Piccola Mologna, 2000 m, (Biella,
Vercelli), Piemonte, Italy; 2 ? ¢ (MZUF), Lamorano, 1879, Piemonte, Italy.

Euscorpius germanus croaticus Caporiacco, 1950: 215

Lectotype: & (MZUF 5580), Mali Halam, Velebit Mountains, Croatia (other
specimens were listed in the original description but are absent in the MZUF
collection). Probably belongs to Euscorpius carpathicus (L., 1767) “complex” (see
above). Trichobothrial formula: Pv =6, Pe =22 (et =5, est=4,em =3, esb=2,eb, =
4,eb=4).
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MORPHOLOGICAL VERSUS MOLECULAR DATA

The classical morphological characters in the species of Euscorpius, such as
the number of pectinal teeth and the number of trichobothria, are quantitative
threshold characters similar the number of bristles in Drosophila (Futuyma, 1986).
Such traits are expressed discontinuously at the phenotypic level, but are affected by a
continuous distribution of some underlying trait. Capra (1939), Caporiacco (1950)
and Bonacina (1980) have found geographic variation in these characters and also
asymmetries which are very common. We confirm their observations that within the
E. alpha clade the number of the ventral trichobothria of the patella (Pv) is about 6 in
the region of the Bergamscan Alps (Valle Brembana) and changes to Pv = 5 in the
western populations (Fontainemore and Gondo). The same pattern is found in the -
eastern populations at Molina di Ledro, Bezzecca (Lago di Garda) and Marling, Bad
Salz (Trentino-Alto Adige). Here the subclades detected by using molecular markers
(Figs. 2-3) correspond to the observed pattern of the Pv character.

However, no hybridization or gene flow was observed between E. alpha and E.
germanus clades. Bonacina (1980) gave a detailed morphological account of the
distribution of Pv = 5-5, 6-6 or 5-6 individuals within the Bergamascan Alps. Ana-
lysing the same populations (Fig. 1, box) we found no confirmation of his assumption
of hybridisation between two distinct taxa; it appears that the described morphological
variation occurs at the phenotypic level within a single genetically coherent species,
E. alpha. Apparently character states Pv = 5 or 6 alone are not sufficient to define
both parapatric species since E. germanus usually has Pv = 5 but in E. alpha this
character varies from 5 to 6 with various degree of fixation. The same is true for the
pectinal teeth number, Dp (see Results).

Neither trichobothrial nor pectinal teeth scores give us a clear-cut delineation
which would reflect the deep divergence of two clades revealed by molecular data and
treated here as species-level taxa. In order to characterize these two clades morpho-
logically, more complex characters should be searched for and analysed. Among
these, the morphology of the hemispermatophore could possibly be applied as a
species-level character set for Euscorpius as suggested by some previous authors
(Kinzelbach, 1975; Bonacina, 1980; Scherabon 1987).

PHYLOGENETIC IMPLICATIONS ON BIOGEOGRAPHY

In their analysis of molecular phylogeny and historical biogeography of the
genus Euscorpius, Gantenbein et al. (1999a) noticed the deep split between the
endemic Alpine clade (subgenus Alpiscorpius Gantenbein, Fet, Largiader & Scholl,
1999 which included traditional E. germanus) and the major Asia Minor-Trans-
mediterranean lineage (subgenera Euscorpius Thorell, 1876 and Polytrichobothrius
Birula, 1917). This led to the assumption that in the ancestors of modern E. germanus
(sensu lato) ecological differentiation and adaptation to orophylic and mesophylic
habitats (in contrast to xerophylic habitats occupied by E. carpathicus and especially
E. italicus) could have been an ancient event. In other words, modern forms in-
habiting the Alpine zone of Europe are not necessarily a result of speciations due to
recent (Pleistocene) glacial events (Klicka & Zink, 1997) but these taxa may have
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evolved in this area since the beginning of the Alpine orogenesis. This long time scale
can explain the high level of genetic divergence observed within the subgenus
Alpiscorpius, which we separate here into two species, Euscorpius (Alpiscorpius)
germanus (C. L. Koch, 1837) and E. (A.) alpha Caporiacco, 1950.

The period of divergence time between these two parapatric taxa can be
estimated by using the genetic distance and by assuming a constant evolutionary rate
through time. The calibration of a molecular clock for Mesobuthus gibbosus (Brullé,
1832) (Scorpiones, Buthidae) in the mainland Greece and Turkey and on several
Aegean islands reveals an average rate of about 3% sequence divergence per Myr for
the 16S tRNA gene (our data, unpublished). A comparable rate was reported for
another scorpion species, Buthus occitanus (Amoreux, 1789) (Buthidae) across the
Strait of Gibraltar (Gantenbein et al., 1999b). Applying this “scorpion clock” to the
mtDNA sequence divergence between E. germanus and E. alpha (ca. 7%) reveals a
separation time of about 2-3 million years. Such a time scale contradicts the Late
Pleistocene Origin model (LPO), which is widely accepted today (see also Klicka &
Zink, 1997). The deep split between the evolutionary lineages in E. germanus and E.
alpha remains high even when genetic distances for superimposed substitutions are
corrected by using the most appropiate model (TrN93 in this case), as proposed by
Arbogast & Slowinski (1998). A similar deep split (> 1.6 Myrs) was uncovered by a
recent allozyme survey of Alpine species of Glomeris (Diplopoda: Glomeridae) (Hoess
& Scholl, 1999) which presumably have similar dispersal rates as Euscorpius species.

Taberlet et al. (1998) identified several so-called “suture zones” in Europe,
including the Alps, where different taxa meet after postglacial isolation. The situation
for Euscorpius is similar but lacks hybridisation. No gene flow was detected between
the two clades, which appear to be true parapatric species separated by the geographic
divide of the Adige River valley. Hedin (1997) recently demonstrated for,Nesticus
spiders (Aranae, Nesticidae) in the Appalachian Mountains that mtDNA! analysis
allows to discover considerable genetic divergence, both between and within
recognized morphological species; most of these probably predate the Pleistocene.
The divergence between E. alpha and E. germanus clearly predates the Pleistocene
glaciations, as it is the case for a number of other Alpine taxa (Taberlet et al., 1998).
This confirms the hypothesis that speciation events mainly occurred during the
Pliocene (Zink & Slowinski, 1995).

Possible Pleistocenic refugia for these two species were the Bergamascan Alps
for E. alpha and the Venetian Prealps for E. germanus. Evidence that these regions
could have served as refugia for small terrestrial arthropods comes from a palyno-
logical analysis (Kral, 1989) which indicates that a relatively mild climate prevailed
during the Pleistocene. Other arguments for this interpretation are provided by the
genetic data presented in this study. The genetic variability, expressed in the average
heterozygosity and the mean number of alleles per locus, in E. alpha populations is
relatively higher in the region around Bergamo than in regions near the edges of the
refuge. Low levels of heterozygosity in E. germanus indicate possible genetic
bottlenecks in the history of this species. Further investigations are required to test
this hypothesis.



PARAPATRIC ALPINE SCORPIONS (EUSCORPIIDAE) 861

ACKNOWLEDGEMENTS

B. G. thanks his wife Iris for her efforts and enthusiasm when collecting
Euscorpius germanus and E. alpha. Dietmar Huber and Bernhard Scherabon kindly
donated additional material of E. germanus and E. gamma from Austria, and Matjaz
Kuntner provided specimens from Slovenia. We are grateful to Carlo Largiader for
critical discussions and assistance in DNA data analyses. We thank Matt Braunwalder
for his enthusiastic help and guidance in the issues related to the natural history of
Euscorpius. Sarah Whitman Mascherini allowed the loan of Caporiacco’s specimens
from MZUF. David Sissom and Michael Soleglad advised on taxonomic issues. The
Karl-Bretscher Foundation Berne; award to A. S. supported this study. The comments
of two anonymous reviewers greatly improved the final version of the manuscript.

REFERENCES

ARBOGAST, B. S. & SLowINnskl, J. B. 1998. Pleistocene speciation and the mitochondrial DNA
clock. Science 282 (5396): 1955.

AyALA, F. J., POWELL, J. R., TRACEY, M. L., MOURAO, C. A. & PEREZ-SALAS, S. 1972. Enzyme
variability in the Drosophila willistoni group. IV. Genic variation in natural populations
of Drosophila willistoni. Genetics 70: 113-139.

BarToLOZzZI, L., VANNI, S. & MAScHERINI, S. W. 1988. Catalogo del Museo Zoologico "La
Specola” (Sezione del Museo di Storia Naturale) dell'Universita di Firenze. 5. Arach-
nida Scorpiones: tipi. Atti della Societa Toscana dei Naturalisti, Memorie, B, 94: 293-
298.

BArTON, N. H. & HEwITT, G. M. 1989. Adaptation, speciation and hybrid zones. Nature 341:
497-503.

BERNATCHEZ, L., GLEMET, H., WiLsoN, C. C. & DaNzMANN, R. G. 1995. Introgression and
fixation of Arctic char (Salvelinus alpinus) mitochondrial genome in an allopatric
population of brook trout (Salvelinus fontinalis). Canadian Journal of Fisheries and
Agquatic Sciences 52: 179-185.

BiruLA, A. A. 1900. Scorpiones mediterranei Musei Zoologici mosquensis. Izvestiya Impera-
torskogo Obshchestva Lyubitelei Prirody, Istorii, Antropologii i Etnografii (Societas
Caesarea Amicorum Rerum Naturalium, Anthropologiae Ethnographiae Universitatis
Moscoviensis) 98, 3(1): 8-20 (in Russian).

BIRULA, A. A. (Byalynitsky-Birula, A. A.) 1917. Arachnoidea Arthrogastra Caucasica. Pars I
Scorpiones. Mémoires du Musée du Caucase, Tiflis (Imprimerie de la Chancellerie du
Comité pour la Transcaucasie) A(S), 253 pp. (in Russian). English translation: 1964.
Arthrogastric Arachnids of Caucasia. 1. Scorpions. Jerusalem, Israel Program for
Scientific Translations, 170 pp.

BoNaciNa, A. 1980. Sistematica specifica e sottospecifica del complesso "Euscorpius ger-
manus" (Scorpiones, Chactidae). Rivista del Museo civico di scienze naturali "Enrico
Caffi" (Bergamo) 2: 47-100.

CaPoRIACCO, L. DI 1950. Le specie e sottospecie del genere “Euscorpius” viventi in Italia ed in
alcune zone confinanti. Memorie/Accademia nazionale dei Lincei (ser. 8) 2: 159-230.

Capra, F. 1939. L'Euscorpius germanus (C. L. Koch) in Italia (Arachnida, Scorpiones).
Memorie della Societa Entomologica Italiana 18(2): 199-213.

CAvVALLI-SFORZA, L. L. & EDWARDS, A. W. F. 1967. Phylogenetic analysis: Models and
estimation procedures. Evolution 32: 550-570.

CLAYTON, J. W. & TRETIAK, D. N. 1972. Amine-citrate buffers for pH control in starch gel
electrophoresis. Journal of Fisheries Research Board of Canada 29: 1169-1172.



862 B. GANTENBEIN, V. FET, M. BARKER & A. SCHOLL

CruciTTl, P. 1993. Distribution and diversity of Italian scorpions. Redia 76(2): 281-300.

Curcic, B. P. M. 1971. The new finding places of scorpions in Yugoslavia. Vestnik Cesko-
slovenské spolecnosti zoologické 35(2): 92-102.

FELSENSTEIN, J. 1973. Maximum-likelihood estimation of evolutionary trees from continuous
characters. American Journal of Human Genetics 25: 471-492.

FELSENSTEIN, J. 1981a. Evolutionary trees from DNA sequences: A maximum likelihood
approach. Journal of Molecular Biology and Evolution 17: 368-376.

FELSENSTEIN, J. 1981b. Evolutionary trees from gene frequencies and quantitative characters:
Finding maximum likelihood estimates. Evolution 35(6): 1229-1242.

FELSENSTEIN, J. 1995. PHYLIP (Phylogeny Inference Package), Version 3.57c. Seattle, Uni-
versity of Washington.

FET, V. 1993. Notes on Euscorpius mingrelicus (Kessler, 1874) from the Caucasus. Rivista del
Museo civico di scienze naturali "Enrico Caffi" (Bergamo) 16: 1-8.

FET, V. 1997. Notes on the taxonomy of some Old World scorpions (Scorpiones: Buthidae,
Chactidae, Ischnuridae, Scorpionidae). Journal of Arachnology 25(3): 245-250.

FET, V., BARKER, M. & GANTENBEIN, B. 1999. Species-level variation of the mitochondrial 16S
rRNA gene sequence: use in molecular systematics and biogeography. Proceedings of
the West Virginia Academy of Science 71(1): 15.

FET, V. & BRAUNWALDER, M. E. 1997. On the true authorship and taxonomic history of
Euscorpius germanus (C. L. Koch, 1837) (nec C. L. Koch, 1836; nec Schaeffer, 1766)
(Scorpiones: Chactidae). Bulletin of the British Arachnological Society 10(8): 308-310.

FeT, V. & SissoM, W. D. 2000. Family Euscorpiidae (pp. 355-381). In: FET, V., SissoM, W.D,,
Lowg, G. & BRAUNWALDER, M. E. Catalog of the Scorpions of the World (1758-1998).
New York Entomological Society, New York, 690 pp.

FutuYMa, D. J. 1986. Evolutionary Biology (2" ed.). Sinauer Assoc. Inc., Massachusetts,
600 pp.

GANTENBEIN, B., BUcHI, L., BRAUNWALDER, M. E. & ScHoLL, A. 1998. The genetic population
structure of Euscorpius germanus (C. L. Koch) (Scorpiones: Chactidae) in Switzerland
(pp- 33-40). In: SELDEN, P. A. (ed). Proceedings of the 17th European Colloquium of
Arachnology, Edinburgh 1997, 14-18 July, 1997, 350 pp.

GANTENBEIN, B., FET, V., LARGIADER, C. R. & ScHOLL, A. 1999a. First DNA phylogeny of
Euscorpius Thorell, 1876 (Scorpiones: Euscorpiidae) and its bearing on taxonomy and
biogeography of this genus. Biogeographica (Paris) 75(2): 49-65.

GANTENBEIN, B., LARGIADER, C. R. & ScHOLL, A. 1999b. Nuclear and mitochondrial gene
variation of Buthus occitanus (Amoreux, 1789) across the Strait of Gibraltar. Revue
suisse de Zoologie 106(4): 760.

GANTENBEIN, B. & ScHOLL, A. 1998. Allozymes show an unusually high differentiation of
Euscorpius germanus (Scorpiones: Chactidae) populations. Revue suisse de Zoologie
105(4): 748-749.

Hapzi, J. 1929. Skorpije Schmidtove zbirke. Euscorpius italicus polytrichus n. ssp. i ostale
nove rase (Die Skorpione der Schmidt'schen Sammlung: Euscorpius italicus poly-
trichus n. ssp und andere neue Rassen). Glasnik Muzejskega Drustva za Slovenijo, (B),
10(1-4): 30-41 (in Serbo-Croatian).

Hapzi, J. 1931. Der Artbildungsprozess in der Gattung Euscorpius Thor. Archivio zoologico
italiano 16(1-2): 356-362 (IX Congreés international de zoologie).

HaRRis, H. & HoPKINSON, D. A. 1976. Handbook of enzyme electrophoresis in human genetics.
Amsterdam, North Holland.

HaARrRrISON, R. G. 1990. Hybrid zones: windows on evolutionary process (pp. 69-128). In:
FutuYMA, D. & ANTONOVICS, J. (eds). Oxford Surveys in Evolutionary Biology, Vol. 7.
Oxford University Press, Oxford, 314 pp.



PARAPATRIC ALPINE SCORPIONS (EUSCORPIIDAE) 863

HAsEGAWA, M., KisHINO, K. & YaNo, T. 1985. Dating the human-ape splitting by a molecular
clock of mitochondrial DNA. Journal of Molecular Evolution 22: 160-174.

HeDIN, M. C. 1997. Molecular phylogenetics at the population/species interface in cave spiders
of the Southern Appalachians (Araneae: Nesticidae: Nesticus). Molecular Biology and
Evolution 14: 309-324.

HIELLE, J. T. 1990. Anatomy and Morphology, chapter 2 (pp. 9-63). In: PoLis, G. A. (ed.).
Biology of Scorpions. Stanford University Press, Stanford, California, 587 pp.

HoEss, R. & ScHOLL, A. 1999. The identity of Glomeris quadrifasciata C. L. Koch (Diplopoda:
Glomeridae). Revue suisse de Zoologie 106(4): 1013-1024.

HUELSENBECK, J. P. & CRANDALL, K. A. 1997. Phylogeny estimation and hypothesis testing
using maximum likelihood. Annual Review of Ecology and Systematics 28: 437-466.

HUELSENBECK, J. P. & RANNALA, B. 1997. Phylogenetic methods come of age: testing hypo-
thesis in an evolutionary context. Science 276: 227-232.

KINZELBACH, R. 1975. Die Skorpione der Agiis. Beitrige zur Systematik, Phylogenie und
Biogeographie. Zoologische Jahrbiicher, Abteilung fiir Systematik 102(1): 12-50.
KiITCHING, I. J., ForEY, P. L., HuMPHRIES, C. J. & WILLIaAMS, D. M. 1998. Cladistics. 2nd
edition. The Systematics Association, Oxford University Press, New York, 228 pp.
KLicka, J. & ZiNk, R. M. 1997. The importance of recent ice ages in speciation: A failed

paradigm. Science 277: 1666-1669.

Koch, C. L. 1837. Die Arachniden, 3(6): 105-115. Niirnberg: C. H. Zeh'sche Buchhandlung.

KRrAL, F. 1989. Sp%ot- und postglaziale Waldentwicklung in den italienischen Alpen. Bota-
nische Jahrbiicher der Systematik 111: 213-229.

Marcuzzi, C. & FaBris, F. 1957. Microsistematica dell' Euscorpius germanus Koch delle Dolo-
miti. Atti della Accademia Padova, Memorie, Classe di Scienze Naturali 69: 299-307.

MurpHY, R. W., SiTEs, J. W., ButH, D. G. & HAUFLER, C. H. 1996. Proteins: Isozyme
electrophoresis, chapter 4 (pp. 51-120). In: HiLLIS, D. M., Morrtz, C. & MaBLE, B. K.
(eds). Molecular systematics. 2nd edition. Sinauer Assoc. Inc., Massachusetts, 655 pp.

NEI, M. 1978. Estimation of average heterozygosity and genetic distance from a small number
of individuals. Genetics 83:583-590.

NEI, M. 1987. Molecular evolutionary genetics. Columbia Univerity Press, NY.

Ne;, M. & Li, W.-H. 1979. Mathematical model for studying genetic variation in terms of
restriction endonucleases. Proceedings of the National Acadamy of Sciences USA 76:
5269-5273.

Pacg, R. D. M. & HoLMmEs, E. C. 1998. Molecular evolution. A phylogenetic approach.
Blackwell Science, London, 347 pp.

Posapa, D. & CRANDALL, K. A. 1998. Modeltest: testing the model of DNA substitution.
Bioinformatics 14(9): 817-818.

RODRIGUEZ, F., OLIVER, J. L., MARIN, A. & MEDINA, J. R. 1990. The general stochastic model
of nucleotide substitution. Journal of Theoretical Biology 142: 485-501.

Rozas, J. & Rozas, R. 1999. DnaSP version 3: an integrated program for molecular population
genetics and molecular evolution analysis. Bioinformatics 15: 174-175.

Sartou, N. & NEe1, M. 1987. The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Molecular Biology and Evolution 4: 406-425.

SCHERABON, B. 1987. Die Skorpione Osterreichs in vergleichender Sicht unter besonderer
Beriicksichtigung Kirntens. Carinthia II. / Naturwiss. Beitrige zur Heimatkunde Kérn-
tens / Mitteilungen des Naturwissenschaftlichen Vereins fiir Kdrnten 45: 78-158.

SCHERABON, B., GANTENBEIN, B., FET, V., BARKER, M., KUNTNER, M., KROPF, C. & HUBER, D.
2000. A new species of scorpions for Austria, Italy, Slovenia and Croatia: Euscorpius
gamma Caporiacco, 1950, stat. nov. (Scorpiones, Euscorpiidae). Ekoldgia (Bratislava)
19, Supplement 3: 253-262. (Proceedings of the 18th European Colloquium of
Arachnology, Slovakia).



864 B. GANTENBEIN, V. FET, M. BARKER & A. SCHOLL

SmmoN, C., FraTl, F., BECKENBACH, A., CRrespl, B., Liu, H. & FLook, P. 1994. Evolution,
weighting, and phylogenetic utility of mitochondrial gene sequences and a compilation
of conserved polymerase chain reaction primers. Annals of the Entomological Society of
America 87(6): 651-701.

SwoFFORD, D. L. 1998. PAUP* Phylogenetic analysis using parsimony (*and other methods).
Version 4. Sinauer Associates, Sunderland, MA.

SwoOFFORD, D. L. & SELANDER, R. B. 1989.2000) BIOSYS-1: A computer program for the
analysis of allelic variation in population genetics and biochemical systematics. Release
1.7. Urbana, University of lllinois.

SWOFFORD, D. L., OLSEN, G. J., WADDELL, P. J. & HiLLis, D. M. 1996. Phylogenetic inference,
chapter 4 (pp. 407-425). In: HiLLis, D. M., Moritz, C. & MABLE, B. K. (eds).
Molecular Systematics. 2nd edition. Sinauer Assoc. Inc., Massachusetts, 655 pp.

TABERLET, P., FUMAGALLI, L., WUST-SAUCY, A.-G. & CosSoON, J.-F. 1998. Comparative phylo-
geography and postglacial colonization routes in Europe. Molecular Ecology 7: 453-
464.

Tanma, F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics 123: 585-595.
TAMURA, K. & NEeI, M. 1993. Estimation of the number of nucleotide substitutions in the

control region of mitochondrial DNA in humans and chimpanzees. Molecular Biology
and Evolution 10: 512-526.

VACHON, M. 1962. Remarques sur l’utilisation en systématique des soies sensorielles
(Trichobothries) chez les scorpions du genre Euscorpius Thorell (Chactidae). Bulletin
du Muséum national d’histoire naturelle (Paris) série 2, 34 (5): 345-354.

VACHON, M. 1981. Remarques sur la classification sous-spEcifique des espEces appartenant au
genre Euscorpius Thorell, 1876 (Scorpionida, Chactidae). Atti della Societa toscana di
scienze naturali, Memorie, (B), 88 (suppl.): 193-203. (Comptes-rendus 6eme Colloque
d'arachnologie d'expression FranAaise (Colloque International EuropEen), 1981
Modena-Pisa).

VACHON, M. & JAQUES, M. 1977. Recherches sur les Scorpions appartenant ou déposés au
Muséum d'Histoire naturelle de Genéve. 2. Contribution 2 la connaissance de 1'ancienne
espéce Scorpius banaticus C. L. Koch 1841, actuellement considerée comme synonyme
de Euscorpius carpathicus (Linné 1767) (Fa. des Chactidae). Revue suisse de Zoologie
84(2): 409-436.

VALLE, A., BERIzzI, M. T., BONINO, M., GORIO, R., GIMMILARO-NEGR]I, E. & PERCASSI, A. 1971.
Le popolazioni italiane di Euscorpius germanus (C. L. Koch) (Scorpiones, Chactidae).
Atti dell'VIII Congresso Nazionale Italiano di Entomologia (Firenze, 4-7 Settembre
1969): 93-96.

YANG, Z. 1994. Maximum likelihood phylogenetic estimation from DNA sequences with
variable rates over sites: approximate methods. Journal of Molecular Evolution 39:
306-314.

YANG, Z., GOLDMAN, N. & FrRiDAY, A. 1994. Comparison of models for nucleotide substitution
used in maximum likelihood phylogenetic estimation. Molecular Biology and Evolution
11: 316-324.

ZINK, R. & SLowinsk, J. 1995. Evidence from molecular systematics for decreased avian
diversification in the Pleistocene Epoch. Proceedings of the National Academy of
Sciences of the USA 92: 5832-5835.



PARAPATRIC ALPINE SCORPIONS (EUSCORPIIDAE)

APPENDIX |

865

Allele frequencies at 18 allozyme loci and sample sizes of populatlons analysed. Also given are the

identified 16S rDNA haplotypes.

Nr. Sample alpdh ark ddh gapdh aatl
Wéstem clade = Country N Sequence 100 95 104 100 98 93 101 100 100 78 88 96 100 104
E. alpha stat. nov.
1 Gondo CH (9 EalGO 1.00 1.00 1.00 1.00 1.00
2 Fontainemore CH (10) EalFO 1.00 1.00 1.00 1.00 1.00
3 Rancate CH (15) EalRA 1.00 1.00 1.00 1.00 1.00
4 Monte CH (1) 1.00 1.00 1.00 1.00 1.00
5 Fornace CH (10) 1.00 0.05 095 1.00 1.00 1.00
6 Pontide I (5 1.00 1.00 1.00 1.00 0.10 0.90
7 Sottoponte CH (13) Eal SO 1.00 1.00 1.00 1.00 1.00
8 San Carlo CH (12) 1.00 1.00 1.00 1.00 1.00
9 Brembilla I 3 1.00 1.00 1.00 1.00 1.00
10 Gerosa 1 2) 1.00 1.00 1.00 1.00 1.00
11 Peghera I @ 1.00 1.00 1.00 1.00 1.00
12 San Pellegrino 1 (4) EalSP 1.00 1.00 1.00 1.00 025 0.75
13 San Giovanni Bianco I  (11) Eal SG 1.00 1.00 1.00 1.00 0.09 0.05 0.82 0.05
14 Camerata Comello I () 1.00 1.00 1.00 1.00 1.00
15 Olmo al Brembo 1 (10) EalOL 1.00 1.00 1.00 1.00 1.00
16 Piazzatorre I (13) 1.00 1.00 1.00 1.00 1.00
17 Mezzoldo I 1.00 1.00 1.00 1.00 1.00
18 Isola di Fondra I (13) 1.00 1.00 1.00 1.00 1.00
19 Carona I (13) EaiCA 1.00 1.00 1.00 1.00 1.00
20 Valleve I 1 1.00 1.00 1.00 1.00 1.00
21 Selvino I 5 1.00 1.00 1.00 1.00 1.00
22 Membro I 3 1.00 1.00 1.00 1.00 0.17 0.83
23 Tavemola 1 (4 EalTa 1.00 1.00 1.00 1.00 1.00
24 Vigolo I 3 1.00 1.00 1.00 1.00 1.00
25 Bezzeca I (5 1.00 1.00 1.00 1.00 1.00
26 Molina di Ledro I (10) EalML 1.00 1.00 1.00 1.00 0.75 0.25
27 Marling I (10) EalMA 1.00 1.00 1.00 1.00 0.30 0.70
28 Bad Salz I @ 1.00 1.00 1.00 1.00 1.00
Eastern clade =
E. germanus
29 Sta Maria CH (22) EgeSM 1.00 1.00 1.00 1.00 1.00
30 Lichtenberg I ¢ 1.00 1.00 1.00 1.00 1.00
31 Schluderns I (10) Ege SH 1.00 1.00 1.00 1.00 055 035 0.10
32 Schlanderns | BN GY} 1.00 1.00 1.00 1.00 1.00 '
33 Verdins I 10 0.05 0.95 1.00 1.00 1.00 1.00
34 Brixen I @ 1.00 1.00 1.00 1.00 1.00
35 Vols 1 (10) EgeVO 040 0.60 1.00 1.00 1.00 0.95 0.05
36 Bremer I 021 079 1.00 1.00 1.00 1.00
37 Veltiolo I (9) EgeVE 1.00 094 0.06 1.00 1.00 1.00
38 Belluno I @ 1.00 1.00 1.00 1.00 1.00
39 Voltago I (5 1.00 1.00 1.00 1.00 0.70 0.30
40 San Tomaso I 3 1.00 1.00 1.00 1.00 0.67 0.33
41 Mezzocanale 1 (2) EgeME 1.00 1.00 1.00 1.00 0.50 0.50
42 Borca di Cadore I (10) EgeBO 1.00 1.00 1.00 1.00 0.65 0.35
43 Auronzo di Cadore I (6 1.00 1.00 1.00 1.00 1.00
44  Starkenbach A (4) EgeST 1.00 1.00 1.00 1.00 1.00
45 Tarrenz A (2) EgeTZ 1.00 1.00 1.00 1.00 1.00
46 Kranzach A (4 EgeKR 1.00 1.00 1.00 1.00 1.00
47 Dellach A (8) EgeDE 1.00 1.00 1.00 1.00 1.00
48 Oberdrauburg A (5) EgeOB 1.00 1.00 1.00 1.00 1.00
49 Dobratsch A @ 1.00 1.00 1.00 1.00 1.00
50 Schiitt A (6 1.00 1.00 1.00 1.00 1.00
51 Federaun A @ 1.00 1.00 1.00 1.00 1.00
52 Crnice SLO (8) 1.00 1.00 1.00 1.00 1.00
E. gamma
53 Koschuta A (6) EgaKO 1.00 1.00 1.00 1.00 1.00
E. flavicaudis
Lauris F (33) EflLA 1.00 1.00 1.00 1.00 1.00
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aat2 gtdh hk idh1 idh2 mdhl

Nr. Sample 88 100 107 113 90 95 100 100 107 94 95 100 87 93 100 76 87 89 100

Western clade =

E. alpha stat. nov.
1 Gondo 1.00 1.00 1.00 1.00 1.00 1.00
2 Fontainemore 1.00 1.00 1.00 1.00 1.00 1.00
3 Rancate 1.00 1.00 1.00 1.00 1.00 1.00
4 Monte 1.00 1.00 1.00 1.00 1.00 1.00
5 Fornace 1.00 1.00 1.00 1.00 1.00 1.00
6 Pontide 1.00 1.00 1.00 1.00 1.00 0.80 0.20
7 Sottoponte 1.00 1.00 1.00 1.00 1.00 1.00
8 San Carlo 1.00 1.00 1.00 1.00 1.00 1.00
-9 Brembilla 1.00 1.00 1.00 1.00 1.00 0.90 0.10
10 Gerosa 1.00 1.00 1.00 1.00 1.00 1.00
11 Peghera 1.00 1.00 1.00 1.00 1.00 1.00
12 San Pellegrino 0.25 0.75 1.00 1.00 1.00 1.00 1.00
13" San Giovanni Bianco 1.00 1.00 1.00 1.00 1.00 1.00
14 Camerata Cornello 1.00 1.00 1.00 1.00 1.00 1.00
15 Otlino al Brembo 1.00 1.00 1.00 1.00 1.00 1.00
16 Piazzatdrre 1.00 1.00 1.00 1.00 1.00 1.00
17 Mezzoldo 1.00 1.00 1.00 1.00 1.00 1.00
18 Isola di Fondra 0.08 0.92 1.00 092 0.08 1.00 1.00 0.04 092 0.04
19 Carona 1.00 1.00 1.00 1.00 1.00 1.00
20 Valleve 1.00 1.00 1.00 1.00 1.00 1.00
21 Selvino 1.00 1.00 1.00 1.00 1.00 0.80 0.20
22 Nembro 1.00 1.00 1.00 1.00 1.00 0.83 0.17
23 Tavernola 1.00 1.00 1.00 1.00 1.00 0.12 0.88
24 Vigolo 0.33 0.67 1.00 1.00 1.00 1.00 1.00
25 Bezzecc¢a 1.00 1.00 1.00 1.00 1.00 1.00
26 Molina di Ledro 1.00 1.00 1.00 1.00 1.00 1.00
27 Marling 1.00 1.00 095 0.05 1.00 1.00 1.00
28 Bad Salz 1.00 1.00 1.00 1.00 1.00 1.00

Eastern clade =

E. germanus
29 Sta Maria 1.00 1.00 1.00 1.00 1.00 1.00
30 Lichtenberg 1.00 1.00 1.00 1.00 1.00 1.00
31 Schludéms 1.00 1.00 1.00 1.00 1.00 1.00
32 Schianderns 1.00 1.00 1.00 1.00 1.00 1.00
33 Vetdins 1.00 1.00 1.00 1.00 1.00 1.00
34 Brixen 1.00 1.00 1.00 1.00 1.00 1.00
35 Vals 1.00 1.00 1.00 1.00 1.00 100
36 Bremer 1.00 1.00 1.00 1.00 1.00 1.00
37 Vettiolo 1.00 1.00 1.00 1.00 1.00 1.00
38 Bellurio 1.00 1.00 1.00 1.00 1.00 1.00
39 Voltago 1.00 1.00 1.00 1.00 1.00 1.00
40 Sap Romaso 1.00 1.00 1.00 1.00 1.00 1.00
41 Mezzocanale 1.00 1.00 1.00 1.00 1.00 1.00
42 Bofca dj Cadore 1.00 1.00 1.00 1.00 1.00 0.20 0.10 0.70
43 Auronzo di Cadore 1.00 1.00 1.00 1.00 1.00 0.33 0.67
44 Starkénbach 1.00 1.00 1.00 1.00 1.00 1.00
45 Tartehz 1.00 1.00 1.00 1.00 1.00 1.00
46 Kranzach 1.00 1.00 1.00 1.00 1.00 1.00
47 Dellach . 1.00 1.00 1.00 1.00 1.00 1.00
48 Obg¢rdrauburg 1.00 1.00 1.00 1.00 1.00 1.00
49 Dobratsch 1.00 1.00 1.00 1.00 1.00 1.00
50 Schiitt 1.00 1.00 1.00 1.00 1.00 1.00
51 Federain 1.00 1.00 1:00 1.00 1.00 1.00
52 Crnice . 1.00 1.00 1.00 1.00 1.00 1.00
Outgroup species

E. gamma
53 Koschiita 1.00 1.00 1.00 1.00 1.00 1.00
* E. flavicaudis

Lauris 0.03 0.97 1.00 1.00 0.09 091 1.00 1.00
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mdh2 mpi pep

Nr. Sample 100 105 100 101 107 110 112 118 125 130 135 78 87 94 98 100 104 107

Western clade =

E. alpha stat. nov.
1 Gondo 1.00 0.17 0.83 1.00
2 Fontainemore 1.00 1.00 1.00
3 Rancate 1.00 0.54 0.27 0.12 0.08 1.00
4 Monte 1.00 0.14 0.77 0.09 1.00
5 Fornace 1.00 0.30 0.10 0.60 1.00
6 Pontide 1.00 0.70 0.10 0.20 0.40 0.60
7 Sottoponte 1.00 0.92 0.08 1.00
8 San Carlo 1.00 0.14 0.86 0.95 0.05
9 Brembilla 1.00 0.25 0.50 0.13 0.13 0.90 0.10
10 Gerosa 1.00 075 025 1.00
11 Peghera 1.00 0.25 0.25 025 0.25 0.75 0.25
12 San Pellegrino 1.00 0.13 0.13 0.13 0.64 0.50 0.25 0.25
13 San Giovanni Bianco 1.00 0.05 0.18 0.59 0.18 0.59 041
14 Camerata Comnello 1.00 1.00 1.00
15 Olimo al Breembo 1.00 0.05 045 035 0.15 0.95 0.05
16 Piazzatorre 1.00 0.12 0.39 0.31 0.12 0.08 0.89 0.12
17 Mezzoldo 1.00 0.64 0.14 0.14 0.07 0.83 0.17
18 Isola di Fondra 1.00 0.08 0.58 0.12 023 0.92 0.08
19 Carona 1.00 0.65 0.19 0.15 1.00
20 Valleve 1.00 1.00 1.00
21 Selvino 1.00 0.10 0.70 0.20 1.00
22 Membro 1.00 0.50 0.50 1.00
23 Tavernola 1.00 0.50 0.50 1.00
24 Vigolo 1.00 0.50 0.50 1.00
25 Bezzecca 0.90 0.10 0.10 0.40 0.50 0.20 0.80
26 Molina di Ledro 1.00 0.10 0.35 045 0.10 0.10 0.90
27 Marling 1.00 0.10 0.30 0.10 0.50 1.00
28 Bad Salz 1.00 1.00 1.00

Eastern clade =

E. germanus
29 Sta Maria 1.00 1.00 1.00
30 Lichtenberg 1.00 1.00 1.00
31 Schluderns 1.00 1.00 1.00
32 Schlanderns 1.00 1.00 1.00
33 Verdins 1.00 1.00 1.00
34 Brixen 1.00 1.00 1.00
35 Vols 1.00 1.00 1.00
36 Bremer 1.00 1.00 1.00
37 Vetriolo 1.00 1.00 1.00
38 Belluno 1.00 1.00 0.50 0.50
39 Voltago 1.00 1.00 0.60 0.40
40 San Tomaso 1.00 1.00 0.17 0.83
41 Mezzocanale 1.00 1.00 0.25 0.75
42 Borca di Cadore 1.00 1.00 0.05 0.45 0.50
43 Auronzo di Cadore 1.00 1.00 0.83 0.17
44 Starkenbach 1.00 1.00 0.38 0.62
45 Tarrenz 1.00 1.00 1.00
46 Kranzach 1.00 1.00 1.00.
47 Dellach 1.00 1.00 0.31 .0.69
48 Oberdrauburg 1.00 1.00 0.80 0.20
49 Dobratsch 1.00 1.00 0.88 0.12
50 Schiitt 1.00 1.00 0.70 0.30
51 Fereraun 1.00 1.00 0.75 0.25
52 Crnice 1.00 0.06 0.94 0.42 0.58
Outgroup species

E. gamma
53 Koschuta 1.00 1.00 0.17 0.83

E. flavicaudis

Lauris 1.00 0.10 0.13 0.87




868 B. GANTENBEIN, V. FET, M. BARKER & A. SCHOLL
APPENDIX I (4)
6-pgd pgi pgm pk

Nr. Sample 88 93 98 100 104 107 8 8 93 94 100 80 91 94 98 100 98 100 101

Western clade =

E. alpha stat. nov.
1 Gondo 1.00 1.00 0.83 0.06 0.11 1.00
2 Fontainemore 1.00 1.00 1.00 1.00
3 Rancate 1.00 1.00 0.57 0.43 1.00
4 Monte 1.00 1.00 0.73 0.27 1.00
5 Fornace 1.00 1.00 0.70 0.30 1.00
6 Pontide 1.00 0.10 0.90 0.40 0.30 0.30 1.00
7 Sottoponte 1.00 023 0.77 0.85 0.15 1.00
8 San Carlo 1.00 0.62 0.38 0.75 0.25 1.00
9 Brembilla 1.00 0.10 0.90 0.38 0.13 0.50 1.00
10 Gerosa 1.00 025 0.75 0.75 0.25 1.00
11 Peghera 1.00 025 075 0.50 0.50 1.00
12 San Pellegrino 1.00 0.50 0.50 0.50 0.25 0.25 1.00
13 San Giovanni Bianco 091 0.09 0.09 0.91 0.05 0.96 1.00
14 Camerata Cornello 1.00 1.00 1.00 1.00
15 Olmo al Brembo 1.00 0.15 0.85 0.75 0.25 1.00
16 Piazzatorre 1.00 0.08 0.92 0.65 0.35 1.00
17 Mezzoldo 1.00 1.00 0.71 0.29 1.00
18 Isola di Fondra 1.00 073 0.27 0.08 0.92 1.00
19 Carona 1.00 1.00 0.13 0.88 1.00
20 Valleve 1.00 1.00 1.00
21 Selvino 1.00 0.10 0.90 0.13 0.13 0.75 1.00
22 Nembro 1.00 0.17 0.83 0.17 0.33 0.50 1.00
23 Tavernola 1.00 1.00 0.50 0.50 1.00
24 Vigolo 1.00 1.00 0.50 0.50 1.00
25 Bezzecca 0.90 0.10 1.00 0.10 0.50 0.20 0.20 1.00
26 Molina di Ledro 1.00 1.00 0.25 0.30 045 1.00
27 Marling 1.00 0.05 0.95 0.61 022 0.17 1.00
28 Bad Salz 1.00 1.00 1.00 1.00

Eastern clade =

E. germanus
29 Sta Maria 1.00 1.00 0.80 0.21 1.00
30 Lichtenberg 1.00 1.00 0.40 0.60 1.00
31 Schluderns 1.00 1.00 0.93 0.07 1.00
32 Schlanderns 1.00 1.00 1.00 1.00
33 verdins 1.00 1.00 1.00 1.00
34 Brixen 1.00 1.00 0.75 0.13 0.13 1.00
35 Vols 1.00 1.00 0.70 0.20 0.10 1.00
36 Bremer 1.00 1.00 0.86 0.14 1.00
37 Vetriolo 1.00 1.00 0.89 0.1 1.00
38 Belluno 1.00 1.00 1.00 1.00
39 Voltago 1.00 1.00 0.40 0.60 1.00
40 San Tomaso 1.00 1.00 1.00 1.00
41 Mezzocanale 1.00 1.00 1.00 1.00
42 Borca di Cadore 1.00 1.00 0.85 0.15 1.00
43 Auronzo di Cadore 1.00 1.00 0.08 0.92 1.00
44 Starkenbach 1.00 1.00 0.75 0.25 1.00
45 Tarrenz 1.00 1.00 1.00 1.00
46 Kranzach 1.00 1.00 0.50 0.50 1.00
47 Dellach 1.00 1.00 0.06 0.94 1.00
48 Oberdrauburg 1.00 1.00 0.10 0.30 040 0.20 1.00
49 Dobratsch 1.00 0.13 0.88 025 0.75 1.00
50 Schiitt 1.00 1.00 033 025 0.42 1.00
51 Federaun 1.00 1.00 0.75 0.25 1.00
52 Crnice 1.00 1.00 0.56 0.44 1.00
Outgroup species

E. gamma
53 Koschuta 1.00 1.00 1.00 1.00

E. flavicaudis

Lauris 0.35 0.65 1.00 1.00 1.00
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APPENDIX 11

Polymorphic sites (indels, parsimony informative sites, transitions (ti), and transversions (tv))
in the 16S rRNA gene sequences analysed. Abbreviations for the haplotypes are explained in
appendix L.

pogition 111 1111111111 1111111112 2222222222 2222222222 222222333333333
position 33378012 2223344455 5555666890 1111122222 2333346677 778999022233555
position 312352760 2381812923 4569056598 0123723467 9023471901 232246145702029
Indel

=D: ==== ===

Informative= FF=F= ==FFFF===F F=FFFFFFFF

Ti N =NNNNN=NNN NNNNN=NNNN

v =VV==V=== V==V=VV==V V====YV=VV V=VV===V=V
EalFoO TTATATTGT TTACGTTGAT CCTCATATAG ATAGAAGAAT
EalGO

EalsSpP

EalSG

EalRA

Ealca

EalOL

Ealso

EalTA

EalML

EalMA

EgeOB ~~==-G-A- ~----AG-~--C A---G--A--

EgeDE -~==--G-A- ----AG---C A---G--A--

EgeST -=----G-A~ ~-—-~--AG---C A--~-G--A--

EgeBO -===AG~~~C A---G--A--

EgeSM ~---TAG--~~ A---G--A--

EgeVE ---TAG---- A-~~G--A--

EgeSH -====G-A- ~---TAG-=-~ A---G--A--

EgeVO -===-=-G-A- ---TAG---- A---G--A--

EgeME -~-TAG---- A---G--A-- --GAGG----
EgeKR ---TAG~~--~ A-~~G-=A-- ~~GAG-*---
EgeTZ -~-TAG--~-- A---G--A-- --GAG-----
EgeCR -—---AGG--A AA-----A-- ~-C-AG---G-
EgaKoO G-GT---A-A AA~~===A-= —~G-====G-

Ef1LA CGC-GAC-C -CGAA---G- A----AT--T TAACGTGTAG T-TT-G-T-A G-T--A---GCC---



