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The investigation of species boundaries in strictly endogeic animals is challenging because they are prone to fine-scale
genetic and phenotypic geographical differentiation owing to low dispersal ability. An integrative approach exploiting
different sources of information has seldom been adopted in these animals and even more rarely by treating all
data sources equally. We investigated species boundaries in the endogeic centipede Clinopodes carinthiacus across
the south-eastern Alps by studying genetic and morphological differentiation in a sample of 66 specimens from 27
sites, complemented by the morphological examination of more than 1100 specimens from other sites. Hypotheses
of species delimitation were obtained independently from the molecular sequences of three markers (mitochondrial
16S and COI and nuclear 28S) by means of different species discovery methods (automatic barcode gap discovery,
assemble species by automatic partitioning, general mixed Yule coalescent and the Poisson tree process) and from ten
morphological characters by means of a model-based cluster analysis and Bayesian model selection. We found strong
support for the existence of at least two species: C. carinthiacus s.s. and Clinopodes strasseri, which was formerly
described as a subspecies of another species, and later placed in synonymy with C. carinthiacus. The two species
coexist in syntopy in at least one site.

ADDITIONAL KEYWORDS: Geophilomorpha — integrative taxonomy — soil invertebrates.

INTRODUCTION

Soil-dwelling animals contribute substantially to
taxonomic and functional global biodiversity (e.g.
Bardgett & van der Putten, 2014; Orgiazzi et al.,
2016). However, the magnitude and patterns of fine-
scale geographical differentiation in these animals
remain very uncertain and difficult to assess (e.g.
Padial et al., 2010; Carstens et al., 2013). Species
delimitation is especially challenging when aiming
to discriminate species-level diversity from between-
population variation in small, strictly endogeic
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animals that spend their entire life in the soil matrix.
Owing to their low vagility and dispersal ability, these
animals often show remarkable genetic differentiation
among populations, associated with variable levels of
phenotypic differentiation, from overall uniformity to
micro-allopatric variation for traits under selection
or drift (e.g. Rueffler et al., 2006; Nosil et al., 2009;
Emerson et al., 2011; Richardson et al., 2014). When
considering soil-dwelling animals, it is generally
acknowledged that morphology-only investigations
often underestimate the geographical turnover
of species, whereas molecular-only taxonomy can
overestimate it, and this discrepancy is expected to be
exacerbated in strictly endogeic animals of small size
(e.g. Bond & Stockman, 2008; Indbnit et al., 2019).
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Integrative taxonomy (e.g. Dayrat, 2005; Will et al.,
2005; Padial et al., 2010; Schlick-Steiner et al., 2010)
has emerged over the last 15 years as the gold standard
in providing better-supported species delimitation
hypotheses by reconciling the information from
different lines of evidence (for details on the species
concept underlying this approach, see De Queiroz,
1998, 2007; Hausdorf, 2011; Zachos, 2016). The
integrative approach has repeatedly been advocated
as theoretically more sound than single-evidence
approaches, and it has also proved to be more effective
in practice (Ezard et al., 2010; Guillot et al., 2012;
Edwards & Knowles, 2014; Solis-Lemus et al., 2015).

Nevertheless, the application ofintegrative taxonomy
to small endogeic animals is still underexploited,
especially when compared with other subjects of study,
such as larger or epigeic animals. Among the few
studies in which a type of integrative methodology
was applied to endogeic animals, most were on free-
living Nematoda (e.g. Gutiérrez-Gutiérrez et al., 2010,
2013; Archidona-Yuste et al., 2016; Powers et al., 2016;
Olson et al., 2017) and Oligochaeta (e.g. Marchan
et al., 2018, 2020; Rota et al., 2018) and a few others
concerned endogeic lineages of Acari (Heethoff et al.,
2011), Pseudoscorpiones (Ohira et al., 2018), Opiliones
(Derkarabetian & Hedin, 2014), Oniscidea (Bedek
et al., 2019), Collembola (Sun et al., 2017; Zhang
et al., 2018), Zygentoma (Espinasa & Giribet, 2009;
Espinasa et al., 2016) and Coleoptera (Pérez-Gonzalez
et al., 2018). In nearly all these studies, a ‘primary’
hypothesis of species delimitation was first drawn from
one type of data (usually molecular data), whereas
other sources of information (usually morphological
data) were used only to test further or corroborate the
primary hypothesis. In other words, different sources
of information were exploited in sequential steps of
‘species discovery’ and ‘species validation’ (Carstens
etal.,2013).

Despite multivariate statistical methodologies
having been developed to draw hypotheses of species
boundaries from morphological differentiation
independently of molecular-based hypotheses and
without a priori assumptions on the number of species
(Ezard et al., 2010; Guillot et al., 2012; Edwards &
Knowles, 2014; Cadena et al., 2018), such methods
have never been applied to strictly endogeic animals
and rarely to other soil animals (e.g. Eberle et al.,
2016; Noguerales et al., 2018). This contrasts with the
approach used in the analysis of molecular data, where
a diverse array of methods is often used to produce a
set of species delimitation hypotheses independently
of preliminary taxonomic hypotheses (e.g. Camargo &
Sites, 2013; Carstens et al., 2013; Flot, 2015).

Here, we take an integrative taxonomic approach
to an endogeic animal across a broad, heterogeneous
region. The strictly endogeic centipede Clinopodes

carinthiacus (Latzel, 1880) is currently considered a
single species inhabiting the south-eastern Alps, the
northern Dinarides and, possibly, also other parts of
the Balkan Peninsula (Bonato et al., 2011), but the
eastern range boundaries are still unknown. The
south-eastern Alps show a remarkable environmental
diversity, have a complex biogeographical history
and are known to harbour a large amount of soil
animal biodiversity, in terms of both species richness
(also for centipedes; Peretti & Bonato, 2018) and the
differentiation of intraspecific lineages (e.g. Stefani
et al., 2012; Bonato et al., 2018; Stundlova et al., 2019).
Thus, this region stands out as a good study area
for investigating species boundaries in population
systems of small endogeic animals.

After searching populations of C. carinthiacus
across the south-eastern Alps, we investigated species
boundaries on the sampled specimens through an
integrative approach. In detail, we analysed molecular
and morphological variation independently and
applied different methods of species discovery and
delimitation without any a priori assumption regarding
the number of species. As a preliminary assessment,
we investigated individual morphological variation
in selected populations, in order to discriminate
interpopulation differences from variation deriving
from ontogenetic allometry and sexual dimorphism.
Finally, we identified the most likely hypothesis
of species delimitation according to a criterion of
congruence between alternative hypotheses obtained
from different sources and methods. Based on these
results, we also investigated differences in molecular
sequences, morphological characters, geographical
distribution and climatic niche between the resulting
species and explored intraspecific between-population
variation in more detail.

MATERIAL AND METHODS

STUDY AREA

The study area (Fig. 1) included the south-eastern
Alps, as defined by the SOIUSA geographical
classification (Marazzi, 2005), and the northern part
of the Dinarides and contiguous reliefs eastwards to
15.7°E and southwards to 45.5°N, for a total extent of
~55 300 km?.

FIELD SEARCHING AND SAMPLING

We visited 55 sites across the study area. Sites were
chosen in consideration of the few published records
of C. carinthiacus under its current taxonomic
delimitation (Bonato et al., 2011) and the presumed
habitat of the species (i.e. broadleaf and mixed
forests, with developed soil, at 600-1500 m a.s.l.). To
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resulting species:

Q C. carinthiacus s.s.

A\ C. strasseri

<& C. carinthiacus s.s. or C. strasseri

Figure 1. Study area (white contour), sampling sites for the integrative species delimitation analysis (labelled symbols;
codes as in Table 1) and all other sites of occurrence based on confidently identified specimens and validated published
records (symbols without labels). Sites of occurrence of the two resulting species are distinguished (see key), and the single

site of syntopy is indicated (white arrow).

avoid effects of human-mediated translocations, we
considered only sites that had remained covered by
forest in the last two centuries and were not disturbed
by human activities other than wood harvesting. For
each site, all geophilomorph centipedes were collected
within an area < 1 ha (hm?), entirely covered by tree
canopy, uniform in major features of the ground and
> 10 m away from forest edges, roads or other human
artefacts. Each site was visited between one and
four times on different days in the years 2016-2019.
During each visit, centipedes were searched for by
hand in the soil and under stones, pieces of bark and
other shelters, by between one and five people working
simultaneously for > 1 h.

IDENTIFICATION AND SELECTION OF SPECIMENS

Specimens of C. carinthiacus were identified in
the laboratory, according to the current diagnosis
of the species (Bonato et al., 2011, 2014). We used
both a stereoscopic microscope (Leica MZ12.5) and
a light microscope (Leica DMLB) after mounting
each specimen on a temporary slide with ethane-
1,2-diol. Sex was assessed by examination of the
gonopods.

We found 66 specimens of the target species,
10-33 mm long, from 27 of the 55 sites (Fig. 1; Table 1;
Supporting Information, Tables S1 and S2). These sites
were > 6 km apart from the nearest site and separated
by areas with habitats unsuitable for Clinopodes
C. Koch, 1847 species (large rivers or areas deforested
for centuries).

For each specimen, after measurement of length
and counting the legs, the middle portion of the body
was used for DNA extraction and the remaining
anterior and posterior parts underwent morphological
examination.

SPECIES DELIMITATION BASED ON GENETIC
DIFFERENTIATION

DNA extraction, amplification and sequencing

DNA was extracted with the DNeasy Blood and
Tissue kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol. We amplified three
genes that have been used successfully for other
molecular studies in Chilopoda (e.g. Murienne et al.,
2010), also in the framework of integrative taxonomy
(Joshi & Edgecombe, 2018; Joshi et al., 2020): the
mitochondrial 16S rRNA with the primer pair
16Sa/16Sb (Edgecombe et al., 2006), the mitochondrial
cytochrome ¢ oxidase subunit I (COI) with the primer
pair LCO1490/HCO2198 (Folmer et al., 1994) and
a fragment of the nuclear 28S rRNA with the new
primer pair 28SIClinoFor (AGTCGTAGGGTCTGC
TTCC)/28SIClinoRev (ATGTCCGTGCTTCAATCCO).
Polymerase chain reactions (PCRs) were performed in
20 pL reaction volumes containing 4.0 pL of 5x Flexi
Buffer, 0.4 pL of 10 mM dNTPs, 0.8-1.0 pL of 25 mM
MgClL, 0.5 pL of 100% dimethyl sulfoxide, 1.0 nL of
each 10 pM primer, 0.1 pL of 5 U/uLL GoTaq Flexi DNA
Polymerase (Promega, Madison, WI, USA), 1 uL of
template DNA and purified water. The reaction was
carried out as follows: 5 min at 95 °C; 25-38 cycles of
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1 min at 94 °C + 1 min at 40-59 °C + 1.5 min at 72 °C;
and 7 min at 72 °C. The PCR products were purified
using a MinElute PCR purification kit (Qiagen) and
sequenced on both strands with the same primer pairs
as used for amplification. Sanger sequencing was
performed either by Eurofins MWG Operon (Munich,
Germany) or by BMR Genomics (Padova, Italy).
Chromatograms were checked visually for signal
intensity and quality using FINCH TV 1.4.0 (Geospiza,
PerkinElmer). The sequence data have been submitted
to the GenBank database under accession numbers
MZ425120-MZ425176 and MZ427346-M7Z427458.

Sequence alignment

Sequences were aligned with MAFFT (Katoh &
Standley, 2013), with the L-INS-i algorithm for COI
and the Q-INS-i algorithm for 16S and 28S, setting
default parameters. To remove ambiguously aligned
regions, the 16S and 28S alignments were subsampled
using GBLOCKS (Castresana, 2002), with low stringency
options as implemented in SEAVIEW (Gouy et al.,2010).
Next, the 28S alignment was corrected manually for
one base shift between identical sequences, whereas
the 16S alignment underwent a further GBLOCKS
subsampling with high stringency options because
residual ambiguities could not be resolved manually.
Terminal regions of different length were removed
manually.

Sequence distances

Pairwise distances between sequences were calculated
as p-distances for 16S and 28S, whereas for COI
they were corrected by the Kimura two-parameter
(K2P) model, which accounts for multiple mutational
hits, because COI alignment showed substitution
saturation. Distances were calculated with MEGA
(Kumar et al., 2016). Indels were treated with pairwise
deletion. Haplotype networks were obtained with
POPART (Leigh & Bryant, 2015) by median joining
(16S and 28S) or TCS (COI).

Sequence-based species delimitation methods

We used four methods for species discovery and
delimitation from sequence variation: automatic
barcode gap discovery (ABGD; Puillandre et al., 2012);
assemble species by automatic partitioning (ASAP;
Puillandre et al., 2021); general mixed Yule coalescent
(GMYC,; Pons et al., 2006); and the Poisson tree process
(PTP; Zhang et al., 2013). ABGD clusters sequences
into candidate species, based on their pairwise
distances, by detecting an expected difference between
(lower) values of intraspecific distances and (higher)
values of interspecific distances (i.e. a ‘barcoding gap’).

ASAP clusters sequences into candidate species based
on their pairwise distances like ABGD but ranks
the alternative hypotheses of species delimitation
considering both the probability of panmixia under the
coalescent model and the barcode gap. Both GMYC and
PTP are tree-based methods using coalescent theory
to discern within-population and between-species
processes. In an ultrametric tree (i.e. with branch
length proportional to absolute or relative time),
GMYC estimates an expected change of the branching
rate along the tree between the branching attributable
to speciation events (described by the Yule model)
and the branching attributable to within-population
substitutions (coalescent model). A confidence interval
is estimated for the total number of candidate species.
PTP is similar to GMYC, but does not require an
ultrametric tree and can estimate Bayesian posterior
probabilities for the candidate species.

Implementation of ABGD and ASAP

We ran ABGD considering 1000 steps in a range
of prior values of maximum intraspecific distance
(P) of 0.001-0.12 for 16S, 0.001-0.21 for COI and
0.001-0.07 for 288S. Upper values of P were selected
in order to cover most of the range of variation of the
distances calculated for each gene. We specified no
prior minimum relative gap width (X). We ran ASAP
considering a threshold value of probability of 0.01
to split a group of sequences into different candidate
species.

Implementation of GMYC and PTP

Both methods were applied to the two mitochondrial
DNA genes (16S and COI) separately, whereas they
were not applied to 28S because for this gene we
obtained a low number of poorly variable haplotypes.
One of the methods (PTP; see below) was also applied
to a concatenation of the three genes, although the
signal of one gene could swamp the signal of the others
(Fontaneto et al., 2015).

To build gene trees, we produced alignments using
MAFFT (see above), using sequences of the closely
related species Clinopodes flavidus C. L. Koch, 1847
as an outgroup. The 16S sequence of the outgroup was
obtained anew from a specimen from the southern
Dolomites (GenBank accession number MZ427910),
whereas for COI and 28S we used already available
sequences (JN306671.1 and EU376008.1, respectively).

For the single genes, we used JMODELTEST (Posada,
2008) to find the best-fitting substitution models,
following both the corrected Akaike information
criterion (cAIC) and the Bayesian information
criterion (BIC). PHYML (Guindon et al., 2010) was
used to produce two maximum likelihood (ML) trees
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per gene by averaging the models selected by means
of the cAIC and BIC, respectively. For our purposes, we
used the cAIC-model-averaged tree for 16S, because
of the higher bootstrap node supports, and the BIC-
model-averaged tree for COI, because this, at variance
with the cAIC-model-averaged tree, contained no
polytomies.

For the concatenated dataset, IQ-TREE (Nguyen
et al., 2015; Trifinopoulos et al., 2016) was used to
produce a ML tree phylogeny. The best-fitting model
for each partition (each corresponding to one gene)
was estimated by MODELFINDER (Kalyaanamoorthy
et al., 2017) according to the cAIC, as implemented in
IQ-TREE.

Ultrametric trees were obtained for each gene using
RELTIME (Tamura et al., 2012) in MEGA, which uses
a relative time calibration. For the calibration, we
used the best-fitting substitution models according
to cAIC for 16S (TrN+I+G) and the best-fitting
model according to BIC for COI (HKY+I+G). The
procedure was not applied to the concatenated dataset,
because the RELTIME algorithm does not manage
different substitution models for different partitions.
Accordingly, GMYC, which requires an ultrametric
tree, was not applied to the concatenated dataset.

The outgroups were removed from the trees before
running the GMYC and PTP. We used GMYC in both
its single threshold (ST-GMYC) and multiple threshold
(MT-GMYC; Monaghan et al., 2009) implementations
and PTP in both the original ML and the Bayesian
(bPTP) implementation.

SPECIES DELIMITATION BASED ON MORPHOLOGICAL
DIFFERENTIATION

Preliminary analysis of within-population
morphological variation

We performed a preliminary assessment of the
within-population variation of a first set of 23
characters (Supporting Information, Table S3) to
select suitable characters for the species delimitation
analysis. We considered all putative discriminating
characters so far reported between species or
infraspecific nominal taxa in the genus Clinopodes
(Bonato et al., 2011; Bonato & Minelli, 2014). Of all
these characters, one is binary, two are meristic and
the others are continuous, deriving from distance
measurements (Supporting Information, Table S4;
Fig. S1) taken with an ocular micrometre of the
DMLB microscope. We evaluated whether and how
each character varied in relation to body size and
sex in each of the three sites where we collected the
largest numbers of specimens (13-18 specimens for
each site; Table 1), assuming all specimens from
a single site to be conspecific. The width of the
forcipular coxosternite was used as an index of body

size. Data were collected by a single person (L.B.) to
control for observer bias.

A linear mixed model was built for each character,
with body size and sex as fixed factors, including
their interaction. The site was treated as a random
factor because this preliminary analysis was intended
to evaluate the effects of body size and sex and not
to estimate differences between populations and/
or species. Generalized linear mixed models were
built for the meristic characters, assuming a Poisson
distribution and a logarithmic link function. The
statistical significance of the effects of body size, sex
and their interaction was assessed through the Wald
test. The analyses were carried out with the R package
Ilme4 (Bates et al., 2015).

Model-based cluster analysis

For the species delimitation analysis, ten quantitative
characters were selected among all those evaluated
previously for within-population variability (Table 2)
and measured on 61 specimens sampled from the 27
sites (Table 1; Supporting Information, Table S2). We
included all characters showing no significant variation
associated with either body size or sex and those
showing substantial among-population differences,
after simple transformations (e.g. into proportion
measurements) were applied to minimize the effects
of body size or sex. Specifically, for the number of leg
pairs, we added two pairs to the number counted in
males because we found an average difference of two
pairs between sexes in each population (see Results
below), as is common in many other geophilids
(reviewed by Minelli & Koch, 2011). For this dataset,
the ten characters were measured anew by a single
person (E.P.) to control for observer bias.

To delimit a set of candidate species, we performed
a model-based cluster analysis of the specimens based
on the overall variation of the ten selected characters,
which were standardized to have a mean of zero and
standard deviation of one. Multiple ‘normal mixture
models’ differing in the number of candidate species
were fitted to the multivariate dataset, estimating
the parameters with the Expectation Maximization
algorithm, and the best model was selected according
to the BIC (Fraley & Raftery, 2002; Bouveyron &
Brunet-Saumard, 2014). The analysis was carried out
with R package mclust 5.0 (Scrucca et al., 2016).

EVALUATION OF SPECIES DELIMITATION HYPOTHESES

Given that different sources of evidence and different
analytical methods produced dissimilar hypotheses of
species delimitation, differing in either the number
of candidate species and/or the partition of the
specimens into the candidate species, the hypothesis
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most frequently retrieved (i.e. consistently indicated
by the broadest array of sources and methods) was
considered as the best supported (e.g. see Padial et al.,
2010; Carstens et al., 2013).

DIFFERENCES BETWEEN THE RESULTING SPECIES
Morphology

The relative contribution of the ten morphological
characters (Table 2) in separating the resulting species
was assessed through a stepwise discriminant analysis
(canonical variate analysis) performed in R with the
package multiDimBio (Scarpino, 2020). The analysis
was carried out twice: firstly, on the original variables
(standardized to have a mean of zero and standard
deviation of one) and secondly, after the appropriate
transformation to conform to a normal distribution
(Table 2).

Geographical distribution

Specimens collected from many other sites within the
study area (Fig. 1) and preserved in our collections
(Bonato—Minelli collection, University of Padova; Kos
collection, University of Ljubljana) were re-examined
and assigned to the resulting species based on the
morphological characters that were found to be
diagnostic with the discriminant analysis (see above).

We also digitized all published records that had been
assigned to C. carinthiacus or synonyms. Published
records were excluded when either erroneous or
uncertain in one of the following cases: (1) published
morphological data for the voucher specimen(s) were
inconsistent with the morphology of the species
complex under study; (2) doubts on the species identity
were expressed by the author(s); and (3) the locality
was clearly isolated from all other reliable records,
and the author(s) did not indicate criteria, sources and
characters for the identification. Reliable published
records were assigned to one of the resulting species
only when diagnostic morphological characters were
reported.

Most records were georeferenced originally, with
precision to the nearest 10 m and coordinates rounded
at the fourth decimal digit in decimal degree notation.
For the remaining records, the position was estimated
with variable precision, between 0.1 and 10 km, and
the coordinates were rounded at the third, second or
first decimal digit accordingly.

Climatic niche

To test for differentiation in the realized climatic niche
between the resulting species, we considered three
major climatic parameters (minimum temperature,
seasonal variation of temperature and rainfall) in

the entire study area (Fig. 1). These parameters are
expected to affect the occurrence of soil-dwelling
animals, as indicated by empirical studies of
species distribution modelling, also for centipedes
(Georgopoulou et al., 2016).

In detail, we considered the following three
bioclimatic variables from WorldClim (Hijmans et al.,
2005): minimum temperature of the coldest month
(BIO6); annual variance of temperature (BIO4); and
annual precipitation (BIO12). These variables were
selected among the least correlated between each other
within our study area (pairwise Pearson’s r = 0.0-0.3;
Supporting Information, Table S5). Variables BIO3,
BIO14 and BIO15 were not considered, following
Bedia et al. (2013) and Varela et al. (2015). Bioclimatic
data were retrieved with a resolution of 30” (~1 km in
the study area).

We considered only records with geolocalization
error <1 km and confidently assigned to one of the
resulting species (see above). In order to minimize site
autocorrelation, records of each resulting species were
filtered to eliminate site duplicates and, whenever two
records were closer than 1 km, only one of the two was
chosen randomly for the analysis.

Nichedifferentiation was tested for any pair of species,
following Broennimann et al. (2012) and by modelling
the realized niche of the species as an n-dimensional
hypervolume. The method of Broennimann et al. (2012)
was applied with the R package ecospat (Di Cola et al.,
2017). A principal components analysis was carried out
on the values of the selected bioclimatic variables in
the entire study area. The distribution of each species
along the principal components was smoothed by a
kernel density function. Schoener’s D index of niche
overlap between two species (from zero = no overlap to
one = complete overlap) was calculated based on the
occupancy values after correction for the variation of
the principal components in the study area. To test
whether D was significantly lower than expected
by chance, we performed a ‘niche equivalency’ test
(Warren et al., 2008; Broennimann et al., 2012), setting
the argument ‘alternative’ = lower’ (see Di Cola et al.,
2017). The observed value of D was compared with the
frequency distribution of D estimated from random
samples of sites extracted from the pooled set of sites
of the two species, maintaining the original sample
sizes, for 1000 randomization rounds. To control for
the possible effect of records with poor georeferencing,
we repeated the analysis considering only records with
geolocalization error < 10 m.

The hypervolume analysis was carried out with
the R packages hypervolume (Blonder, 2018) and
BAT (Cardoso et al., 2021). The values of the selected
bioclimatic variables in the sites were extracted,
and a principal components analysis was carried
out after scaling the variables to have a mean of
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zero and standard deviation of one. Hypervolumes
were calculated through Gaussian kernel density
estimation, with the bandwidth estimated with cross-
validation. The relevant metrics (hypervolume volume
and shared volume) and indices of hypervolume
similarity (Jaccard and Sgrensen—Dice indices) were
calculated with BAT.

INTRASPECIFIC MORPHOLOGICAL VARIATION

To assess the morphological variation between
populations within a single species, we considered the
most widespread of the resulting species and selected
five specimens assigned confidently to that species from
each of the eight sites with sufficiently large samples
(Table 1). We considered only specimens with body
length > 15 mm to minimize the expected variation in
shape associated with growth (ontogenetic allometry)
and only females to control for sexual dimorphism.

We considered the same distance measurements
used previously in the analysis of within-population
variation (see above), for a total of 23 measurements
(Supporting Information, Table S4). All measurements
were collected by a single person (C.C.) to control
for observer bias. Specimens were examined in
randomized order, and measurements were taken
twice, after removal and replacement of the specimens
on the microscope slide.

Between-population differences were tested by
means of a MANOVA after averaging replicates within
specimens. Variables were checked for normality
with the Shapiro—Wilk test and standardized to
have a mean of zero and standard deviation of one.
Whenever necessary (two distance measurements),
data were transformed to conform to the assumption
of normality. Additionally, between-population
differences in the number of legs were evaluated by
means of Kruskal-Wallis ANOVA. Analyses were
carried out in R.

We also analysed the shape of the forcipular
coxosternite, which features as a major functional
apparatus involved in prey catching and feeding,
by means of geometric morphometrics (Bookstein,
1991). Following Baiocco et al. (2017), we considered
11 landmarks and six semilandmarks (Supporting
Information, Table S6), which were chosen
approximately coplanar in order to mitigate the
error stemming from the projection of the three-
dimensional structure (Cardini, 2014). Images of
the forcipular coxosternite in ventral view were
obtained at a standardized magnification by using a
digital camera (Leica DFC 400) mounted on the light
microscope. Image stacks with different focal planes
were integrated with COMBINE ZP (Hadley, 2008).
Each image was obtained twice, after removal and
repositioning of the specimen on the microscope slide,

and for each image all landmarks and semilandmarks
were digitized twice, on different days, processing
specimens in a randomized order. Landmarks and
semilandmarks were digitized with TPS-DI1G2 (v.2.31;
Rohlf, 2015). Image acquisition and landmark and
semilandmark digitization were carried out by a
single person (C.C.) to control for observer bias.
Semilandmark coordinates were allowed to slide
along the profile to minimize bending energy in
TPSRELW32 (v.2.69; Rohlf, 2015). The generalized
Procrustes superimposition algorithm was used to
remove differences in size, position and orientation
between landmark configurations, transforming raw
coordinates into shape coordinates (Rohlf & Slice,
1990). Given that the forcipular coxosternite has
bilateral symmetry (‘object symmetry’), the variation
in shape was partitioned into its symmetric and
asymmetric components, and differences between
populations were investigated by concentrating
on the symmetric component (Klingenberg et al.,
2002). Between-population differences were tested
by Procrustes ANOVA and evaluated by between-
group principal components analysis (Mitteroecker
& Bookstein, 2011), after averaging replicas within
specimens. These analyses were carried out with
MORPHOJ v.1.06¢ (Klingenberg, 2011) and PAST v.3.18
(Hammer et al., 2001).

RESULTS

SPECIES DELIMITATION BASED ON GENETIC
DIFFERENTIATION

Molecular variation

We obtained multiple alignments of 421 bp for
16S, 608 bp for COI and 686 bp for 28S. Among the
mitochondrial genes, 16S was less variable than COI
(16 haplotypes with a maximum pairwise distance of
11.6% vs. 25 haplotypes with a maximum pairwise
distance of 25.7%, respectively), whereas the nuclear
28S was even less variable (nine haplotypes with
a maximum pairwise distance of 7.2%). Only one
specimen was found to be heterozygous for 28S, but
its two alleles collapsed in a single haplotype after
alignment trimming.

The haplotype networks (Supporting Information,
Fig.S2)indicated many highly divergent groups for both
16S and COI, but only two highly divergent groups for
288S. Considering the geographical distribution of the
groups of similar haplotypes (Supporting Information,
Fig. S2), both 16S and COI showed two or three
groups with contiguous distributions in the western
and intermediate part of the study area (between the
Brescia Prealps and the eastern Venetian Prealps) and
other single divergent haplotypes in the easternmost
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part of the study area (between the Carnic Prealps
and the north-eastern Slovene Prealps). Conversely,
28S showed a single group in most sites of the study
area. Additionally, for all three genes, some sites in
the Carnic and the Julian Prealps showed a single
group of similar haplotypes, highly divergent from
the others. It is noteworthy that different specimens
from a single site in the Carnic Prealps (BRU in Fig. 1)
showed two deeply diverging haplotypes for all genes
(with distances of 11.2% for 16S, 23.7% for COI and
6.4% for 28S).

ABGD and ASAP analyses

For 16S, the ABGD analysis indicated a single species
for a maximum intraspecific distance (P) > 2.9%, and
alternative hypotheses of partition into two, four, three
and nine candidate species for lower and lower values
of P (Supporting Information, Fig. S3), with the best
score assigned by ASAP to the nine-species hypothesis
(Fig. 2). For COI, the ABGD indicated a single species
for P > 8.0%, then two, three, seven and more candidate
species for lower values of P (Supporting Information,
Fig. S3), with the best score assigned by ASAP to a
hypothesis of 13 species (Fig. 2). For 28S, the ABGD
indicated a single species for P < 6.4% and two stable
hypotheses of three or two candidate species for higher
values of P (Supporting Information, Fig. S3); both
hypotheses received the best score by ASAP (Fig. 2).

Only the hypothesis of two species was recovered
consistently for all three loci, also in terms of specimen
composition: one candidate species was spread across
the investigated area, whereas the other species
inhabited only a small area between the Carnic and
the Julian Prealps. It is noteworthy that the different
specimens with highly divergent haplotypes from
the site BRU in the Carnic Prealps were assigned
to one or the other of these two candidate species.
Other hypotheses of higher numbers of species were
incongruent in the composition of specimens between
the three loci.

GMYC and PTP analyses

After including the outgroup, the multiple alignment
became 416 bp long for 16S, 608 bp long for COI and
659 bp long for 28S. We obtained an ML tree of the 16
ingroup haplotypes of 16S, with all nodes supported by
81-100% bootstrap values, and an ML tree of the 25
ingroup haplotypes of COI, with all nodes supported
by 71-100% bootstrap values (Fig. 2). A total of
14 candidate species (confidence interval: eight to
14) were indicated by the ST-GMYC analysis of 16S,
and nine species (confidence interval: eight to nine) by
the MT-GMYC analysis (Fig. 2). Instead, < 18 species
(confidence interval: 17-18) were indicated by the
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Figure 2. Subdivision of 16S, COI and 28S haplotypes
into candidate species according to different species
delimitation methods. The ultrametric trees used for
the general mixed Yule coalescent (GMYC) analyses are
illustrated for the haplotypes of 16S and COI (all nodes:
bootstrap supports > 81% for 16S and > 71% for COI).
The median-joining network is illustrated for the 28S
haplotypes (see also Supporting Information, Fig. S2).
Mountain ranges where the haplotypes were found are
also indicated.

ST-GMYC analysis of COI and 15 (confidence interval:
12-16) by the MT-GMYC (Fig. 2).
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A much more lumped hypothesis of only two
species resulted from the PTP analysis of 16S, with
both ML and Bayesian implementations (Fig. 2).
The specimen composition of these two candidate
species matched exactly the two-species hypothesis
suggested by ABGD (see above). The Bayesian
posterior probabilities were 0.52 for the candidate
species widespread in the study area and 0.93 for
the eastern species. Instead, 13 candidate species
resulted from the PTP analysis of COI, with both
ML and Bayesian implementations, with Bayesian
posterior probabilities for the species in the range
0.74-1.00 (Fig. 2), and 11 species from the PTP
analysis of the concatenated genes (Supporting
Information, Fig. S4).

SPECIES DELIMITATION BASED ON MORPHOLOGICAL
DIFFERENTIATION

Within-population morphological variation

Linear mixed models built for the full set of 23
morphological characters in samples of putative
conspecific specimens revealed that some characters
were significantly associated with body size
(Supporting Information, Table S7): the head and the
anterior trunk sternites became relatively stouter
with increasing size; the forcipular segment became
broader than the head; the setae and the coxal pores
increased their maximum size; and the ultimate legs
became relatively more slender. Additionally, a few
characters were significantly associated with sex
(Supporting Information, Table S7): the forcipular
denticles of the smaller specimens were slightly more
elongate in males than in females; the forcipules were
slightly stouter in males and slightly more slender in
females; males had, on average, two fewer pairs of legs
than females; the sternite between the ultimate legs
was stouter in males than in females; and the ultimate
legs were usually more slender in females and slightly
swollen in males.

Model-based cluster analyses

Based on the results of the preliminary analysis of
within-population morphological variation (see above),
we selected ten characters, aptly transformed to
account for body size and sex whenever necessary (see
Material and Methods; Table 2). In the model-based
cluster analysis through normal mixture models, the
best model (with the highest BIC value) partitioned the
specimens into two groups (Fig. 3). All specimens were
assigned unambiguously to one or the other group, with
probability ~1.0. The same optimal number of two groups
was retrieved by most of the normal mixture models (i.e.
all those with ‘diagonal’ and ‘spherical’ distributions

and also some models with ‘ellipsoidal’ distributions;
Fig. 3). This partition matched exactly the two-species
hypothesis suggested by some of the molecular-based
partitions (Fig. 2). Specimens found together in the site
BRU were assigned to different species.

CONSENSUS SPECIES DELIMITATION HYPOTHESIS

The best-supported consensus hypothesis was a
partition of the sampled specimens in two species;
this was the only hypothesis that was retrieved
both from the morphological analysis and from some
of the molecular analyses. A consistent partition
of specimens between two species, with the same
specimen composition, was retrieved by the ABGD
analyses on all the three molecular loci, the PTP
analysis of 16S and the model-based cluster analysis
applied to morphological characters. In detail, 56
specimens from 24 sites distributed throughout the
study area were assigned to a species that should keep
the name Clinopodes carinthiacus s.s., whereas the
remaining ten specimens from four sites in the Carnic
and the Julian Prealps were assigned to another
species that should be called Clinopodes strasseri
(Verhoeff, 1938) (Fig. 1; see Discussion below for notes
on species names). At one site (BRU), we found the
two species in syntopy.

All other delimitation hypotheses retrieved by
different analyses were inconsistent with each
other, either for the number of species or for
the partition of the specimens among species.
The traditional single-species hypothesis was
contradicted by most delimitation analyses,
with the exception of ABGD and only assuming
high values of intraspecific sequence variation.
The pairwise genetic distances between the two
resulting species were 9.7-11.6% for 16S, 20.8—
25.7% for COI and 6.3-7.2% for 288S.

DIFFERENCES BETWEEN SPECIES
Morphology

Of the ten morphological characters used in the
species delimitation analysis (see above), the two
resulting species were found to differ significantly in
the elongation of the coxosternal denticles and in the
number of pairs of legs, which were the most significant
characters retrieved in stepwise discriminant
analyses performed under different options of data
transformation (Table 2). In particular, C. carinthiacus
s.s. had less elongate denticles than C. strasseri (~2%
of the width of the head vs. ~6%; Fig. 3) and fewer pairs
of legs (in females: 53-59, with a modal value of 55, vs.
59-61, with a modal value of 61; Fig. 4).
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Figure 3. Subdivision of specimens into candidate species according to a model-based cluster analysis through normal
mixture models on ten morphological characters (Table 2). The ventral view of the forcipular segment is illustrated for
representative specimens of the candidate species. Denticles are indicated by arrowheads. The lower panel shows Bayesian
information criterion (BIC) values of different models (coded as in the paper by Scrucca et al., 2016) in relation to the

hypothetical number of candidate species.

Geographical distribution

By evaluating the two most effective diagnostic
characters (elongation of coxosternal denticles and
number of legs; Table 2) in the other 1171 specimens
collected from the study area, we confirmed that

relatively elongated denticles are usually associated
with higher numbers of legs (Fig. 4; Supporting
Information, Table S8) and we could confidently
identify 950 specimens from 132 sites as belonging to
C. carinthiacus s.s. and 220 specimens from 20 sites as

© 2022 The Linnean Society of London, Zoological Journal of the Linnean Society, 2022, 196, 902-923

€20z Arenuer Z| uo Jasn OLE)IUNWOD & 8[_UOIZBUIBIUI ‘001|qgnd ONuIp Ip ojuswilediq -eAoped Ip 1pn1s 116ep elsisAun Aq v6€/2459/206/2/96 | /31911e/uBauUlj00Z/Wwod dno-olwspese//:sdny wolj papeojumoq


http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlac008#supplementary-data
http://academic.oup.com/zoolinnean/article-lookup/doi/10.1093/zoolinnean/zlac008#supplementary-data

914 E.PERETTIETAL.

belonging to C. strasseri. Moreover, after evaluating all
published records, which are sparse in the scientific
literature, we added reliable records of either species
from another six sites.

As a result, C. carinthiacus s.s. was recorded
from 136 sites throughout most of the study area,
westwards to the Bergamasque Prealps (Orobian
Prealps) and eastwards to the north-eastern Slovene
Prealps (Pohorje), whereas C. strasseri was recorded
from 23 sites, all in the eastern part of the study area,
from the Carnic Prealps through the Julian Prealps
to the Kamnik—Savinja Alps (Fig. 1). Besides the case
of syntopy documented above (eight specimens of
C. carinthiacus s.s. and 22 specimens of C. strasseri
found together within 1 ha in Mount Valinis,
Carnic Prealps; site BRU in Fig. 1), 12 specimens of
C. carinthiacus s.s. were collected the same day only
0.1 km away from 16 specimens of C. strasseri near
Draga pri Igu, northern Dinarides.

140f

o

120+

C. carinthiacus s.s.
C. strasseri

100}

N specimens
B [«2] [e:]
o o o

N
o

0
49 51 583 55 57

59 61 63 65

140¢ Q C. carinthiacus s.s.

120 +

-
o
o

(o]
o

C. strasseri

N specimens
[=2]
(=]

40}

20t

0 i
49 51 53 55 57 69 61 63 65
N leg pairs

Figure 4. Number of pairs of legs in specimens confidently
identified as belonging to Clinopodes carinthiacus s.s. and
Clinopodes strasseri in the study area. Differences between
species are statistically significant for both males and
females (Mann—Whitney U-test: P < 0.0001 for both sexes;
Supporting Information, Table S8).

Climatic niches

By applying the method of Broennimann et al. (2012),
the first principal component of the selected bioclimatic
variables in the study area (temperature minima,
seasonal variation of temperature and rainfall)
accounted for 48% of the total variation and was
strongly correlated with lower temperature seasonality
(Fig. 5) and, considering other correlated bioclimatic
variables, with lower annual and circadian temperature
variation (Supporting Information, Table S5). The
second principal component accounted for another
32% of the total variation and described a gradient
towards less abundant rainfall, both throughout the
year and within single seasons, and less rigid winters
and generally higher temperature over the year (Fig. 5;
Supporting Information, Table S5).

Comparing the realized climatic niche of the two
species (Fig. 5; Supporting Information, Fig. S5),
Schoener’s index of niche overlap (D = 0.20) was
significantly lower than expected by chance under
the null hypothesis of niche equivalency (P = 0.007;
Supporting Information, Fig. S5A). The same result
was obtained when considering only records with
geolocalization error <10 m (D = 0.21, P = 0.018;
Supporting Information, Fig. S5B). Although the two
species inhabit a broad and largely similar range of
climatic conditions, C. carinthiacus s.s. also inhabits
sites with lower temperature seasonality, more rigid

C. carinthiacus s.s.

C. strasseri

Principal Component 2 (32.0%)

T I I T I l I
-2 -1 0 1 2 3 4

Principal Component 1 (48.2%)

Figure 5. Contribution of the bioclimatic variables on
the first two principal components of climatic variation
in the study area, and density of occurrence of Clinopodes
carinthiacus s.s. and Clinopodes strasseri on the two
principal components estimated with ecospat, based on 106
sites (former species) and 16 sites (latter). Continuous and
dashed contour lines indicate 100% and 50% of the available
climatic space, respectively.
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winters and both drier and wetter climates than
C. strasseri (Fig. 5; Supporting Information, Table S9).

The realized climatic niches of the two species
resulted in only partial overlap (Jaccard index = 0.28,
Sgrensen—Dice index = 0.44), as did the n-dimensional
hypervolume analysis (shared volume = 40% of the
C. strasseri hypervolume and 53% of the C. carinthiacus
hypervolume; Supporting Information, Fig. S6). The
hypervolume of the climatic niche of C. strasseri
included sites characterized by a higher temperature
seasonality, milder winter and higher annual rainfall.
However, it was greater than the hypervolume of
C. carinthiacus s.s. (volumes ~70 vs. 50), possibly
because of the low number of occurrences of C. strasseri
(16 sites), which could have led to an overestimation of
the total volume because the method does not detect
holes in the hypervolume (Blonder, 2016).

INTRASPECIFIC MORPHOLOGICAL VARTIATION

By selecting females of comparable size (Kruskal-
Wallis test on body size index: H = 11.2, P = 0.128)
for eight populations of C. carinthiacus s.s. (Table 1),
we found significant overall morphological variation
between populations for the 23 distance measurements
(MANOVA: Pillai’s trace = 5.35, F = 1.55, d.f. = 161,
P =0.016; Supporting Information, Table S10). In
particular, specimens from the COL, GUI and ROS
populations differed markedly from those from the
PDP and MAR populations, with a slightly larger size
of the anterior trunk sternites and, with marginal
significance, also of the forcipular structures. The COL
and ROS populations also differed between each other
in the sternite of the ultimate leg-bearing segment
(shorter in the latter population).

The geometric morphometric analysis of the
forcipular coxosternite showed statistically significant
variation in shape between populations (Procrustes
ANOVA: F =2.43, P < 0.0001; Pillai’s trace = 3.81,
P < 0.0001; Supporting Information, Table S11), which
accounted for 28.4% of the total variation in shape.
The between-group principal components analysis
performed on the shape coordinates showed that most
of this variation affected the anterior margin of the
coxosternite, where this articulated with the forcipules
(between-group principal component 1, explaining
55% of the variance; Fig. 6), and secondarily, the
general elongation of the coxosternite (between-group
principal component 2, 20%; Fig. 6) and the extent of its
lateral parts and denticles (between-group principal
component 3, 14%; Supporting Information, Fig. S7).
Also, the number of pairs of legs was significantly
different between populations (Kruskal-Wallis
ANOVA: H = 15.23, P = 0.033; median test: y2 = 14.34,
P =0.046), especially when comparing GUI (female

modal value 55) with CAL and ROS (female modal
value 57) populations.

DISCUSSION
FIELD SAMPLING OF SMALL ENDOGEIC ANIMALS

The sample size in the present study (66 specimens)
is smaller than desirable, but this is a common issue
in species delimitation studies on small endogeic
animals (e.g. Pérez-Gonzalez et al., 2018; Rota et al.,
2018). The collection of numerous fresh specimens of
these animals is hindered by the following practical
difficulties: (1) the geographical distribution of the
target animals and the ecological drivers affecting
their local distribution are often little known; (2)
there are no effective methodologies to collect fresh
specimens suitable for multiple analyses, including
DNA extraction and sequencing, other than visual
and hand search (e.g. Peretti & Bonato, 2018); and
(3) populations of endogeic animals can occur at
relatively low density, as is the case of predators,
such as centipedes. As a result, sampling effort can be
disproportionate with respect to the final sample size.
For instance, in our study we employed > 320 person-
hours, managing to detect target animals in about half
of the visited sites, and most of the time, fewer than
ten adult specimens per site were found in a day.

INTEGRATING EVIDENCE FOR SPECIES DELIMITATION

Considering genetic information (sequences of
three molecular loci from both mitochondrial and
nuclear genomes) and morphological information
(ten characters encompassing different parts of the
body), we obtained alternative hypotheses of species
delimitation for the same set of sampled populations,
depending both on the type of data (genetic vs.
morphological) and on the method applied.

Despite on-going advances in handling data of
different types (molecular sequences, morphometric
data and geographical positions) in common Bayesian
analyses (Eberle et al., 2016; Hoban et al., 2019), a
standard and flexible methodology is still lacking
for exploitation of the full diversity of sources of
evidence. Consequently, alternative hypotheses of
species delimitation derived from different sources
and methods need to be compared ex post, but general
principles and operational criteria are seldom declared
explicitly. Following best practices in integrative
taxonomic studies (e.g. Padial et al., 2010; Carstens
et al.,2013), we took the most broadly and consistently
retrieved hypothesis as the best supported. This sort
of ‘majority rule’ (similar to that used in phylogenetic
inference; Margush & McMorris, 1981; Dongetal.,2010)
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Figure 6. Geometric morphometric analysis of between-population variation of the shape of the forcipular coxosternite in
Clinopodes carinthiacus s.s.. The left panel shows landmarks (circles) and semilandmarks (diamonds) on a representative
specimen (PD-G 7787, from population GUI). The right panel shows the distribution of 40 specimens from eight populations
(codes as in Table 1) on the first and second principal components (bgPC 1 and bgPC 2) obtained from a between-group
principal components analysis of the symmetric component of the shape. Polygons indicate populations. The wireframes
along the components represent the variation in shape (dark blue) in comparison to the average shape (light blue).

is grounded theoretically in the expectation that
speciation produces a concordant pattern of divergence
between multiple genetic and morphological traits
over time. Conversely, it is assumed less likely that
such a congruent pattern of divergence might emerge
by chance within a single species (Padial et al., 2010).
This principle has been advocated repeatedly in
species delimitation studies (e.g. Dayrat, 2005; DeSalle
et al., 2005; Padial et al., 2010; Schlick-Steiner et al.,
2010). However, this was applied more frequently
for corroborating a primary hypothesis of species
delimitation than for choosing between competing
hypotheses produced de novo by different data sources
and analytical methods, as we did.

Although it has been possible to draw primary
hypotheses of species delimitation from the molecular
differentiation and the morphological differentiation
evaluated through traditional morphometrics, we
are still lacking adequate methodologies to draw
primary hypotheses from other lines of evidence of
speciation, such as ecological niche differentiation
and subtle shape divergence, which could be captured
by geometric morphometrics. Accordingly, we used
climatic niche analyses only to corroborate a primary
hypothesis of species delimitation, and we used
geometric morphometrics to explore intraspecific
variation between populations. New methodologies
allowing us to make use of these approaches rigorously

in the ‘species discovery’ step, without any a priori
hypothesis of species delimitation, would allow full
exploitation of their potential in the framework of
integrative taxonomy.

SPECIES DELIMITATION IN C. CARINTHIACUS IN THE
SOUTH-EASTERN ALPS

In our case study, contrary to the traditional taxonomic
opinion of a single species distributed across the
south-eastern Alps and the northern Dinarides, a
two-species hypothesis was retrieved from evidence of
both molecular and morphological divergence. Species
delimitation methods applied to mitochondrial loci
suggested the existence of further differentiation
between populations and therefore of other, less
obvious species boundaries. With the exception of
PTP applied to 16S, tree-based methods were prone
to oversplit the datasets of 16S and COI sequences
into a high number of candidate species. However, the
GMYC method is known often to oversplit, especially
when compared to the PTP, and this has usually
been explained with errors in time calibration of the
tree (Pentinsaari et al., 2017). Unfortunately, the
RELTIME method we used for time calibration was not
included in the comparative analysis by Talavera et al.
(2013), who tested alternative methods for dating ML
phylogenies to be used for GMYC. Even when different
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analyses indicated exactly the same number of species
(e.g. nine species), the hypotheses were inconsistent
for the haplotype composition of the candidate species.
The oversplitting obtained from the COI also appears
unrealistic, because it would imply the syntopic
existence of morphologically cryptic species sharing
weakly diverging mitochondrial haplotypes.

In contrast, some of the candidate species
inferred by the ABGD, the ASAP and the tree-based
methods on the mitochondrial genes could represent
intraspecific divergent lineages. Genetic structuring
between populations of animals with low vagility, such
as strictly endogeic invertebrates, at a small spatial
scale is expected and often observed within complex
geographical settings (e.g. Avise, 2009; Catala et al.,
2021). This could be the case, for example, of a putative
lineage represented by the populations sampled from
the Brescia, Garda and western Venetian Prealps,
as indicated by several molecular analyses (i.e.
ABGD and ASAP on both mitochondrial loci, PTP
on COI and GMYC on 16S). However, morphological
comparison between these populations did not reveal a
geographical pattern of phenotypic divergence.

The documented syntopy of two genetically and
phenotypically discrete groups of specimens, found
together during a single day, can be explained most
probably by the coexistence of two species. The
alternative explanation (the existence of a genetically
and phenotypically dimorphic population of a single
species) is much less likely, because all the other 26
analysed populations were found to be both genetically
and morphologically uniform and ascribable to one
or the other of the two species. We acknowledge that
distinguishing intraspecific lineages from species-level
lineages is implicitly somewhat arbitrary, because of the
expected continuity and heterogeneity of the speciation
process (e.g. Zachos, 2016; Conix, 2019). Nevertheless,
the co-occurrence of specimens unambiguously
recognized in two discrete groups by both molecular
and morphological analyses is generally deemed to
represent an additional line of evidence for species-level
separation (e.g. Padial et al., 2010; Solis-Lemus et al.,
2015; Cadena et al., 2018). Additional sampling and
analyses will be required to estimate the frequency of
hybridization (if any), to assess possible hybrid zones
or to test for mechanisms of reproductive isolation (e.g.
Dufresnes et al., 2020). The two resulting species were
also found to show slightly different climatic niches
within the investigated area, although we could not use
climatic variation of inhabited sites as further evidence
for drawing an independent species delimitation
hypothesis.

Under the two-species hypothesis, according to the
rules of zoological nomenclature (ICZN, 1999) the
name Clinopodes carinthiacus (Latzel, 1880) should be
maintained as the valid name for the more widespread

species featuring shorter coxosternal denticles and
fewer legs on average. The holotype of C. carinthiacus
is a female with 55 pairs of legs (Latzel, 1880), which
corresponds to the modal value for the females of one
of the two species, while falling outside the documented
range of variation for the females of the other species
(Fig. 4; Supporting Information, Table S8). The holotype
was collected from an unknown locality in Carinthia
(Latzel, 1880), which is closer to the known sites of the
first species and much more distant from those of the
second species (Fig. 1). In parallel, the name Clinopodes
strasserti Verhoeff, 1938 (up to now considered a synonym
of C. carinthiacus) should be recognized as the valid
name for the more eastern species with longer denticles
and more numerous pairs of legs on average. The three
syntypes of C. strasseri (one male and two females) have
relatively elongate forcipular denticles, which explains
why they were originally classified by Verhoeff (1938)
as a subspecies of a different species with long denticles,
namely Clinopodes rodnaensis (Verhoeff, 1938), and
have 57-59 pairs of legs, which fall within the known
range for the species under consideration, but not for
the other (Fig. 4; Supporting Information, Table S8).
Two of the syntypes were collected from two localities
in our study area (near Cavasso Nuovo, in the Carnic
Prealps, and near Kanal, in the Julian Prealps), and
both localities are not only within the known range of the
more widespread species, but especially close to known
sites of the other species (Fig. 1). Other names can be
recognized as junior synonyms for C. carinthiacus s.s.,
but none for C. strasseri (Supporting Information, Table
S12).

INTRASPECIFIC DIVERSITY AT A FINE GEOGRAPHICAL
SCALE

Unlike larger soil animals and many other regularly
epigeic organisms, the strictly endogeic centipedes
so far regarded as C. carinthiacus revealed fine-
scale geographical variation, encompassing both
genetic and morphological features, even between
conspecific populations separated by only tens of
kilometres, throughout an area characterized by
complex environmental variation and biogeographical
history. The high level of genetic differentiation is
particularly evident in COI, which has been adopted
almost universally as the marker of choice to
investigate species diversity in animals and for which
comparable estimates of variation are more abundant.
COI has been adopted as the ‘barcoding’ gene in many
initiatives aimed at documenting animal diversity at
the species level and therefore it has also been used
tentatively in small endogeic animals over the last
decade (e.g. Del Latte et al., 2015). In our study case,
within a maximum geographical distance of ~600 km,
we found an average intraspecific genetic distance of
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7.6% and a maximum distance between conspecific
populations of 12.1%.

Our investigation of the between-population
morphological diversity within a single species
(C. carinthiacus s.s.), by means of both linear (distance-
based) and geometric landmark-based) morphometrics,
revealed small but significant differences between
populations, even within a relatively restricted
geographical range. For some characters, such
differences could be explained by different local
selective pressures. For instance, subtle differences
in the shape and relative size of different parts of the
feeding apparatus could have been driven by different
prey spectra. However, knowledge on both functional
and trophic ecology of centipedes is still insufficient
to draw a realistic hypothesis (Bortolin et al., 2018).
Differences in the average number of pairs of legs could
even be non-adaptive and explained by random drift.

FINAL REMARKS

The integrative taxonomic approach adopted here
proved useful for drawing fairlywell supported,
yet so far overlooked, species boundaries in small
endogeic animals across a heterogeneous region.
The methodology provided consistent results despite
the relatively small number of specimens available,
the substantial differentiation between and within
populations, and the diverse pattern of variation
among different biological features, including
genetic and morphological traits. This is valuable,
because these conditions are common in taxonomic
studies on animals living their entire life in the soil
matrix and especially in those showing low density
and low probability of detection, such as endogeic
geophilomorph centipedes.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Position of the sampling sites for the integrative species delimitation analysis. Sites are ordered
approximately from west to east. The elevation is approximated to the nearest 10 m a.s.l., and the geographical
coordinates are approximated to the fifth decimal digit (~0.1 km).

Table S2. Specimens used for the integrative species delimitation analysis and haplotypes of the three genes.
Sites are ordered approximately from west to east.

Table S3. Morphological characters analysed for within-population variation in relation to body size and sex
and for between-population variation. Characters are ordered from anterior to posterior. Operational definitions
of distance measurements are given in the Supporting Information (Table S4). For characters defined on paired
symmetrical structures, we considered the left side whenever it was not damaged or obviously anomalous. The ten
characters used in the species delimitation analysis are highlighted.

Table S4. Operational definitions of distance measurements, ordered from anterior to posterior. Some distance
measurements are illustrated in the Supporting Information (Fig. S1).

Table S5. Pairwise Pearson correlation indexes between the bioclimatic variables in the study area. Variables
BIO3, BIO14 and BIO15 were not considered (see Material and Methods). The variables used in the analysis are
highlighted, and their correlations are in bold.

Table S6. Landmarks and semilandmarks used for the geometric morphometric analysis of intraspecific between-
population variation of the shape of the forcipular coxosternite in Clinopodes carinthiacus s.s. (see also Fig. 6).
Table S7. Within-population variation of morphological characters in relation to body size and sex, assessed in 48
specimens from three sites through linear mixed models or generalized linear mixed models, with body size and
sex as fixed effects and site as a random effect. Characters are ordered from anterior to posterior (for definitions,
see Supporting Information, Tables S3 and S4). Measurements are in millimetres. Coefficients are in bold when
estimated with statistical significance P < 0.01.

Table S8. Differences between the two resulting species in the number of pairs of legs, considering specimens
identified confidently as belonging to the two species in the study area.

Table S9. Median and range of variation (minimum/maximum) of the climatic conditions in the sites of the two
species.

Table S10. Results of MANOVA of 23 distance measurements between eight populations of the species Clinopodes
carinthiacus s.s. (N = 40 females > 15 mm long). Characters are described in the Supporting Information (Table
S4).
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Table S11. Results of geometric morphometric analysis of the shape of the forcipular coxosternites (17 landmarks
and semilandmarks; 40 specimens from eight populations of Clinopodes carinthiacus s.s.).

Table S12. Taxonomic names introduced in the past for specimens of Clinopodes from the study area or surrounding
regions. Names are ordered according to the year of valid publication (ICZN, 1999). For names indicated with
uncertainty as synonyms, further investigations outside the study area are needed to clarify the species identity
of all type specimens.

Table S13. Differences between the two resulting species in selected morphological characters.

Figure S1. Distance measurements taken on a representative specimen of Clinopodes carinthiacus (PD-G 7787
from Mt Cesen, eastern Venetian Prealps). Measure codes are as in the Supporting Information (Table S4).
Figure S2. Haplotype networks of 16S (58 specimens from 26 sites; median-joining network), COI (56 specimens
from 25 sites; TCS network) and 28S (54 specimens from 25 sites; median-joining network). Colour codes refer to
the sites as indicated on the map.

Figure S3. Left: number of candidate species suggested by automatic barcode gap discovery (ABGD) in relation
to prior maximum intraspecific divergence (P), before collapsing to one species. Yellow lines represent the number
of species indicated by the initial analysis; red lines represent the number of species indicated by the recursive
analysis. Right: partitions in candidate species proposed by assemble species by automatic partitioning (ASAP)
for the three genes.

Figure S4. Maximum likelihood tree of the 25 unique combinations of haplotypes of the three genes (16S, COI
and 28S) and their subdivision into candidate species according to Poisson tree process (PTP; numbers indicate
support values for the candidate species). The subdivisions obtained by the PTP analyses of the single genes 16S
and COI are indicated for comparison (see Fig. 2). Mountain ranges where the haplotypes were found are also
indicated.

Figure S5. Observed value (red line) and expected distribution under the hypothesis of niche equivalency (grey
histogram) for Schoener’s D index of niche overlap between the two resulting species, based on: A, 106 sites of
Clinopodes carinthiacus s.s. and 16 sites of Clinopodes strasseri (precision of geolocalization < 1 km); and B, 95
sites of C. carinthiacus s.s. and 13 sites of C. strasseri (precision of geolocalization < 10 m).

Figure S6. Three-dimensional hypervolumes of the climatic niche of Clinopodes carinthiacus s.s. (green) and
Clinopodes strasseri (red). Small circles are 10 000 random points sampled from each hypervolume for illustrative
purposes. Large circles represent the centroid of each hypervolume.

Figure S7. Between-group principal components analysis of the symmetric component of the variation in shape of
the forcipular coxosternite between eight populations of Clinopodes carinthiacus s.s.: distribution of 40 specimens
on the first and third principal components. Polygons indicate populations (codes as in Table 1); wireframes along
the axes represent the variation in shape (dark blue) compared with the average shape (light blue).
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