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ABSTRACT

Strigamia centipedes are widespread in European forest soils, however a complex inconsistent
taxonomy developed over time. Based on a modern species concept, we evaluated multiple lines of
evidence for speciation among inland populations from the Italian to the Baltic region. Hypotheses
of species delimitation were drawn independently from: (a) morphological differentiation, by means
of model-based cluster analyses of 52 specimens, after controlling for allometry and sexual
dimorphism; (b) syntopy of morphologically distinct individuals, assumed as representatives of
coexistent species, from >700 sites; (c) molecular differentiation, by various methods applied to
COl sequences of the same 52 specimens. Diagnoses and geographical distributions were revised by
re-examining >2000 specimens and the entire literature. We found preliminary evidence for: a S.
acuminata species-complex, widespread, including a candidate species from the Eastern Alps
differing in the forcipules; a S. carniolensis species-complex, often called S. crassipes, widespread,
but absent from Sicily; a S. crassipes species-complex, often called S. transsilvanica, more
widespread than previously known, including 3 candidate species co-occurring in the Western Alps
and differing in body size and leg number despite little genetic divergence; and S. engadina,
exclusive of a narrow part of the Central Alps.

Keywords: COI — integrative taxonomy — morphometrics — speciation — species delimitation — soil
animals

INTRODUCTION

Recent decades have witnessed great progress in developing conceptual and methodological
tools for taxonomy, i.e., for the description of organismal diversity. Different definitions of
“species” have been reconciled as complementary criteria of recognition, within a broader concept
of evolutionary species, often referred to as a “unified” or “general lineage species concept” (e.g.:
De Queiroz, 2007; Zachos, 2016). Moreover, consensus has emerged that the practice of detecting,
circumscribing, and diagnosing species should be based on multiple lines of evidence for
speciation, under the methodological framework of “integrative taxonomy” (e.g.: Dayrat, 2005;
Schlick-Steiner et al., 2010; Padial et al., 2010). This is motivated by the fact that different sources
of information may reveal different expected outcomes of speciation: genetic divergence,
morphological differentiation, reproductive isolation when in syntopy, ecological divergence, and
others. Especially for molecular data, different methods for species delimitation have been
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developed and assessed (e.g.: Sites & Marshall, 2004; Flot, 2015; Fontaneto et al., 2015). Built on
statistical theory and explicit models of evolution, they ensure scientific standards of repeatability
and falsifiability (Popper, 2002; Padial et al., 2010; Gill, 2014).

This theoretical and operational taxonomic toolkit is being increasingly applied to a variety of
organisms and ecological contexts. However, a bias persists against small soil-dwelling animals,
which however comprise a large portion of the extant biodiversity (e.g., Orgiazzi et al., 2016). This
bias is evident even within the European biota, which is acknowledged to be the most investigated
in the world (Fontaine et al., 2012). Largely neglected and yet diverse groups of soil animals
include the myriapods, for most of which we are still far from understanding the true pattern of
species-level differentiation (e.g., Bonato & Minelli, 2009; Kime & Enghoff, 2017).

Centipedes of the genus Strigamia Gray, 1843 (Geophilidae: Linotaeniinae; Fig. 1) are among
the most widespread and ecologically significant centipedes in the forest soils of the northern
hemisphere (Voigtlander, 2009; Bonato et al., 2017). They are among the most frequently recorded
centipedes even in the forests throughout Central Europe, where they are currently referred to a total
of five species: two apparently widespread species that are almost invariantly called S. acuminata
(Leach, 1816) and S. crassipes (C.L Koch, 1835), and three apparently more localized species
called S. transsilvanica (Verhoeff, 1928), S. cottiana (Verhoeff, 1935) and S. engadina (Verhoeff,
1935) (e.g.: Koren, 1986; Geoffroy & lorio, 2009; Bonato et al., 2012, 2014a; Reip et al., 2012;
Bonato & Minelli, 2014; lorio, 2014). However, many inconsistencies and uncertainties in the
recent taxonomic and faunistic literature reveal that our understanding of the true species diversity
of these animals is still unsatisfactory.

We applied a modern theoretical and operational approach for a preliminary taxonomic
reassessment of forest-dwelling Strigamia across a broad sector of Europe. Our primary aim was (i)
detecting, (ii) circumscribing and (iii) diagnosing all evolutionary lineages at the level of species or
species-complexes. To produce evidence-based hypotheses, we gathered indirect evidence of
speciation from:

(a) morphological differentiation: differences between organisms may be taken as evidence of
phenotypic differentiation of lineages after speciation, after distinguishing the component of
variation associated with body size (ontogenetic and static allometry) and sex (sexual dimorphism);

(b) syntopy of morphologically distinct organisms: the local co-occurrence of organisms with
alternative discrete phenotypes may be taken as evidence of coexistence of lineages with substantial
reproductive isolation, after ruling out alternative explanations;

(c) molecular differentiation: molecular differences between organisms may be taken as
evidence for genetic differentiation of lineages after speciation, after considering within-population
and intra-specific genetic variation.

MATERIAL AND METHODS

Study area

We considered a broad sector across Europe, including the entire Italian region, the whole of
the Alps and the northern European lowlands within the conventional boundaries indicated in Fig.
2. Only inland areas were considered, so that we ignored littoral habitats, which are inhabited by the
congeneric but distantly related S. maritima (Leach, 1817) (Bonato et al., 2017).

Species delimitation from morphological differentiation
Preliminary evaluation of intraspecific variation and character selection

We considered all morphological characters proposed by previous authors as distinguishing
species or infraspecific taxa in European inland Strigamia (Table S1). However, we ignored
characters that were later found to be ineffective, either because they are much more variable
between individuals than between populations or because they are hard to evaluate objectively. All




retained characters (13) were defined operationally as binary, meristic, or continuous morphometric
(Table 1; Fig. 3). For the morphological terminology we followed Bonato et al. (2010).

As a preliminary step, we evaluated the inter-individual variation of each character within 11
samples of individuals (Table S2; Fig. 2). Each sample included 13-23 confidently conspecific
specimens collected from a single site or a few nearby sites without obvious intervening barriers,
and is hereinafter referred to as a “population”. For the sake of comparability, we selected
specimens >15 mm long, with gonopods at least partially developed, and without anomalies or
evident damage preventing character evaluation. The 11 populations were representative of most of
the currently distinguished species of inland Strigamia within the study area, and of their overall
morphological diversity. Referring to the taxonomic names currently in use, we considered 3-4
populations for each of the species S. acuminata, S. crassipes and S. transsilvanica, and one
population for S. cottiana.

All 13 characters were evaluated in all 172 specimens by a single person (GDZ). Some
characters were evaluated by transmitted light with a biological microscope (Leica DMLB), others
by incident light with a stereomicroscope (Leica MZ12.5) (Table 1). Measurements were taken by
means of a micrometer applied to the ocular lens, to the nearest 5 um (for the diameter of the coxal
pores) or 10 um (for all other measures). The maximum width of the head was taken as an index of
body size, following Horneland & Meidell (2009). Sex assignment was made based on the shape of
gonopods only (e.g., Brolemann, 1930), without considering any other putative secondary sexual
character.

The variation of each character with body size and sex was evaluated by building a
generalized linear mixed model (GLMM). Body size and sex were treated as fixed effects, including
their interaction, whereas the population was treated as a random effect. For binary characters, a
binomial distribution was assumed, and the link function was set as logistic. For meristic characters,
a Poisson distribution was assumed, and the link function was set as logarithmic. For continuous
characters, a normal distribution was assumed, and the link function was set as identity. Models
were fitted with the R package ‘Ime4’ (Bates et al., 2015). The statistical significance of the effects
of body size, sex and their interaction was tested with the Wald ¥ test, as implemented in the R
package ‘car’ (Fox et al., 2012), after controlling for overdispersion with the test implemented in
the R package ‘gimmTMB’ (Magnusson et al., 2017).

Whenever a character was found to be significantly associated with body size and/or sex, it
was tentatively corrected to minimize these effects. In detail, meristic and continuous characters
associated with body size were divided for the body size or its square (Table 1). Moreover,
characters differing between sexes were corrected estimating the expected condition in a single sex.
In particular, as the number of legs was found on average higher in females than in males with a
modal difference of 2 pairs, despite heritable variation between individuals and some temperature-
induced plasticity (Vedel et al., 2010), values in males were corrected by adding 2 pairs. In the
same way, as the number of coxal pores was found on average higher in females than in males with
a modal difference of 1 for each coxopleuron, values in males were corrected by adding 1 (Table 1).
Model-based cluster analysis based on selected characters

For the species delimitation analysis we considered only the characters that were not found
either significantly associated with body size, or with sex, in the preliminary analysis (see above;
Table 1). All these characters (9) were evaluated on a sample of 52 specimens (Table S3), including
49 specimens collected by the authors throughout the study area (Fig. 2) and representative of most
of the known morphological and ecological diversity of Strigamia in the area. The three other
specimens are from other sites in Western Europe (Table S3). Upon collection, specimens were
fixed and maintained exclusively in either 70% or absolute ethanol, and the geographical position of
the site was registered in WGS 84, in decimal degrees, with precision of 0.001° (about 0.1 km), by
means of GPS devices or web-GIS applications. For the analysis of species delimitation, all
characters were evaluated on the 52 specimens by two persons only (MO, JS) and strictly following
a common protocol.




To obtain an optimal partition of the 52 specimens in morphologically different candidate
species, we carried out a model-based cluster analysis of the specimens considering the 9 selected
characters. In detail, assuming a hypothetical number of species N and different probability
distributions of the characters among the N species, we estimated for each specimen the probability
of belonging to each species. Normal distributions were assumed for the continuous characters,
which were also standardized, and Poisson distributions for the meristic characters. The parameters
of the distributions and the assignment probabilities of the specimens were estimated with the
Expectation Maximization algorithm (Witten & Frank, 2005). To determine the most likely number
of candidate species N, a measure of likelihood was estimated for each hypothetical N ranging
between 1 (all specimens belonging to a single species) and 52 (each specimen in a separate
species). This was done by applying a 10-fold cross-validation procedure: for each value of N, we
repeated the Expectation Maximization algorithm 10 times, each time excluding a random sample
of 1/10 of the specimens and using the latter for validation, and then averaging likelihoods among
repetitions. The analysis was performed with the software STATISTICA 8.0 (Statsoft, 2008) and
was repeated 10 times with different ‘seed numbers’ to test for the stability of the results, as
suboptimal results are expected from some runs. The analyses were repeated considering the
absolute values of the continuous characters instead of their standardized values. To explore
evidence for further partition within the candidate species, additional analyses were run separately
for each of the major clusters of specimens obtained from the primary analyses, however using a 5-
fold cross-validation procedure because of the lower number of specimens.

Species delimitation from syntopy of morphologically distinct individuals

In addition to the specimens employed for the analyses of morphological differentiation (see
above), we considered many other specimens of Strigamia collected within the study area and
preserved in different collections, for a total of 2111 specimens from 786 sites (Fig. 2).

Whenever multiple specimens were collected from a single site in a single day (as indicated
by their preservation as a single sample in a single tube with a common label), we compared all
specimens of the sample for the 9 characters employed for the species delimitation analysis from
morphological differentiation (see above; Table 1). We also compared the specimens for the
developmental condition of the gonopods in relation to the body length. Whenever we detected
discrete differences between subgroups of specimens within a single sample and these differences
were larger than expected for within-population variation (including sexual dimorphism and
variation with body size, based on the preliminary analysis of intraspecific variation; see above), we
hypothesised that those different subsamples belong to morphologically differentiated species
coexisting in a site. An alternative explanation would claim the existence of discrete phenotypic
polymorphism within a population of a single species, but this appears much less likely because
there is no evidence of polymorphism in any population of Strigamia.

Based on the morphological characters, we eventually correlate the putative species found in
syntopy in a site with those found in syntopy in other sites and with the candidate species indicated
by the other lines of evidence (see below).

Species delimitation from molecular differentiation
COl sequencing

Sequences of COI were obtained for all the same 52 specimens employed for the species
delimitation analysis by morphological differentiation (Table S3; Fig. 2).

To the exclusion of 5 already available sequences (Bonato et al., 2014b, 2017), all other
sequences were obtained de novo. DNA extraction and amplification were performed in different
laboratories for different specimens: Department of Biology, University of Padova (PD), with the
primer pair LCOI490/HC02198 or COI StrigFor/COI StrigRev (Bonato et al., 2017); Zoologische
Staatssammlung Miinchen (ZSM) via Canadian Centre for DNA Barcoding, Guelph (CCDB), with
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the primer pair Folmer LepF/LepR; Zoologisches Forschungsmuseum Alexander Koenig, Bonn
(ZFMK), with the degenerated primer LCO1490-JJ and HCO2198-JJ (Astrin & Stiiben, 2008).

At PD, total DNA was extracted from a few body trunk segments using the DNeasy Blood
and Tissue kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. PCRs were
performed in 20 pl reactions containing 4.0 ul of 5X Flexi Buffer, 0.4 ul of 10 MM dNTPs, 1.2 ul
of 25mM MgCIl2, 0.5 ul of 100% DMSO, 0.5—-1.0 pl of each 10 uM primer, 0.1 pl of 5U/ul GoTaq
Flexi DNA Polymerase (Promega, Madison, USA), 1 ul of template DNA and purified water. The
reaction was carried out as follows: 1 step at 95 °C for 5 min; 27—35 cycles consisting of 1 min at

94 °C, 1 min at 40—42 °C (for LCOI1490/HCO2198 primer) or at 49-51 °C (for COI StrigFor/COI
StrigRev primer), and 1 min 30 s at 72 °C; a final step at 72° C for 7 min. The double-stranded PCR
products were verified by 1% agarose gel electrophoresis and purified using the MinElute PCR
Purification Kit (Qiagen). The purified PCR products were sequenced directly on both strands with
the same primer pairs as used for amplification through BMR Genomics (Padova, Italy).
Sequencing was performed by BMR Genomics, Padova.

At CCDB and ZFMK, DNA extraction, amplification and sequencing were carried out as
described by Astrin et al. (2016) and Wesener et al. (2015), respectively.

Sequence reliability was verified by translating the nucleotide sequence into amino acid
sequence with MEGA 7 (Kumar et al., 2016).

Estimation of gene tree

As some methods of species delimitation require a gene tree or even an ultrametric gene tree
(i.e., with branch lengths proportional to divergence times), a phylogenetic analysis was performed
on the COI sequences.

To the 52 sequences we added two other already available sequences, which were obtained
from two specimens from the study area but unavailable for morphological analysis: a specimen
from Hainich, Thuringian Forest, previously identified as S. acuminata (GenBank accession code
JQ801586) and a specimen from Vilm, on the Baltic Sea, previously identified as S. crassipes
(0Q38444). Moreover, identical sequences were removed to avoid biases in the inference of model
parameters and to avoid zero-length tree branches, which are not tractable by some species
delimitation methods.

Already available sequences of Strigamia maritima (KP173664 and NC_026557) and
Pleurogeophilus mediterraneus (Meinert, 1870) (KF569299) were added as outgroups. S. maritima
and P. mediterraneus were chosen because they are among the most closely related species to the
European inland species of Strigamia according to previous molecular phylogenetic analyses
(Bonato et al., 2014b, 2017) and they outperformed other candidate outgroup species (Clinopodes
flavidus C.L. Koch, 1847, Geophilus electricus (Linnaeus, 1758), Henia vesuviana (Newport,
1845), Stenotaenia sorrentina (Attems, 1903)) according to the Evolutionary Placement Algorithm
(Berger et al., 2011) implemented in RAXML 8.2.1 (Stamatakis, 2014).

Sequences were aligned with MAFFT 7 using L-INS-i algorithm (Katoh & Standley, 2013),
and the alignments were corroborated with Clustal W and MUSCLE as implemented in MEGA.

ML analyses were performed with PhyML v.3.1 (Guindon et al., 2010; Criscuolo, 2011) with
averaged models selected by jModelTest 2 (Darriba et al., 2012) according to different criteria
(AIC, AlCc, BIC). Model parameters were estimated from both empirical and optimized base
frequencies. Alternative analyses were performed considering one or the other outgroup species or
both together. Node statistical supports were assessed with 1000 non-parametric bootstrap replicates
and the stabilization of bootstrap frequencies was checked with RAXML through the —I option.
“Rogue taxa”, i.e., sequences resolved at variable positions on the trees generated through
bootstrapping, were assessed with RogueNaRok (Aberer et al., 2013). A compositional test was also
performed with the p4 program (Foster, 2004).




An ultrametric tree was produced by a relative time calibration with the RelTime algorithm
implemented in MEGA, using the ML tree previously obtained with PhyML and the best-fit
substitution model selected with jModelTest.

Molecular methods of species delimitation

To estimate the optimal partition of the COI haplotypes in candidate species, we applied the
Automatic Barcoding Gap Discovery algorithm (ABGD; Puillandre et al., 2012), the Assemble
Species by Automatic Partition algorithm (ASAP; Puillandre et al., 2021), the K/6 method (Birky et
al., 2010), the Generalized Mixed Yule Coalescent method (GMYC; Pons et al., 2006; Fujisawa &
Barraclough, 2013) and the Poisson Tree Processes method (PTP; Zhang et al., 2013).

Both the ABGD and ASAP methods are based on the expectation that interspecific pairwise
distances are higher than intraspecific pairwise distances, and on the coalescent model (Puillandre et
al., 2012, 2021). Alternative hypotheses of species delimitation are produced depending on the prior
value of the maximum intraspecific distance. In addition, ASAP ranks the alternative hypotheses
according to the estimated probability that some candidate species are instead a single panmictic
species, as well as the relative width of the estimated gap between intra- and interspecific distances
(Puillandre et al., 2021). Both ABGD and ASAP were applied on distances corrected both with the
Jukes-Cantor substitution model (JC69-distances) and the Kimura-2-parameter substitution model
(K2P-distances). For ABGD, we considered 1000 prior values of the maximum intraspecific
distance ranging between 0.1% and 15% (Steps = 1000, Pmin = 0.001, Pmax = 0.15), which
encompass all four apparent minima in the frequency distribution of the pairwise distances (Fig. S1)
and also lower values that are often assumed or retrieved for other animal groups (Puillandre et al.,
2012). Instead, we did not constrain the minimum relative breadth of the barcoding gap (parameter
X =no value). For ASAP, we kept the default threshold value of 0.01 for the probability of species
panmixia for splitting species.

The K/0 method, also known as the “4x rule”, is also based on the coalescent model. In
particular, it is based on the expectation that, for each pair of sister species, the sequence divergence
between species (K) is >4 times (with confidence level >95%) as large as the sequence divergence
within the species (0) (Birky et al., 2010). We tested all supported clades in the gene tree,
estimating K as the average pairwise distance from its sister clade and 6 as the average pairwise
distance within the clade, considering both JC69- and K2P-distances.

The GMYC method is based on the expectation that, considering the timing of branching in a
gene tree, the rate of branching within a species is higher than the apparent rate of branching
between species (Pons et al., 2006). Hypotheses of species delimitation are produced by estimating
either a single (ST-GMY C) or multiple (MT-GMYC) transitions in the rate of branching
(Monaghan et al., 2009).

The PTP method is based on the expectation that the number of nucleotide substitutions
accumulated within any species is distinctly lower that the number of substitutions between species
(Zhang et al., 2013). We employed this method under both its Maximum Likelihood
implementation (PTP) and its Bayesian implementation (bPTP). We performed a rfMCMC of
100,000 steps, discarding the first 10,000 steps as burn-in, and retaining one step every 1000 post
burn-in steps. We checked the estimated parameters visually for convergence and good mixing of
the chains.

Differences between species and geographical distribution

Following the results of the species delimitation analyses on the 52 specimens (see above), we
tentatively (re-)identified all other 2059 specimens sampled from the study area (Fig. 2), based on
the major morphological differences found between the candidate species in the 9 characters
examined (see above). In addition, we browsed the entire taxonomic and faunistic literature to
retrieve all published records of Strigamia from the study area (Fig. 2), and we revised all published
identifications scrutinizing all accompanying information.
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Finally, we revised the morphological diagnoses and the geographical distribution of the
candidate species based on the confidently identified specimens and the validated published
records.

Whenever coordinates were not given, they were estimated from the textual indications given
either on the specimen labels or in the publications, with variable precision. Records were mapped
with QGIS, excluding those with lower precision (> 0.1°, which correspond to about 10 km). For
describing the geographical occurrence of the candidate species, we referred to the names of major
physical areas (mountains ranges, lowlands) currently in use.

RESULTS

Species delimitation from morphological differentiation

Of the 13 morphological characters evaluated for their inter-individual variation within 11
populations of Strigamia (Table 1), six characters were found to be significantly associated with
body size (GLMMs: Wald ¥ test: p<0.05): the head elongation, the relative separation of the
forcipules and the relative size of the forcipular tarsungulum were found to decrease with body size,
whereas the relative size of the forcipular tergite and both the number and the size of the coxal
pores were found to increase with body size (Tables 1 and S4). Moreover, three characters were
found to differ on average between sexes (GLMMs: Wald 2 test: p<0.05): the head elongation was
slightly but significantly higher in males than in females, whereas the number of legs and the
number of coxal pores were generally higher in females with marginal statistical significance (Table
S4). Instead, no significant interactions were found between body size and sex for any character
(Table S4). After applying corrections, for the purpose of species delimitation we retained 9
characters that were not significantly affected by either body size or sex (Tables 1 and S4).

Considering the 9 selected characters in 52 specimens of Strigamia sampled from the study
area (Fig. 2), the model-based cluster analysis with cross-validation (see Material and Methods)
retrieved an optimal partition of the specimens into two clusters in most of the iterations, with high
assignment probabilities (>0.999) for all specimens (“primary cluster analysis” in Fig. 4). Both
clusters included specimens sparsely distributed through most of the study area: a cluster (A in Fig.
4) including all specimens previously identified as S. crassipes, S. transsilvanica and S. cottiana,
two specimens of uncertain identity and a specimen from the South-Western Alps previously
identified as S. acuminata; a cluster (B) including all other specimens previously identified as S.
acuminata. The same partition was retrieved in all iterations run after standardizing the continuous
characters.

When repeating the analysis within the cluster A, the specimens were separated into two
candidate species in most of the iterations (“secondary cluster analysis” in Fig. 4), distinguishing
some specimens previously identified as S. crassipes (A") from all other specimens (A"). The same
partition was retrieved also in some iterations of the primary analysis and rarely also in the
secondary analysis after standardizing the continuous characters.

When repeating the analysis within the cluster B, a further partition was retrieved only in
some iterations (“‘secondary cluster analysis” in Fig. 4): some specimens from different sites of the
Central and Eastern Alps (B') were sometimes separated from all others (B"), with high assignment
probabilities for most of them. The same partition was also rarely retrieved in the primary analysis,
but not in the secondary analysis after standardizing the continuous characters.

Species delimitation from syntopy of morphologically distinct individuals

Considering the 786 sites where specimens of Strigamia were collected and examined by us
(Fig. 2), we detected at least 106 sites where morphologically well-distinguishable specimens were
found together, on the same day, suggesting the syntopy of 2—4 species in each of these sites (Table
S5). Syntopic candidate species were distinguished most often by disjunct ranges of variation of the
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number of legs and frequently also by discrete differences in the arrangement of the clypeal setae,
the relative size and shape of the forcipular denticles, the presence of the anterior ventral sclerotized
stripe, and sometimes also the different shape of the margins of the forcipular tarsungula and the
adult body length. Comparing and matching the morphology of the syntopic candidate species
between different sites, we found evidence for the existence of at least 7 morphologically distinct
species in the study area (Fig. 5). Three of these candidate species correspond to species retrieved
by the model-based cluster analysis of morphological differentiation (A", B', B"). Three other
candidate species (A'1, A'z, A's) were not distinguished in the previous analysis. The seventh
candidate species (C) was apparently not represented among the 52 specimens analysed for
morphological differentiation (see above).

Species delimitation from molecular differentiation

Reliable COI sequences were obtained for all the same 52 specimens that were employed for
the analysis of morphological differentiation (Fig. 2). After adding two other already available
sequences (see Material and Methods), a multiple alignment without indels was obtained
consistently with different methods, with a total length of 497 positions. The maximum pairwise p-
distance was 19.3% and the maximum pairwise K2P-distance was 22.7%. A total of 40 haplotypes
were found, including 7 haplotypes shared by multiple specimens (Table S3).

The ML phylogenetic analysis with a BIC-averaged substitution model, S. maritima as
outgroup and relative time calibration produced a tree with all nodes supported by > 89% bootstrap
values (Fig. 4). Using alternative criteria of model selection (AIC, AlICc) produced the same
topology but with slightly lower bootstrap supports. Using P. mediterraneus as an alternative
outgroup or both outgroups produced only minor differences in the topology and with lower
bootstrap supports. No “rogue taxa” were detected.

The tree indicated that most candidate species hypothesized by the previous analyses (based
on morphological differentiation and on syntopy of different individuals) correspond to clades,
except for A'y (paraphyletic with respect to A'> and A's) and B" (paraphyletic with respect to B').

The ABGD method partitioned the haplotypes into 5-12 candidate species for prior values
of the maximum intraspecific distance between 6.7% and 9.6%, for both JC69- and K2P-distances,
whereas only 2 species for higher distances and no fewer than 19 species for lower distances. The 2-
species hypothesis separated three specimens from all others, approximately mirroring the
separation of A" from all other species retrieved by the previous analyses. All other hypotheses
additionally separated one or more candidate species corresponding to A’ from two or more
candidate species corresponding to B (e.g., “ABGD 5 spp.” in Fig. 4). Under the hypotheses of >19
species, most candidate species comprised single or pairs of specimens from the southern part of the
study area (e.g., “ABGD 19 spp.” in Fig. 4).

The ASAP method indicated no fewer than 19 species in all the first eight optimal
hypotheses of species delimitation, with 24 species in the very first hypothesis (“ASAP” in Fig. 4).

The K/6 method suggested a partition into candidate species only for some sequences (“K/6”
in Fig. 4). Within the clade A, only two small subclades were retrieved as candidate species,
whereas most of the sequences remained unresolved. Instead, within the clade B, three of the four
major subclades were retrieved as candidate species.

The GMYC method indicated between 18 and 24 species, and most probably 24, when
allowing multiple thresholds (column “MT-GMYC” in Fig. 4). Further splits were suggested when
assuming a single threshold, for a total of 30 species.

The PTP method indicated between 14 and 32 species, most probably 26 in the Bayesian
implementation (“bPTP” in Fig. 4) and 28 in the ML implementation.

Candidate species
Despite the diversity of species delimitation hypotheses produced by different analyses and
different lines of evidence (Fig. 4), all candidate species grouped consistently into three species-
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complexes, each comprising an uncertain number of morphologically similar and phylogenetically
related species. These three species-complexes (labeled A’, A” and B in Fig. 4) correspond only
partially to the taxonomy and nomenclature in use: A’ comprises all specimens previously referred
to S. transsilvanica and other specimens previously referred to S. crassipes, S. cottiana and S.
acuminata, but it should be called the Strigamia crassipes species-complex according to the rules of
zoological nomenclature; A comprises part of the specimens previously referred to S. crassipes, it
should be called the S. carniolensis species-complex; B comprises most of the specimens
previously referred to S. acuminata and should be called the S. acuminata species-complex. The
additional candidate species indicated by the analysis of syntopy (C in Fig. 5) should be called S.
engadina, but its relationships with the three species-complexes above mentioned remain unknown.
Detailed notes on the valid scientific names are given in the Appendix in the Supporting
Information.

Both when comparing only the specimens employed in the species delimitation analyses
(see above) and when extending the comparison to all examined and confidently assigned
specimens (97% of the 2111 specimens from the study area) and to all validated published records
(59% of >2736 specimens from the study area, reported in 211 publications), the three species-
complexes and S. engadina can be unambiguously diagnosed by a combination of a few characters
(Table 2).

Moreover, all three species-complexes are similarly widespread in most of the study area,
whereas S. engadina is limited to a small area in the Central Alps (Figs 6-8).

Strigamia acuminata (Leach, 1816) species-complex
Diagnosis of adult individuals: usually up to 2-3 cm long; clypeal setae arranged in three groups,
i.e. with distinct gaps between intermediate and lateral groups of setae; forcipular tergite usually
30-40% of the head length; forcipules relatively slender and relatively separated from each other
(distance between the basal condyles >1.6 times the basal width of the forcipules); forcipular tibia
usually without a distinct projection, at most a very small tubercle or a shallow bump; tarsungulum
elongate (on average 80% of the distance between the basal condyles, rarely <70%), with the
outlines of the intermediate part either distinctly converging or sub-parallel; forcipular denticle
relatively short (usually 40-50% of the tarsungulum length) and its outlines usually straight; 39-43
leg pairs, almost invariantly 41 in females and 39 in males; metasternites of the anterior third of
trunk without a mid-longitudinal sclerotized stripe, only a shallow groove; each coxopleuron with
relatively few coxal pores in proportion to body size, i.e. usually no more than 15 pores in
individuals up to 25 mm long, and no more than 25 pores in longer individuals; coxal pores
relatively small in proportion to body size, diameter of the largest pore usually less than 4% of the
head width, and usually distinctly narrower than their canals.
Geographical distribution

Within the study area, species of the S. acuminata complex are widespread from the
northern coastal plain, through the Alps, to the Apennines, southwards to the Nebrodi mountains in
Sicily (Fig. 6). They are apparently missing from Corsica and Sardinia.

Outside the study area, species of the S. acuminata complex inhabit a broad part of Europe:
westwards to the Pyrenees (Barace & Herrera, 1980), Brittany (lorio, 2014) and Great Britain
(Barber, 2022); northwards to the southern part of the Jutland Peninsula (Lohmander, 1957;
Andersson et al., 2008); eastwards to the VVolga basin and Caucasus (summarized in Bonato et al.,
2012); southwards to Anatolia (Zapparoli, 1999) and southern Dinarides (Kaczmarek, 1969; Stoev,
2002), but also Crete (Simaiakis et al., 2004). Other published records from other areas have been
questioned (e.g., Bonato et al., 2012) or need confirmation.

Candidate species

Different lines of evidence suggest at least two species. A candidate species (B’ in Fig. 4)

seems to differ from the other/s species in the shape of the forcipules: the tarsungula are much more

9



elongate than in the other/s species (usually >85% of the distance between the basal condyles, on
average 88%, vs. usually <85%, on average 78%; Mann-Whitney test: U = 371, z = -4.26, p <
0.00001, n= 28 vs. 46; Fig. S2), the outlines of the intermediate part of each tarsungulum are often
sub-parallel whereas they are uniformly converging in the other/s species, and the denticles are
relatively shorter than in the other/s species (usually <45% of the tarsungulum length, on average
43%, vs. usually >45%, on average 49%; Mann-Whitney test: U = 10, z = 6.94, p < 0.00001, n= 27
vs. 45; Fig. S2). Reliable records of this candidate species are distributed along the South-Eastern
part of the Alps, from the Bergamasque Prealps to at least the Julian Alps and Prealps (Fig. 6). It is
largely parapatric with respect to other candidate species in the same complex, and evidence for
their syntopic occurrence is weak. The valid name of this candidate species should be S. microdon
(see Appendix).

Strigamia carniolensis (Verhoeff, 1895) species-complex
Diagnosis of adult individuals: usually up to 3-6 cm long; clypeal setae usually uniformly spaced in
a continuous row, rarely with two recognizable gaps between intermediate and lateral groups of
setae; forcipular tergite usually 35-50% of the head length; forcipules relatively broad and little
separated from each other (distance between the basal condyles <1.8 times the basal width of the
forcipules); forcipular tibia usually with a distinct projection; tarsungulum little elongate (on
average 70% of the distance between the basal condyles, rarely >75%), with the outlines of the
intermediate part fully converging; forcipular denticle relatively long (usually 55-65% of the length
of the tarsungulum, on average 60%) and its outlines usually distinctly curved; 45-57 leg pairs,
often 49-51 in females and often 47—49 in males; metasternites of the anterior third of trunk with a
distinct mid-longitudinal sclerotized stripe; each coxopleuron with many coxal pores in proportion
to body size, i.e. usually no fewer than 25 pores in individuals longer than 25 mm, and up to more
than 50 pores in longer individuals; coxal pores relatively small in proportion to body size, diameter
of the largest pore usually less than 4% of the head width, and usually distinctly narrower than their
canals.
Geographical range:

Within the study area, species of the S. carniolensis complex are widespread at least along
the southern part of the Alps and the entire Apennines, southwards to the Aspromonte Massif (Fig.
7). North of the Alps, they occur also along the Rhine Valley, northwards to the Rhenish Massif
(Fig. 7). They are missing from Corsica, Sardinia, and Sicily.

Outside the study area, the actual distribution of species of the S. carniolensis complex
needs deep revision, because of the broad variation of taxonomic opinions and nomenclature
employed by different authors (see below, under Discussion, and Appendix). As a matter of fact,
most published records cannot be interpreted confidently as referring to either the S. carniolensis
complex or the S. crassipes complex. Those that can be confidently assigned to the S. carniolensis
complex indicate that species of the latter complex inhabit a broad area in Western and Southern
Europe: westwards to the North-Western part of the Iberian Peninsula (Gregory & Lewis 2015,
Cabanillas, 2019, both sub S. crassipes; see below, under Discussion, and Appendix); northwards at
least to the northernmost part of France (lorio, 2014, sub S. crassipes); eastwards at least to the
western coasts of the Black Sea (Matic 1972, sub S. crassipes); southwards at least to the Rhodopes
in the Balkan Peninsula (Kaczmarek, 1969; Stoev, 2002; both sub S. crassipes), the entire Italian
Peninsula, and the central part of the Iberian Peninsula (Cabanillas 2020, sub S. crassipes). Other
published records from other areas need confirmation.

Candidate species
Evidence of multiple species is weak.

Strigamia crassipes (C.L Koch, 1835) species-complex
Diagnosis of adult individuals: usually up to 4 cm long, but in some lineages up to 2 cm and in
other lineages up to 6 cm long; clypeal setae uniformly spaced in a continuous array, without
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recognizable gaps between intermediate and lateral groups of setae; forcipular tergite usually 35—
50% of the length of the head; forcipules variable in size and separation, usually moderately
separated (distance between the basal condyles 1.5-2.0 times the basal width of the forcipules);
forcipular tibia usually with a distinct projection; tarsungulum moderately elongate (usually 70—
80% of the distance between the basal condyles, on average 75%), with the outlines of the
intermediate part fully converging; forcipular denticle of moderate length (usually 50-60% of the
tarsungulum length, on average 55%) and its outlines distinctly curved; variable number of leg
pairs, any odd number in the range 37-65, more frequently 47—49 in females and 45-47 in males;
metasternites of the anterior third of trunk without a mid-longitudinal sclerotized stripe, only a
shallow groove; each coxopleuron with relatively few coxal pores in proportion to body size, i.e.
usually no more than 15 pores in individuals up to 25 mm long, and no more than 25 pores in longer
individuals; coxal pores relatively large in proportion to body size, diameter of the largest pore
usually more than 4% of the head width, and usually about as wide as their canals.

Geographical range:

Within the study area, species of the S. crassipes complex are widespread from the northern
coastal plain, through the entire Alps, to Corsica and the Apennines, southwards to the Nebrodi
mountains in Sicily (Fig. 8). They are missing from Sardinia.

Outside the study area, the actual distribution of species of the S. crassipes complex needs
deep revision, because of the broad variation of taxonomic opinions and nomenclature employed by
different authors (see below, under Discussion, and Appendix). As a matter of fact, most published
records cannot be confidently interpreted as referring to either the S. carniolensis complex or the S.
crassipes complex. Those that can be confidently assigned to the S. crassipes complex indicate that
species of the latter complex inhabit a broad area in part of Europe: westwards at least to the
Provence Prealps (lorio & Berg, 2007, sub S. transsilvanica; see below, under Discussion, and
Appendix), the Meuse river (lorio, 2014, sub S. transsilvanica; Jeekel & Brugge, 2009) and Great
Britain (orig.; Fig. 4); northwards to the southern part of the Scandinavian Peninsula (Porat, 1889;
Andersson et al., 2008) and the lands East of the Baltic Sea (Bonato et al., 2005, 2012, given as
uncertain, sub S. transsilvanica, but here confirmed; Sammet et al., 2018, sub S. transsilvanica);
eastwards at least to the Carpathians (Verhoeff, 1935, sub Sc. transsilvanicus; Matic & Darabantu,
1968, sub S. transsilvanica); southwards to the Peloponnese (Zapparoli, 1994, sub S.
transsilvanica). Other published records from other areas have been questioned (e.g., Bonato et al.,
2012) or need confirmation, including recent records from the Azores (e.g., Borges & Enghoff,
2005; Borges et al., 2016) and from European Russia (Zuev & Evsyukov, 2016).

Candidate species

Different lines of evidence indicate at least three species.

A candidate species (A'z in Fig. 4) differs from other species of the same complex by a
remarkably shorter body (rarely more than 20 mm) and fewer body segments (39-43 leg pairs in
females and 37—41 leg pairs in males). It seems to be distributed along the Western Alps and the
northern Apennines, between the Pennine Alps and the northernmost part of the Tuscan-Emilian
Apennines, as well as in Corsica (Fig. 8). No names are available for this species.

Another candidate species (A") differs from other species of the same complex by a
remarkably longer body (surpassing 40 mm) and more numerous body segments (55-65 pairs in
both sexes). It seems to be distributed in a narrower part of the South-Western Alps, between the
Cottian and the Ligurian Alps (Fig. 8). It is already distinguished as S. cottiana (see Appendix for
detailed notes on the nomenclature).

Strigamia engadina (Verhoeff, 1935)
Diagnosis of adult individuals: up to 5 cm long or longer; clypeal setae uniformly spaced in a
continuous row; forcipular tergite 40-50% of the head length; forcipules relatively broad and little
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separated from each other (distance between the basal condyles <1.8 times the basal width of the
forcipules); forcipular tibia with a distinct projection; tarsungulum elongate, > 80% of the distance
between the basal condyles, with the outlines of the intermediate part sub-parallel; forcipular
denticle relatively short (usually 40-55% of the tarsungulum length) and its outlines distinctly
curved; around 51-55 leg pairs, 53-55 in females and 51-53 in males; metasternites of the anterior
third of trunk without a distinct mid-longitudinal sclerotized stripe; each coxopleuron with
relatively few coxal pores in proportion to body size, no more than 15 pores in individuals up to 25
mm long, and no more than 25 pores in longer individuals; coxal pores relatively large in proportion
to body size, diameter of the largest pore more than 4% of the head width, about as wide as their
canals.

Geographical range:

The species is apparently limited to a small area in the Central Alps, between the
Bergamasque Prealps and the Western and Southern Rhaetian Alps (Fig. 7).

Published records from other areas (Pyrenees, remaining Alps, central Apennines,
Dinarides, Carpathians and other areas in the Balkan Peninsula) are certainly or probably based on
misidentifications of the candidate species S. microdon (see above) or other species (e.g., Matic &
Darabantzu, 1971; Matic, 1975). We revised some of these records by re-examining the voucher
specimens. The few other published records need confirmation because they are almost invariantly
from within the known range of S. microdon and, when reporting S. engadina from a composite
sample of specimens from this area, authors assigned other specimens to S. crassipes or to S.
transsilvanica, but not to S. acuminata (Marcuzzi & Minelli, 1971; Matic & Darabantzu, 1971;
Minelli, 1979). Moreover, the record from the Carpathian Mountains based on the type material of
Scolioplanes engadinus rodnaensis (Verhoeff, 1935) also needs confirmation, because the little
reported morphological information on the single specimen is not enough to confirm its species
identity.

Candidate species
There is no evidence of multiple species.

DISCUSSION
Novel views on central European Strigamia diversity

Our investigation on the diversity of Strigamia centipedes in a broad part of Europe
disclosed a much more complex pattern of species differentiation than that envisioned so far, and
drafted novel views of the evolution of these animals.

For instance, within the S. acuminata species-complex, we found evidence for a candidate
species (S. microdon) with particularly shaped forcipules, and apparently substituting all other
related species throughout the South-Eastern Prealps.

In the same way, within the S. crassipes species-complex, we found evidence for a candidate
species (A’3) with reduced body size and modularity (i.e., the body is smaller at full growth and is
has fewer segments), and coexisting with other related species in the South-Western Alps.

More generally, within the S. crassipes complex, we documented a broader diversity in body
size and modularity, and even habitat, than previously known, especially within the Alps. The
diversity spans from the candidate species A’3, which does not grow longer than 2.5 cm, has around
40 pairs of legs and lives in montane soils covered by beech forests, to the similarly epigean and
often syntopic S. cottiana, which surpasses 4 cm in total length and has around 60 pairs of legs, and
even to some cave-dwelling populations, which grow even longer than 6 cm and have 50-60 pairs
of legs.

On the other hand, the two other widespread species complexes, namely the S. acuminata
complex and the S. carniolensis complex, showed a remarkably lower level of morphological and
ecological divergence within the study area, and especially within the Alps. However, the COI
sequences suggest that all three species complexes may have accumulated similar levels of
molecular diversity, which may be decoupled from ecological-phenotypic disparity.
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Our results also provided compelling evidence for the South-Western Alps as a major hotspot of
diversity for Strigamia. Here we found the highest amount of molecular diversity, of morphological
disparity and of coexisting species. For instance, up to three candidate species of the S. crassipes
complex have been recorded as strictly syntopic in multiple sites between the Cottian and Maritime
Alps, often together with other species of other complexes. Additionally, this area hosts narrow
endemics that are strongly differentiated morphologically, including S. cottiana and the species
A’3.

Towards a revised taxonomy for central European Strigamia

Our investigation revealed that the taxonomic and nomenclatural scheme currently in use for
the Strigamia centipedes in Europe is far from matching the real pattern of diversity, and in some
respect it is even inconsistent and misleading.

The results allowed us to draw a comprehensive taxonomy at the level of species-
complexes, and to point to some candidate species within these complexes.

We managed to spot and settle inconsistencies in defining some of the major morphological
characters so far given high diagnostic values in Strigamia taxonomy. For instance, we found that
different species complexes differ in the presence vs. absence of sclerotized narrow stripes on the
sternites of the anterior part of the body. However, up to now this character has been intended in
different ways and often misunderstood: some authors misinterpreted the stripes with shallow
grooves (e.g.: Eason, 1964; Barber, 2008, 2009; Andersson et al., 2005; Matic, 1972; Tuf & Kupca,
2015), others gave diagnostic value to both stripes and grooves (lorio, 2005; lorio & Labroche,
2015; lorio et al., 2022), and most authors did not restrict the evaluation on the anterior part of the
body. Additional confusion arose when it was suggested that similar stripes on the posterior part of
the body could help to distinguish among otherwise similar putative species within the S. crassipes
complex (Spelda, 2005; Voigtlander & Spelda, 2019).

Our results also allowed resolution of some uncertainties and incongruences in the
circumscription and valid names of the Strigamia taxa. For instance, we managed to disclose and
settle a long-lasting issue with the application of the name crassipes, which had caused the
accumulation of much incongruence and ambiguity on the true morphology and geographical
occurrence of two of the major species complexes (see Appendix). We found that the name
crassipes should be applied to a species complex without sclerotized stripes on the anterior sternites
and with relatively few coxal pores, not to a different species complex with those stripes and more
numerous coxal pores. Up to now, this usage has been endorsed unambiguously only by very few
authors (Jeekel, 1964; Spelda, 2005), while most authors applied the name crassipes to the other
species complex, which is here called carniolensis, whereas they often adopted the name
transsilvanica for species in the S. crassipes complex.

Furthermore, the large number of new records here presented and the critical reassessment
of all published ones allowed us to revise substantially previous views on the geographical
distribution of different Strigamia taxa. For instance, we found that species of the S. crassipes
complex cover a much broader range than previously thought: up to now, there were no reports
south of the Northern Apennines (Zapparoli & Minelli, 2007, sub S. transsilvanica), the presence
was often considered scarce north of the Alps (e.g., Bonato et al., 2005, and Reip et al., 2012, both
sub S. transsilvanica; but see, e.g., Jeekel, 1964, sub S. crassipes, and Voigtlander & Dunger, 1992,
sub S. transsilvanica) and populations in the British Isles were misinterpreted due to the confusion
with the application of the name crassipes (see above, and Jeekel, 1964). On the other hand, we
found that S. engadina is most probably limited to the Central Alps, as all the sparse published
records between the Pyrenees and the Balkan Peninsula turned out probably or certainly erroneous.

However, our investigations did not allow drawing a complete and consistent taxonomy of
Strigamia at the species level.

For instance, within the S. acuminata species complex, it remains to be clarified whether —
besides the morphological differentiated candidate species inhabiting the South-Eastern Prealps —
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the remaining areas are inhabited by a single species, as suggested by phenotypic uniformity, or
multiple parapatric species, as suggested by some genetic differentiation.

In the same way, it remains to be clarified how many other species comprise the S. crassipes
complex, besides the two candidate species here recognized in the South-Western Alps. Diversity in
body size, in body modularity and in other characters claims for further investigations. For instance,
populations living north of the Alps have often evident, but variable, darker mid-longitudinal stripes
on the sternites of the posterior part of the body (Spelda, 2005), while this feature is found less
frequently in the populations living in the Eastern Alps. Additionally, a few specimens collected
from caves in the South-Eastern Prealps show larger body size, more numerous legs, longer
antennae and relatively wider coxal pores, when compared to the epigean populations living in the
surrounding areas. This contrast may be explained by the existence of differentiated species, or by
the presence of locally adapted cave-dwelling populations, or merely by phenotypic plasticity in
hypogean vs. epigean habitats (e.g., Bilandzija et al., 2020).

Despite of an unprecedented sampling effort (overall 2111 specimens from 786 sites,
including 52 specimens employed in strictly integrative analyses) and a broad array of methods
applied to different lines of evidence (morphological and molecular differentiation, and coexistence
of distinct morphologies; Fig. 9), addressing the taxonomy within any species-complex will require
an even more intense sampling effort, especially within the Alps, and a more thorough evaluation of
different lines of evidence.

With respect to genetic differentiation, our preliminary analysis based on the single
mitochondrial marker COI should be expanded to multiple loci from the entire genome, leveraging
recently developed methodologies allowing phylogenomic analyses and population genomics (e.g.,
Noguerales et al., 2018; Stanton et al., 2019). Preliminary genomic data sequenced as Illumina short
reads, as well as complete mitochondrial genomes are already available for some specimens
representative of different Strigamia species complexes (Collins et al., 2023), but more data are
needed.

Additionally, with respect to morphological differentiation, despite that we already aligned
with best practices of integrative taxonomy (e.g., controlling characters for within-population
variation, and drawing morphological-based species delimitation hypotheses independently from
molecular-based hypotheses and not only to corroborate the latter; see also Peretti et al., 2022),
advances are expected by expanding the suite of the investigated characters. Indeed, other
characters have been suggested by previous authors as putative different between Strigamia
populations, but they have not been included in our study because they are hard to evaluate through
a protocol granting precision and repeatability. These characters include: adult body size, body
color of living animals (e.g. Fig. 1), elongation of the antennal articles, shape of venom calyx in the
forcipules, pattern of sclerification and shallow depressions on the sternites, shape of the pore-
fields, shape and setation of the sternite of the ultimate leg-bearing segment (Table S1 in Supporting
Information). Additionally, subtle shape variation could be assessed through an explorative
approach, e.g., by applying geometric morphometrics to selected body parts (e.g., Siriwut et al.,
2015; Chaplin et al., 2020).

Our study integrated evidence from morphological and molecular variation with an
additional line of evidence that is much rarely employed in integrative taxonomy in an explicit and
rigorous way: the syntopic occurrence of discretely morphologically distinct organisms as an
additional hint of speciation (Padial et al., 2010; Solis-Lemus et al., 2015; Cadena et al., 2018;
Hausdorf & Hennig, 2020). However, additional insights are expected by exploring other lines of
evidence, like the ecological niche differentiation (e.g., Rissler & Apodaca, 2007; Wang et al.,
2019).

Finally, advances are expected from expanding the sampling to the entire geographical range
of the Strigamia lineages under study. Both Western and Eastern Europe are inhabited by some of
the species detected by our study in Middle Europe, however additional field surveys are needed to
collate an adequate sampling scheme. Especially Eastern Europe is known to host additional
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lineages, which have been so far rarely sampled and investigated (e.g., Dobroruka, 1977; Matic,
1985).

Final remarks

Our investigation on the diversity of Strigamia centipedes in a broad part of Europe
showcases how the taxonomy in use for soil-dwelling animals may turn out substantially
unsatisfactory, even in long investigated continents, when we endorse a modern theoretical view of
species and speciation and when we scrutinize different lines of evidence for species and speciation
within an integrative taxonomic methodology and a rigorous statistical approach.
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Tables

Table 1. Morphological characters analyzed for their variation in 11 populations of Strigamia (Tables S2 and S4) and employed in the species
delimitation analysis in 52 specimens (Table S3). Characters are listed in anatomical order, anterior to posterior, and the evaluation method is
indicated for each of them: i = by incident light with stereomicroscope; t = by transmitted light with biological microscope. Variation with body size
and differences between sexes are indicated when their effects were statistically significant in the GLMMs (see Material and Methods; also, Table
S4). Arrows indicate either increase (1) or decrease () with body size.

. . variation | differences | considered correction
. _ variable | evaluation X ; .
character operational definition with body | between for species for species
type method . L ob AR
size Sexes delimitation | delimitation
head elongation head length / width continuous t yes | yes no -
z;\;;:rggement of clypeal setae on anterior clypeus: three groups vs. continuous row binary t no no yes no
[glgti![\ée size of forcipular forcipular tergite / head length continuous t yes 1 no no -
relative separation of distance between condyles of coxosternite / basal width of continuous ¢ es | no no i
forcipules trochanteroprefemur y
presence of projection on | internal margin of forcipular tibia: only small tubercle or .
. S . binary t no no yes no
forcipular tibia shallow bump vs. large projection
relative size of forcipular | distance of tip of tarsungulum from forcipular external hinge / .
. ] continuous t yes | no no -
tarsungulum distance between condyles of coxosternite
L . distance of tip of forcipular denticle from forcipular external
relative size of forcipular . . - . .
denticle E!nge / distance of tip of tarsungulum from forcipular external | continuous t no no yes no
inge
shape of forcipular external and internal margins of denticle of forcipular .
. } . . - binary t no no yes no
denticle tarsungulum: approximately straight vs. distinctly curved
shape of forcipular intermediate part of external and internal margins of .
. o binary t no no yes no
ungulum forcipular tarsungulum: uniformly convergent vs. sub-parallel
number of legs number of leg-bearing segments meristic i no yes yes + 2 if male
presence of stripe mid-longitudinal sclerotized stripe at 20% of the series of . .
i . o binary i no no yes no
on anterior sternites trunk sternites: absent vs. present
. . +1i
number of coxal pores maximum number of coxal pores between the two coxopleura meristic t yes 1 yes yes (helatljfvr\?igltz)/z
size of coxal pores maximum diameter of coxal pores continuous t yes 1 no yes / head width
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Table 2. Main differential characters between the species-complexes of Strigamia in the study area, according to the results of the species

delimitation analyses and data from reliably assigned specimens and validated published records (see Material and Methods). The sample size “n

€C_ 9

includes both specimens examined directly and specimens reported in publications. Notes: *, character evaluated only in specimens >15 mm long;
** evaluated only in specimens 15-25 mm long.

S. acuminata

S. carniolensis

S. crassipes

Name operational definition - . . S. engadina
species-complex species-complex species-complex

body length length without appendages: mode, max mode 21, max 35 mm | mode 31, max 60 mm | mode 20, max 65 mm max 50 mm

) ‘ (n=631) (n=390) (n=529) (n=5)
arrangement setae on anterior clypeus: three groups vs. three groups: 100% continuous row: 92% continuous row: 99% continuous row: 100%
of clypeal setae continuous row * (n=301) (n=83) (n=235) (n=2)
;I?gr\ﬁ;ﬁ:r tergite forcipular tergite/head length: mean [min-max] * 034 ([r?':2782)0'41] 041 ([r?j;)o'ﬂ] 043 ([r(]).:%?,?)O.SS] 045 [(?]'j;)OAB]
relative separation distance between condyles of coxosternite/max 1.9[1.6-2.3] 1.6 [1.4-1.8] 1.8 [1.5-2.1] 1.6 [1.6-1.6]
of forcipules width of trochanteroprefemur: mean [min-max] * (n=70) (n=47) (n=94) (n=2)
presence of projection internal margin of forcipular tibia: only small small: 99% large: 94% large: 97% large: 100%
on forcipular tibia tubercle or shallow bump vs. large projection * (n=70) (n=52) (n=90) (n=2)
relativg size dis_tance of tip of tarsungulum from exter_na! hinge 0.82 [0.71-0.94] 0.68 [0.63-0.77] 0.75 [0.68-0.85] 0.89 [0.84-0.94]
of forcipular / distance between condyles of coxosternite: mean - a A —

(n=97) (n=47) (n=95) (n=2)

tarsungulum

[min-max] *

relative size
of forcipular denticle

distance of tip of denticle from forcipular external
hinge / distance of tip of tarsungulum from
external hinge: mean [min-max] *

0.46 [0.39-0.52]
(n=95)

0.62 [0.56-0.67]
(n=47)

0.55[0.48-0.62]
(n=96)

0.50 [0.44-0.53]
(n=3)

shape
of forcipular denticle

external and internal margins of denticle of
forcipular tarsungulum: approximately straight vs.
distinctly curved

straight: 99%
(n=335)

curved: 94%
(n=95)

curved: 100%
(n=298):

curved: 100%
(n=5)

shape
of forcipular
tarsungulum

intermediate part of external and internal margins
of forcipular tarsungulum: uniformly convergent
vs. sub-parallel

convergent: 91%
sub-parallel: 19%
(n=310)

convergent: 100%
(n=402)

convergent: 100%
(n=473)

sub-parallel: 100%
(n=5)

number of legs

number of leg-bearing segments

37-43 [males 37-41,
females 39-43]

45-57 [males 45-55,
females 47-57]

37-65 [males 37-65,
females 39-65]

51-55 [males 51-53,
females 53-55]

(n=1169) (n=554) (n=676) (n=5)
presence of stripe mid-longitudinal sclerotized stripe at 20% of the absent: 100% present: 100% absent: 100% absent: 100%
on anterior sternites series of trunk sternites: absent vs. present (n=587) (n=402) (n=475) (n=5)
average number number of coxal pores on a coxopleuron at usually < 15 usually > 25 usually < 15 usually < 15
of coxal pores intermediate body size (about 25 mm long) (n=552) (n=288) (n=508) (n=5)
maximum number maximum number of coxal pores on a coxopleuron 22 56 31 21
of coxal pores (n=592) (n=314) (n=569) (n=5)
relative size maximum diameter of coxal pores / head width 0.03 [0.02-0.04] 0.03 [0.02-0.05] 0.06 [0.04-0.10] 0.08 [0.07-0.08]
of coxal pores (n=74) (n=47) (n=100) (n=2)
shape of coxal canals diameter of opening / diameter of canal: distinctly <1:79% <1:98% ~1:85% ~1:100%
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[<lvs.~1% (n=89) (n=57) (n=117) (n=5)
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FIGURES

Figure 1. Representative individuals of Strigamia from the study area: males (a, c, e) and females (b, d, f)
belonging to the S. acuminata species-complex (a, b), S. carniolensis species-complex (c, d), and S.
crassipes species-complex (e, f). Photos: a, Miinchen, 9.V1.2013, J. Spelda; b, Venetian Prealps, Mt.
Pasubio, 27.V1.2017, L. Bonato; ¢, Venetian Prealps, Montello, 27.1VV.2012, L. Bonato; d, Dolomites, Val di
Medon, 30.V.2005, L. Bonato; e, Danube Valley, Kelheim, 19.V.2010, J. Spelda; f, Northern European
Plain, Landgrafen Jena, 11.X1.2017, H. Reip.

Figure 2. Study area (elevation in gray shades) and sampling sites of the specimens examined for intra-
population variation (code letters as in Table S2), of the specimens employed in the species delimitation
analyses by morphological and molecular differentiation (code numbers as in Table S3), of all other
specimens examined for morphology, and all other published records.

Figure 3. Selected anatomical parts of representative specimens of Strigamia: (a) head and forcipular
segment; (b, c) anterior part of head; (d) posterior tip of the body; (e, f) forcipules. Photos taken through the
microscope, from the ventral side: a, Northern European Plain, Dubringer Moor, 4.1V.2012, K. Voigtlander,
ZFMK MYR 3557, S. acuminata species-complex; b, e, Abruzzi Apennines, Ovindoli, 7.1X.1999, G. Osella,
PD-G 2884, S. acuminata species-complex; c, f, Lucan Apennines, Novi Velia, 10.VI1.1973, R. Pace, PD-G
2480, S. crassipes species-complex; d, Swabian Jura, Leipheim, 27.V.2013, J. Spelda, ZSM-JSP150201-106,
S. crassipes species-complex.

Figure 4. Hypotheses of species delimitation of Strigamia obtained from different lines of evidence and
different methods, illustrated upon the ultrametric tree of the COI. Bootstrap values are indicated whenever
different from 100%. Tree tips represents haplotypes, coded as in Table S3. Both the previous species
identification of the specimens and the revised names of the species-complexes are indicated. Intraspecific
genetic distances are given in Table S6.

Figure 5. Candidate species of Strigamia indicated by the syntopy of morphologically distinct individuals.
Each species is represented by a circle, whose size is proportional to the number of sites. The syntopy
between two species is represented by a line, whose width is proportional to the number of sites where the
syntopy has been found (indicated along the line). Characters differing between the candidate species are
indicated by symbols along the lines (see also Table 1). Each species is coded as in Fig. 4 and indicated with
its revised name.

Figure 6. Geographical distribution of the Strigamia acuminata species-complex and candidate species
within the study area, based on direct examination of specimens and critically revised published records.

Figure 7. Geographical distribution of the Strigamia carniolensis species-complex and the species S.
engadina within the study area, based on direct examination of specimens and critically revised published
records.

Figure 8. Geographical distribution of the Strigamia crassipes species-complex and candidate species within
the study area, based on direct examination of specimens and critically revised published records.

Figure 9. Summary of the different evidence of speciation, sources of evidence, and analyses performed.
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SUPPORTING INFORMATION

Figure S1. Frequency distribution of pairwise COI genetic distances.

Figure S2. Relation between relative size of forcipular tarsungulum and relative size of forcipular denticle in
S. acuminata species-complex, distinguishing the candidate species S. microdon.

Figure S3. Specimens of the S. crassipes species-complex collected near the type locality of crassipes C.L.
Koch, 1835: A, ¢ with 49 leg pairs, from NW Tegernheim (5 km ENE Regensburg), 1.X1.2013 J. Spelda Ig,
ZSM-JSP131101-055; B, with 49 leg pairs, ¢ from W Keilberg (4 km NE Regensburg), 13.X1.2015 J.
Spelda lg, ZSM-JSP151117-004.

Figure S4. Representative specimen of the S. carniolensis species-complex: ¢ with 51 leg pairs, from
Caverna Mainarda (6 km NNE Travesio), showing the mid-longitudinal sclerotized stripe of the anterior
metasternites.

Table S1. Characters proposed by previous authors as distinguishing species or infraspecific taxa in
European inland Strigamia, with the main references suggesting their diagnostic validity (the putatively
distinguished nominal taxa are in parentheses).

Table S2. Specimens of Strigamia employed in the preliminary analysis of intraspecific morphological
variation before the species delimitation analysis. Populations are listed in geographical order approximately
North to South, and West to East (Fig. 2). The maximum distance between collection sites was estimated at
the nearest 5 km.

Table S3. Specimens of Strigamia employed in the analysis of morphological and molecular differentiation
for species delimitation. Specimens are listed in geographical order approximately North to South, and West
to East. Collection codes: Bonato-Minelli collection, Department of Biology, University of Padova (PD);
Forschungsmuseum Alexander Koenig, Bonn (ZFMK); Zoologische Staatssammlung Minchen (ZSM). COI
haplotypes shared by multiple specimens are coded with the prefix h-.

Table S4. Variation of morphological characters in relation to body size and sex, analyzed in 172 specimens
of Strigamia from 11 populations (Table S2) by means of GLMMs, with body size and sex as fixed effects,
and population as random effect. Characters are ordered anterior to posterior. Measurements are in mm.
Coefficients of statistically significant effects are in bold.

Table S5. Specimens of Strigamia collected together from a single site, in a single date, and showing
remarkable morphological differences that suggest the syntopy of two or more species (see Material and
Methods). Altitudes are approximated at + 100m.

Table S6. Intraspecific pairwise p-distances of COI sequences in Strigamia species-complexes and
candidate species, according to the results of the species delimitation analyses. We considered only the
specimens from within the study area (Fig. 2; n=51).

Appendix. Taxonomic and nomenclatorial notes on the Strigamia species-complexes and candidate species.

Additional references for Supporting Information
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