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1. Introduction

1.1. World of oribatid mites

Mites (Acari), with more than 45,000 species described, are one of the
oldest, most abundant, and most diverse arthropod group (Selden 2017). For
a long time, there has been an agreement that Acari comprise of two separate
and well-defined superorders: Parasitiformes (with four orders: Opilioacarida,
Holothyrida, Ixodida, and Mesostigmata) and Acariformes, the second being
considered as the largest and most biologically diverse chelicerate superorder
with more than 32 000 described species. Specimens that are classified as
Acariformes are further divided into Trombidiformes (suborders
Sphaerolichida and  Prostigmata) and Sarcoptiformes (suborders
Endeostigmata and Oribatida) (Krantz and Walter 2009).

Oribatida, which are in this study's spotlight, represent the largest
suborder of Acariformes with almost 12 000 species described to date (Subias,
online version 2020). However, the estimations of the real numbers reach up
to 120 000 species (Walter and Proctor 2013). They are an evolutionarily
ancient group as their first accepted fossil records are documented in Early
Devonian sediments that date back at least 380 million years (Norton et al.
1988). According to molecular dating analyses, their origin might be even
older, around 570 million years ago (Schaefer et al. 2010).

Oribatid mites are cosmopolitan and predominantly soil-dwelling
microarthropods (in size from 0.15 to 2.5 millimeters) that can be found in
almost every terrestrial habitat from tropics to poles, generally in high
diversity as well as density. Some of the species adapted to arboreal or even
aquatic lifestyles.

In the upper soil layers, the population densities of Oribatida reach from a
few hundred individuals per square meter in arid or intensively used
agricultural soils up to hundreds of thousands of individuals in acidic soils of
temperate and boreal forests with a well-developed organic horizon (Maraun
and Scheu 2000). Very often, especially in the northern forest ecosystems,



where the abundance of macrofauna is low, oribatids overtake its functions
and represent the dominant group of mesofauna. It is already well recognized
that in case of environmental changes, soil fauna has the potential to modify
terrestrial ecosystems (i.e., soil characteristics and then plant composition)
due to their incorporation into soil processes that help to sustain soil stability
and fertility (Harte et al. 1996).

Recently, the interest in the reaction of oribatid mite populations to the
changes in environmental conditions has been increasing because of their
essential role in detrital food webs. They are involved in nutrient cycling,
decomposition, and the distribution of organic matter within soils. Many
species can selectively accumulate mineral substances (including heavy metals
and alkaloids) in their bodies and cuticula and spread them through the
ecosystem (Raspotnig et al. 2011; Skubata and Zaleski 2012). Moreover, they
interact with the microbial community and act as the stimulators of fungal
and bacterial growth by grazing on them or by transporting them through the
soil profiles (Luxton 1972). It is clear that the role of oribatid mites in
ecosystem processes is important (Wallwork 1983; Norton 1994), although
the details are still poorly understood (Potapov et al. 2022).

The knowledge of their trophic ecology is limited and given their high
densities in soils, it remains a question of how they can coexist without
extensive trophic niche differentiation (Schneider et al. 2005). Multiple
laboratory experiments showed that oribatid mites consume a wide range of
fungi and bacteria, decomposing organic material, lichens and algae, and may
even act as predators of soil Nematoda (Luxton 1972; Behan-Pelletier 1999;
Coleman et al. 2004; Schneider et al. 2005). The term "choosy generalists,"
which tend to prefer one type of food resource, but in case of its insufficiency,
they skip to another, used by Schneider and Maraun (2005), summarises best
their feeding habits. According to most recent studies, oribatid species belong
to at least four trophic guilds, i.e., lichen feeders, primary decomposers,
secondary decomposers, and predators/scavengers with the classification into
these trophic guilds above the species level being very often not reliable
(Potapov et al. 2022).



In general, oribatid mites usually exhibit K-strategist life traits, as they are
slowly reproducing with long life cycles. Typically, one female produces only
20 - 30 eggs over her life (Norton 1994). The generation time can vary even in
one species depending on the environmental conditions, especially the
temperature being the most crucial control factor - low temperatures
prolonging the generation time (Coleman et al. 2004). For the species of
temperate to boreal regions, the life cycle length typically varies from a
couple of months up to two years, but in some cases, it can reach four or five
years (Ciancialo and Norton 2006). For example, small species like Oppiella
nova undergoes whole postembryonic development in just three weeks, and
its lifespan is only 50 days, while bigger Platynothrus peltifer evolves 150 —
200 days and its lifespan is about 400 days (Norton 1994).

Within oribatid mites, more than 10% of described species are known to
reproduce exclusively via parthenogenesis (Maraun et al. 2004), which is the
greatest known concentration of this type of reproduction in the Acari. These
groups of parthenogens are usually species-rich (whole genera and families,
see Figure 1) and likely radiated while being parthenogenetic despite the
predictions about parthenogenetic lineages being "dead ends" for various
reasons in evolution (Maraun et al. 2004; more details in chapter 1.3.2.).

Overall, oribatid mites are not just passive inhabitants of soil ecosystems.
Rather, they are effective nexuses, important indicators of changes in their

environment and they represent a vast reservoir of biodiversity.
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Figure 1: Cladogram of the phylogenetic relationships of oribatid mites
based on morphological characters as depicted in Maraun et al. (2004). Six
major groups established by Grandjean (1969) are highlighted with blue and
highlighted with green are superfamilies with parthenogenetic lineages.



1.1.2. Classification of oribatid mites

Conventionally, based on morphological data and following the hypothesis
presented by Grandjean (1969), oribatids are divided into six major groups: (1)
the primitive sack-like Palaeosomata (4 families with less than 50 species)
with a limited degree of sclerotization, found worldwide in all types of
habitats, characteristic for dry soils, (2) the armoured Enarthronota abundant
especially in dry soils or mosses with a high concentration of parthenogenetic
species, their fossils are known from the Devonian era, (3) the small group
Parhyposomata (only three families with 18 species) resembling immature
oribatids, (4) the paraphyletic Mixomonata also known as true box mites
occurring in soils rich in an organic litter, they often burrow in wood litter or
live in the tree bark, (5) species-rich group Desmonomata (more than 7 500
species described), with a high concentration of parthenogenetic species and
(6) Brachypylina, the so-called "higher" Oribatida — the most diverse and
derived lineage.

A complete phylogenetic system of oribatid mites does not exist yet, as
they are highly diverse, and the taxon sampling is usually limited per one
study. Many authors focused their studies on the phylogenetic relationship
between lower taxonomical groups of Oribatida (Salomone et al. 2002;
Heethoff et al. 2007; Schaffer et al. 2010a; Kreipe et al. 2015; Pachl et al.
2017). A hypothetical phylogeny of oribatid mites based on morphology, as
extracted from Maraun et al. (2004), is depicted in Figure 1.






1.2. Oribatid mites and changes in the environment

On a local scale, oribatid mites could be pretty efficient bioindicators for
evaluating the impact of disturbances and environmental changes on the
ecosystems as they occur (especially in temperate zone habitats) in high
species numbers and densities. Most oribatid mites are connected to the
upper soil layers with organic matter, where the conditions can shift rapidly.
Oribatids are sensitive to fluctuations, especially in abiotic factors, as they are
unable to escape unfavourable conditions due to their limited long-distance
dispersal abilities (Ojala and Huhta 2001). Hence the recolonization after
large-scale or repeated disturbances may be slow, and the changes in their
populations can be evident even after decades (Lindberg and Bengtsson
2006).

The main abiotic factors regulating oribatid mite populations in the soil are
moisture and temperature. Generally, with increasing temperature and
decreasing moisture, the diversity and density of oribatids is declining. Adult
oribatid mites have developed many defence mechanisms that should protect
them from drying up, most importantly, sclerotized cuticle and a strong layer
of cerotegument on the body surface (Stary 1990). However, less sclerotized
juveniles are more susceptible to shifts in moisture.

Moreover, the effect of drought on mesofauna communities might be
indirect, as it might negatively affect the availability of food resources — a
decrease in biomass and diversity of fungi and other microorganisms (Taylor
and Wolters 2005). The previous shows that the interaction of Oribatida with
other soil organisms is complex and very often connected to the shifts in
abiotic conditions (Maraun et al. 2020).

1.2.1. Montane spruce forests and their management

Without human intervention, nearly all mountain regions in Central
Europe would be covered with mixed forest types dominated by European
beech (Fagus sylvatica) and silver fir (Abies alba), with the top parts crossing
to sub-alpine forests dominated by Norway spruce (Picea abies) (Svoboda et



al. 2012). Since the bronze age and especially during the last few centuries,
when the human population grew rapidly, the natural forest ecosystems (not
only in Europe) had to step aside to agricultural lands or to coniferous
monocultures meant to provide wood for the industry. Only a small part of
montane spruce forests nowadays is considered in a relatively natural state.

Natural disturbances (i.e., fire, windstorms, and insect outbreaks) are key
driving factors of forest ecosystem dynamics worldwide. They strongly impact
forest structure and composition, and their scale and effects differ according
to the forest type. For maintaining the structure and functioning of natural
montane spruce forests in Central Europe, the large-scale and high-severity
disturbance events, particularly windstorms followed up by insect outbreaks,
seem to be essential (Svoboda et al. 2012). These events preserve biological
diversity by creating a mosaic of differently aged forests with different types
of abiotic and biotic conditions. For efficient forest management, it is crucial
to understand the effects of disturbance regimes that will likely intensify with
the ongoing climate change (Seidl et al. 2017).

The Bohemian Forest, a complexly forested mountain region where the
first part of this thesis was conducted, lies on the borders of the Czech
Republic, Germany, and Austria. The most valuable localities with natural or
semi-natural Norway spruce forests are included in the National Parks both in
the Czech Republic and Germany. During the 1990s, a series of strong
windstorms destroyed a vast area of the natural spruce forests along the
Czech and German border in both National Parks. Subsequently, massive bark
beetle (lps typographus) outbreaks devastated most mature trees in the
locality. And additionally, in January 2007, another strong windstorm
destroyed the rest of the surviving spruce trees.

Two utterly opposing management practices were used in the area in the
Czech Republic to protect the rest of the healthy forests from bark beetle.
While parts of the affected forest areas in the core zones of the National Park
Sumava were left to regenerate naturally without human intervention, others
were clearcut logged, the wood and branches completely removed, and then
new seedlings were planted. Forest management practices have a



considerable impact not only on the overground biota of the managed area
but also on less visible parts of the system, in particular the soil layer.

After a natural disturbance, the affected forest ecosystem is already
altered (i.e., change of the microclimatic conditions, disrupted soil, and
changes in the organic matter content and nutrient fluxes) and with
subsequent logging of dead trees, this disruption is intensifying (Lindenmayer
and Noss 2006). The most extreme changes are in temperature and moisture.
The temperature is elevated on the large forest openings, and its daily
fluctuations above the soil surface are more significant than in the mature or
naturally regenerating forest (Hais and Kucera 2008). Soil moisture is
decreasing due to the higher temperatures and due to the higher outflow
caused by soil compaction and missing herb layer after logging. On the
contrary, the microclimatic conditions in the non-intervention decaying
spruce forest naturally regenerating after the disturbance are very similar to
those in the mature forest (Hais and Kucera 2008). Decaying wood and
standing dead trees help to hold soil moisture and temperature and provide
many shaded places and sheltered microhabitats, protecting microbiota and
soil fauna from desiccation (Jabin et al. 2004).

The changes described above dramatically impact the soil biota and the
processes in which they participate. Immediately after the disturbance, the
abundance of Oribatid mites declines rapidly, and some sensitive species
could completely disappear (Siepel 1996). The most dominant species quickly
become eurytopic and parthenogenetic species (i.e., Tectocepheus velatus,
Platynothrus peltifer, or Oppiella nova) as they are more tolerant to stress
conditions (Behan-Pelletier 1999). Clearcut salvage-logging is an extreme type
of ecosystem disturbance, especially its size and the type of used
mechanization decides how big the impact on the soil fauna would be (Siepel
1996).

The two different management practices used in the National Park Sumava
after the windstorm and bark beetle outbreak offered a unique opportunity to
survey the impact of different post-disturbance regimes on the structure of
oribatid mite communities in the long term. Overall, oribatid mites have the



little capacity (low metabolic rates, slow development, low fecundity, and low
dispersal ability) to respond fast to environmental alternations (Behan-
Pelletier 1999). Not many studies were performed to evaluate the
development of the oribatid mite community in recovering non-intervention
spruce forests. However, this knowledge might help simplify the decision
about which management practices apply in the protected areas to be less
harmful to soil biota.
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1.3. Review of molecular markers used in the research of oribatid
mites

The rapid development of molecular biology techniques over the last
three decades supported resolving diverse biological issues, including
population genetics, phylogenetic reconstructions, and taxonomy. Various
types of molecular markers are currently used for the DNA-based research of
mites on different levels (Zhao et al. 2020). However, most of the published
studies were aimed at parasitic and medically or economically important
mites, the soil-dwelling species are still often neglected, and their research is
expanding slowly (Dabert 2006; Zhao et al. 2020). A proper selection of
suitable DNA markers should be made before starting any new ones. It is
important to point out that using the same set of markers as in already
published studies brings many advantages, most notably an opportunity to
combine newly obtained data with sequences reported in publicly available
databases. The form of obtained DNA information depends on the chosen
DNA fragment, its evolution and mutation rates, and the organism's life traits
that might simplify the fixation of mutation that brings an advantage for the
organism (dos Santos and Tixier 2017). Typically, fast-evolving genes are
usually suitable for studying relationships between recently diverged taxa (at
species or population level), while highly conserved genes are useful in
assessing deeper phylogenetic nodes (dos Santos and Tixier 2017).

Salomone et al. (1996) published the very first study of oribatid mites
where the amplification of a fragment of nowadays popular mitochondrial
cytochrome c oxidase | (COl — commonly used for DNA barcoding, i.e., species
identification) gene was used to clarify the confusion in the determination of
two Steganacarus species based on their missing morphological differences
(Bernini and Avanzati 1988). The choice of COl was not accidental. Back then,
mitochondrial DNA was already widely used for studying evolutionary
relationships of related species in various animal groups, and a proper set of
universal arthropod primers for the COI gene was already designed (Simon et
al. 1994). Since then, more than 60 scientific papers dealing with oribatid's
DNA on different taxonomic levels have been published. According to what
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the authors try to clarify, it is possible to categorize the papers into three
main topics: (i) the most extensive portion is dedicated to phylogenetic
reconstructions of Oribatida on different taxonomic levels, (ii) investigation of
the origin of parthenogenetic species, and (iii) search for a molecular marker
suitable for species identification.

1.3.1. Phylogenetic and phylogeographic studies

The investigation of phylogeny tries to map evolutionary history and
relationships on different taxonomic levels, which for some groups of
invertebrates resulted in deep modifications in the classification (dos Santos
and Tixier 2017). In order to describe the entire evolution of a taxonomic
group, a combination of different genes providing different information might
be required, as fast evolving genes are not able to resolve deep nodes
because of multiple substitutions and contrary, highly conserved genes do not
work for resolving of the relationships between recently diverged taxa (dos
Santos and Tixier (2017).

Several different molecular markers, mitochondrial as well as nuclear, were
used in the phylogenetic reconstructions of Oribatid mites as the authors tried
to figure out which marker would answer their questions best. Most papers
used the combination of mitochondrial COl and a nuclear gene.

The most extensive insight into the phylogeny of Oribatida was done by
Maraun et al. (2004; phylogenetic reconstruction based on the D3 region of
the 28S rDNA gene), Dabert et al. (2010; a combination of COl and 18S rDNA)
and Pachl et al. (2017; a combination of 185 rDNA and 28S rDNA), who
included species of all six major taxa defined by Grandjean (1969) (Chapter
1.1.2. and Figure 1). Despite the necessarily limited taxon sampling, these
studies provided the first glimpse into the DNA-based phylogeny that roughly
follows the one based on morphology. The obtained phylogenetic trees
constructed from the sequences of nuclear genes provided similar resolution
of the relationship between the major taxa, and therefore, these genes seem
to be suitable for phylogenetic reconstructions of deep nodes in oribatid
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mites. However, further investigation based on more extensive sampling is
required.

Moreover, Dabert et al. (2010) tried to reconstruct phylogenetic
relationships within Acariformes. The study confirmed the monophyly of this
superorder and recognized two orders within Acariformes: Sarcoptiformes
(Endeostigmata + Oribatida + Astigmata) and Trombidiformes (=Prostigmata).

A greater part of the studies focused on lower taxonomic levels and tried
to reconstruct the relationship at the family or genus level. Again, a
combination of COI and a nuclear gene was used frequently. For instance:
Schaffer et al. (2010a) analyzed the genus Scutovertex with the use of
mitochondrial COIl gene and two nuclear (28S rDNA and a coding gene for
elongation factor 1-a (ef 1-a)) genes in combination with a morphological
approach. Both genetic and morphological data revealed paraphyly in this
genus and suggested the existence of several cryptic species. Pfingstl et al.
(2018 and 2019) used COIl and 18S rDNA combined with a morphological
approach for phylogeny and description of intertidal mites. Lienhard and
Krisper (2021) described five new distinct species of the genus Caleremaeus
based on the COI and ef 1-a genes, and also, minor morphological differences
were found.

Phylogeographic investigation tries to clarify the origin of geographical
structuring of genetic variation within and among closely related species
across the landscape, combining biogeography, population genetics and
phylogenetic analysis (Emerson et al. 2011). Schaffer et al. (2010b)
investigated the evolutionary and demographic history of Scutovertex minutus
and Scutovertes sculptus with the use of the COl gene and revealed distinct
phylogeographic patterns in these closely related species. While populations
of S. minutus formed a clear geographic pattern, no phylogeographic structure
was detected in S. sculptus. Rosenberger et al. (2013) tried to track the impact
of climatic oscillations during the Pleistocene that affected the genetic and
species diversity and the distribution of European flora and fauna on the
populations of widespread species Steganacarus magnus with the use of COI
in addition with the nuclear gene ef 1-a. Genetic diversity in the COl gene was
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very high (32%), and the analysis of ef 1-a (a subset of 26 individuals, mean p-
distances between populations 5.9%) supported the existence of distinct
genetic lineages within Europe. However, the detected value of COI diversity
might indicate the presence of cryptic species within S. magnus populations.

To sum it up, the COIl gene provided good resolution between the
populations, which makes COIl a good marker for phylogeographic studies of
populations or closely related species. In contrast, the nuclear genes
sometimes fail to distinguish between closely related species but are suitable
for resolving deep nodes in the phylogeny. In all the studies, the importance
of combining different approaches (i.e., genetic, morphological, ecological) is
highlighted and it is necessary to redescribe the systematics of highly diverse
taxa such as oribatid mites.

1.3.2. Parthenogenetic oribatid mites

One of the unsolved mysteries in evolutionary biology is the dominance of
sexual reproduction in the animal kingdom despite its many evolutionary
costs - such as dilution of the genome, production of males, mate searching,
and mating (Bell 1982; Brandeis 2018). The consensus that sex and gene
recombination are beneficial for the long-term persistence of species was
established. However, asexual species seem to have a number of advantages
when compared to sexual ones, especially the twofold benefit of not
producing males and not diluting their genome (Williams 1975; Tagg et al.
2005). In theory, parthenogenetic species should outcompete sexual ones in
most environments as they show faster colonization and population growth in
new habitats (Bell 1982; Lindberg and Bengtsson 2006; Schon 2007), yet only
1% of Metazoa reproduces parthenogenetically (Bell 1982).

Parthenogenesis is defined as the development of offspring from
unfertilized eggs (Bell 1982). Thelytoky species (like parthenogenetic
Oribatida), the "true" parthenogens, are comprised exclusively of females
who develop from unfertilized eggs.

14



In general, all the theories that try to explain why sex dominates in most
Metazoa uniformly predict the extinction of the parthenogenetic species in
the long term (Williams 1975; Bell 1982; Barton and Charlesworth 1998; West
et al. 1999; Birky et al. 2005). For species' long-term survival, sexual
reproduction seems essential thanks to an accelerated rate of adaptive
evolution to changing environmental conditions and prevention of
accumulation of deleterious mutations by gene recombination.

Despite the predictions about parthenogenetic lineages being "dead ends"
in evolution, three very old (millions of years) clusters of parthenogenetic
species do exist, suggesting that they have radiated into discrete genetic and
morphological entities without sexual reproduction (Barraclough et al. 2003).
These monophyletic groups are Bdelloidea — the class of Rotifera (including
363 species, Welch and Meselson 2000), Darwinulidae — the family of
Ostracoda (with 36 species, Martens et al. 2003), and several species-rich
clades of oribatid mites (Maraun et al. 2004).

In fact, more than 10% of described Oribatida species are known to
reproduce exclusively via parthenogenesis (Maraun et al. 2004). These clades
of parthenogens are usually species-rich and presumably radiated while being
parthenogenetic. Some of them belong to Desmonomata (families
Nanhemanniidae 56 spp., Malaconothridae 104 spp., Trhypochthoniidae 68
spp., Camisiidae 92 spp. and the genus Nothrus 54 spp.), while the others
belong to Enarthronota (family Brachychthoniidae 102sp.) and Mixonomata
(family Lohmanniidae 156sp.) (Maraun et al. 2004), see Figure 1 for
visualization.

Maraun et al. (2003) used comparisons of sequence variability of the D3
region of closely related parthenogenetic species to demonstrate that these
species did not recently split from a sexual lineage and radiated asexually.
Further phylogenetic analyses of the D3 region confirmed ancient asexual
radiation into distinct genetic and morphologic species in the rest of the
above-mentioned taxa (Maraun et al. 2004). Laumann et al. (2007) combined
four nuclear genes (18S and 28S rDNA and coding genes for heat shock
protein 82 (hsp82) and ef 1-a) to prove that three known morphotypes of the
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parthenogenetic genus Tectocepheus are distinct species that evolved in the
absence of sexual reproduction.

Interestingly, one case of revolution of sex from parthenogenetic
ancestors, which is unique in the animal kingdom, was described in the family
Crotoniidae that frequently colonize trees, which suggests that sexual
reproduction is crucial under certain environmental conditions (combination
of 18S rDNA, hsp82 and ef 1-a; Domes et al. 2007). Pachl et al. (2020) used
18S rDNA to investigate the diversification of Acariformes and found that the
primary mode of reproduction during the evolution was sexual. However,
species-rich parthenogenetic taxa evolved at least four times independently in
Oribatida and confirmed the results of all other previous studies suggesting
that these clusters diversified without sexual reproduction.

1.3.3. Which molecular marker for species identification?

The correct identification of species is fundamental for the research of
biodiversity, biogeography, ecology, or genetics. For a long, the classification
and delimitation of oribatid mites were mainly based on the morphological
characteristics of each species. This field could be very challenging as they are
a diverse group of microscopic arthropods with many morphologically similar
species. Moreover, even for small-scale studies, many individuals are usually
extracted from the soil. Therefore, identification at the species level is often
expert- and time-limited (Zhao et al. 2020). The previous is valid for adult
oribatids, yet juvenile identification is often impossible. This all signals a need
for a new approach to taxon recognition.

Hebert et al. (2003) proposed using DNA sequences as genetic "barcodes"
(the analogy to the Universal Product Codes that uniquely identify commercial
products) for species identification. As the best candidate for the DNA
barcode, they chose a part of a protein-coding gene, cytochrome c oxidase |,
as the universal primers for this gene are very robust, and COIl appears to
possess a greater range of phylogenetic signal than any other mitochondrial
gene. It allows discrimination of not only closely allied species but also
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phylogeographic groups within a single species. The intraspecific divergences
in this gene are ordinarily much lower among individuals of one species than
interspecific divergences between closely related species. The divergence
over 3% in the nucleotide sequences, often termed as “barcoding gap”, was
originally taken as an indication of a distinct species' existence (Hebert et al.
2004a).

A web platform with an online database, The Barcode of Life Data Systems
(BOLD), was created to collect, manage, and share DNA barcode data. To date,
there are only 754 species with barcodes from an order Sarcoptiformes
recorded in BOLD, which is only about 5% of all described species. A huge
oribatid mite sampling was performed in Canada. They employed DNA
barcoding to begin the assessment of mite diversity across the country; today,
approximately 60-70% of 230 recognized oribatid mite families are currently
supported by barcode clusters (Beaulieu et al. 2019).

Latter studies revealed that the standard COIl barcoding gene shows in
general more variability between the populations of flightless or less mobile
widespread taxa (Papadopoulou et al. 2009), which was already documented
also for the populations of soil-living microarthropods (Schaffer et al. 2010a;
Rosenberger et al. 2013; Saltzwedel et al. 2016, 2017; Parimuchova et al.
2017). In oribatid mites, the intraspecific COIl variances vary noticeably among
species - i.e., up to 2% - Platynothrus peltifer (see Heethoff et al. 2007); 4% -
Scutovertex minutus (see Schéaffer et al. 2010b); 1.24 — 1.78% - Carinozetes
bermudensis (see Pfingstl et al. 2014); up to 0.6% - cryptic species complex of
Cymbaeremaeus, however, the number of analyzed individuals was low (see
Schéaffer et al. 2019); up to 4.2% - cryptic species complex of Caleremaeus (see
Lienhard and Krisper 2021).

Later, other thresholds above which the COI gene indicates distinct species
were suggested, i.e., 10x the mean intraspecific divergence (Hebert et al.
2004b) or it can be calculated independently for each empirical dataset (for
instance Automatic Barcode Gap Discovery (ABGD) available online)
(Puillandre et al. 2012). Usage of the COIl as a reliable species marker is
controversial and requires further investigation, as it was already
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demonstrated that the accuracy of species delimitation is influenced by the
quality of the reference database, the geographic extent of sampling, and the
intensity of intraspecific sampling (Chapple and Ritchie 2013).

Recently, employing the D3 region of the nuclear 28S rDNA gene as a
species marker for oribatids was proposed (Lehmitz and Decker 2017).
Lehmitz and Decker (2017) examined sequences from 89 species, observed
intraspecific variability of the D3 fragment was low, ranging from 0 to 0.5%,
which is promising (average interspecific variability was 2.7%). However, only
93% of the analyzed species were identified successfully, as the D3 fragment
fails to separate between some closely related taxa. The same issue was
reported in multiple other studies (Maraun et al. 2003; Kreipe et al. 2015;
Schéaffer et al. 2019; Schaffer and Koblmiller 2020). Studies based on the
ribosomal 18S rDNA region indicate that this gene separates oribatid mite
species well (Dabert et al. 2010; Pachl et al. 2017; Schaffer and Koblmiiller
2020). Yet, any proper investigation of the intraspecific variation of 18S in
Oribatida was not presented until now. Overall, this issue is still not fully
resolved. The suitable species marker in combination with metabarcoding,
that does not focus on one specific organism but aims to determine complete
species composition within a sample and enables time- and cost-effective
assessment of diversity by allowing the analysis of bulk samples of specimens
or soil (Young and Hebert 2022), might help with large scale studies.
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2. Aims of the thesis
The thesis revolves around different ecological and genetic aspects affecting
the populations of oribatid mites in Central Europe.

The main aims were set as follows:

1) Exploring the oribatid mite communities and their diversity in Norway
spruce forests of the Sumava Mountains affected by windstorms, bark
beetle outbreaks and subsequent management practices.

2) Selection of DNA markers suitable for studying genetic variability in the
populations of oribatid mites.

3) Analysis of genetic variability in the geographically distant populations of
selected related species.
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3. Summary of results and discussion

3.1. Outline of the research
This thesis is based on three papers. In the Paper |, the effects of natural
disturbances (windstorms and bark beetle outbreak) and subsequent
management on the oribatid mites in the montane spruce forest in the
National Park are described in terms of their abundance, diversity, species
composition and functional traits. The most valuable parts of the affected
area were left to regenerate naturally, while the rest was clear-cut, the wood
was removed, and new spruce seedlings were planted. We expected that the
oribatid mite community at the naturally regenerating sites would be in better
condition (higher abundance and diversity) and similar to the communities
from control sites in mature spruce forest, which was confirmed in our study.
The time-consuming and often difficult determination of oribatid mites
to species level under the microscope brought us to the thought of exploring
the possibilities of identification based on DNA markers. A review of the
papers that used molecular markers (summarized in chapter 1.2. of this
thesis) pointed out that the selection of a suitable species marker for oribatids
is still not fully resolved and much more data are needed. On the other hand,
a DNA marker for phylogeographic studies of populations was already well
established and we decided to focus our following research on this topic. Two
species from one genus with completely different ecology, one widespread
and the other known mostly from caves, were selected. Their genetic
variability and phytogeography in Central Europe were studied in the Paper Il.
And finally, in the Paper lll a new species discovered during the
analysis of the data obtained for the Paper Il, is described in terms of its
morphology and genetics.
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3.2. Research Paper |

Communities of oribatid mites (Acari: Oribatida) of naturally
regenerating and salvage-logged montane spruce forests of Sumava
Mountains.

During the 1990s series of windstorms followed by a massive bark
beetle outbreak devastated a vast part of the Norway spruce forests in the
Sumava National Park. Although most of the affected forest was part of the
protected area, two utterly different management strategies were applied.
The most valuable parts (so-called "core" zones of the NP) were left to
regenerate naturally without human intervention, while the rest of the forest
was salvage-logged, the dead wood was removed, and new spruce seedlings
were planted.

The study was part of more extensive research, where other soil faunas
and soil conditions were observed, conducted on the selected sampling sites
near Bfeznik Mt. in one of the core zones of the Sumava NP. Our aim was to
explore the effect of applied management on the structure of the oribatid
mite communities and to compare it with the community from the mature
spruce forest. As the soil samples were taken more than 15 years after the
disturbance, the communities should have enough time to regenerate. The
analysis of the impact of applied management on oribatid mite communities
was significant. We found the communities on the naturally regenerating sites
in better condition than those on salvage-logged ones, with the species
composition and density similar to the control site. The abundances observed
on the salvage-logged sites reached only numbers normally found in the
forest opening or meadows with often occurrence of heliophilous and
xerophilous species. Conversely, no significant differences were discovered in
the occurrence of sexual vs. parthenogenetic species and in the trophic
structure of the community. Our results showed that the changes caused by
logging in the montane spruce forest ecosystems could be pronounced for an
extended time period, at least for oribatid mites.
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3.3. Research Paper Il

Distinct phylogeographic patterns in populations of two oribatid mite
species from the genus Pantelozetes (Acari, Oribatida, Thyrisomidae) in
Central Europe.

In this study, two molecular markers (mitochondrial COI, nuclear D3
region) were used to track the phylogenetic relationships between
populations of two related oribatid mite species, one documented mainly
from caves in Central Europe and the other widespread in soils across the
Holarctic region.

Despite our expectation to find phylogeographic structure in the
populations of both species, only troglobiotic P.cavaticus formed a clear
pattern with two genetically distant, geographically separated lineages —
Czech and Slovak. The molecular clock dating set the parting of these lineages
into the Late Pliocene during which climatic and biotic changes (cooling,
spread of grasslands) occurred in Europe and may have forced the ancestors
of current P.cavaticus to escape the changing surface conditions to cave
ecosystems that offer more stable climatic conditions. Despite this ancient
separation, the individuals from both lineages remained morphologically
consistent. Moreover, the analysis of the COl sequences led to a
morphological reinspection of one cave population because of its high
interspecific genetic distance from the rest of the populations (more than
20%) and revealed the existence of a new species.

In contrast, individuals from the populations of P.paolii were divided into
three separate genetic lineages not corresponding with the geographical
distance of the sampling sites. Individuals from different lineages even
coexisted at some sites. This points to this species's effective long-distance
dispersal ability, possibly in the feather of birds. Again, no evident
morphological differences were found.

In this study, we confirmed that COl is a good DNA marker for the
phylogeographic research of oribatid mite populations as its intraspecific
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variation is high. On the other hand, the nuclear D3 fragment is too conserved
to distinguish between populations or even closely related species.
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3.4. Research Paperlll
A new species of the genus Pantelozetes (Acari, Oribatida,
Thyrisomidae) from the caves of Eastern Slovakia.

In the last chapter of this thesis, a novel species is described in terms of its
morphology and genetics. The analysis of the COI sequences obtained for the
study of Pantelozetes cavaticus revealed in one population a significant
imbalance in the distribution of genetic variability, while between the other
populations the variability was around 2 to 5%, in this case the variability was
more than 20% which is the level of COIl nucleotide variability usually
observed between distinct species. The specimens from this population were
re-examined under the stereomicroscope and some noticeable morphological
differences were detected — especially tridactylous tarsi (vs. monodactylous
tarsi), the punctulation between the anterior part of notogaster (vs. smooth),
the absence of solenidion on tarsi, and the rounded posterior part of
notogaster (vs. bluntly pointed). The species was named Pantelozes kunsti and
its delimitation from the other three common European species of the genus
Pantelozetes was verified by further analysis of their COl sequences. This
study shows that COIl can be used as good supplementary evidence for species
delimitation if another independent (morphologic) characteristics are
involved.

Moreover, we provided a revised identification key to the known species of
the genus Pantelozetes from Europe. This paper was submitted to the journal
Systematic and Applied Acarology and is now under revision.
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3.5. Conclusions and future perspectives

The effects of forest management after natural disturbance on the
communities of oribatid mites were examined in the initial stage of the
presented project. The management selection in the commercial spruce forest
attacked by bark beetle is clear — clear-cutting and logging to prevent further
spreading of bark beetles. However, these techniques also negatively impact
the soil fauna and its perspective regeneration. Protection of soil fauna in the
forest ecosystems of National Parks requires an entirely different and more
sensitive approach.

In terrestrial ecosystems, the soil contains up to 90% of species diversity
and biomass (Anderson 2009), yet the knowledge of soil fauna as indicators of
ecosystem disturbance is still fragmentary. Understanding what is happening
in the soil after a disturbance is essential for assessing the impact and possibly
applying reasonable practices to ease the regeneration of the affected
ecosystem. Changes in the soil might considerably alter the restoration of the
aboveground plant layer. The disturbed spruce forests in the Sumava National
Park and the different management practices that were applied offered
valuable insight into the development of soil fauna.

Our research confirmed that management practices alter the composition
of oribatid mite communities after large-scale disturbances even more than
15 years later. Siepel (1996) showed that changes caused by logging could
persist over decades. Results clearly favor the natural regeneration of the
spruce forest ecosystem, at least from the perspective of oribatid mites. The
communities on naturally regenerating sites were recovering well and
resembled the communities from healthy forest ecosystem in terms of species
composition and abundance, which was in agreement with the results of
other studies (Stary and Matéjka 2008; Farska et al. 2014). On the other hand,
the communities from salvage-logged sites were more similar to a meadow
community with an increased concentration of heliophilous species and low
abundance. Nevertheless, many questions remain to be addressed for a
deeper understanding of shifts in oribatid mite communities and their
interaction with other parts of soil and aboveground ecosystems.
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In addition to the traditional approach (total abundance, diversity indices
and species composition), we also considered functional traits (reproduction
mode, food preferences), which might be a good indicator of community
change and allow us to identify general patterns (Vandewalle et al. 2010).
However, the success of analyses based on functional traits largely depends
on the definition of these functional groups (Pik et al. 1999). Hevia et al.
(2017) identified body size and diet as the two most common invertebrate
traits showing significant relationships with land management. There is still a
severe limitation for the broader use of functional traits in Oribatida, as many
characteristics even of widespread species are missing or differ in the
available literature. More research in this field could bring valuable
information.

The overall shortage of acarologists, lack of identification keys and time-
consuming determination of Oribatida to species level might be partially
solved with the concept of taxonomic sufficiency (TS; Ellis 1985). TS is based
on selecting coarser taxonomic resolution (i.e., families or genera instead of
species) that is still able to recognize ecological patterns in the community. TS
is well established for some terrestrial invertebrate taxa (Pik et al. 1999; Groc
et al. 2010), but it is not frequently applied to oribatid mites. Correctly chosen
aggregated taxonomic levels are essential in this concept to avoid losing the
information. The results of Minor et al. (2017) suggest that the best
taxonomic level for Oribatida for maintaining ecological information and to
ease of identification appears to be suborders and superfamilies in case of
Brachypylina. As TS is still not well established in the research of Oribatida, we
decided to explore the possibilities of DNA markers for species identification.
However, this question seems to be very complicated and requires much
deeper investigation. It also overreached possibilities (time and financial) of
this thesis, as mitochondrial COI, traditionally used for species identification in
other taxa, displays high intraspecific variability in Oribatida.

Using of COl might represent a good way for conducting quick, preliminary
studies of poorly known taxonomic groups or geographic regions with the
initial barcoding study providing a framework for more detailed taxonomic
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approach (Chapple and Ritchie 2013) especially in combination with quickly
evolving metabarcoding techniques.

Therefore, the second part of the project was focused on the genetic
variability of isolated populations of oribatid mites, for which the COI gene
was already well established as a suitable molecular marker. Our research
confirmed it and revealed that even closely related species can display
completely opposite phylogeographic patterns. While cave-dwelling
Pantelozetes cavaticus created a clear pattern with populations from different
karst areas being strictly separated from each other, soil living Pantelozetes
paolii showed very effective long-dispersal abilities with individuals from
sampling sites hundreds of kilometres apart sharing the identical haplotypes.
Long-term geographic and genetic isolation of the populations of one species
could provoke an evolution of new species different not only on the molecular
level but also morphologically. The discovery of new species from the genus
Pantelozetes in one of the studied caves seems to support this theory.
However, these two studies provided only a first glimpse into the genetic
diversity and evolutionary history of the examined species. Many other things
remain to be discovered and described.
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Abstract: The main aim of this study was to describe and compare communities of oribatid mites of selected areas in
montane spruce forests near Bieznik in the Sumava National Park, where different management strategies were used after the
spruce dieback caused by massive bark beetle gradation more than 15 years ago. Naturally regenerating and salvage-logged
areas were compared. Significant differences were found in the oribatid mite community composition between differently
managed areas. The oribatid mite community in naturally regenerating areas was in better shape and its abundance and
species composition was similar to the community of a control area in a mature and healthy spruce forest.

Key words: oribatid mites; spruce forest; community; bark beetle gradation; forest management

Introduction

The national parks Sumava (Czech Republic) and the
Bavarian Forest (Germany), which spread out across
the Sumava Mts, represent one of the largest com-
plexly forested areas in Central Europe. During whole
its existence this area and especially its forests have
been shaped by windstorms usually followed up by bark
beetle (Ips typographus L., 1758) outbreaks of differ-
ent range (Svoboda et al. 2012). Natural disturbances
such as windstorms, insect outbreaks and fires are one
of the key drivers of natural forests dynamics all over
the world and therefore also in Central Europe (Svo-
boda et al. 2012). At the end of 1990s a large area of
natural and semi-natural Norway spruce (Picea abies)
forests on the top parts of the Sumava Mts suffered a se-
ries of windstorms followed by a significant bark beetle
outbreak that killed almost all mature trees (Skuhravy
2002). If similar event happened in a commercial for-
est, the affected trees would be clear cut. However, dis-
turbed ecosystems in natural parks need to be treated
much more sensitively as natural processes are sup-
posed to drive their development. In the Sumava Na-
tional Park, two different management strategies were
used. Part of the area located in the core zones of Na-
tional Park was left to regenerate naturally, whereas
the rest of the affected area was salvage-logged (dead
trees were removed, branches and needles were left on
site) (Jondsova & Prach 2004). Salvage-logging in such
disturbed ecosystems can cause more damage than nat-
ural disturbance itself (Lindenmayer & Noss 2006). Be-
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sides destroying the seedlings waiting for their chance to
grow and most of the vegetation cover, logging also seri-
ously affects belowground parts of ecosystem (Marshall
2000). For example, in logged areas, soil and litter tem-
peratures increase with higher day-time temperatures
compared to naturally regenerating areas in which dead
trees and remaining vegetation provide shadow and
keep microclimatic conditions close to those in healthy
forests (Hais & Kucera 2008; Griffin et al. 2011). Decay-
ing wood is also important source of nutrients for the
new generation of trees and soil organisms, especially
in mountain ecosystems, and therefore its removal af-
ter dieback further depletes and damages ecosystems
(Santriitkova et al. 2010).

In our study we focused on one major group of
soil microarthropods — oribatid mites (Acari: Orib-
atida), which are sensitive to moisture and tempera-
ture changes and play an important role in ecosystem
functioning — particularly in organic matter decompo-
sition and nutrient cycling (Niedbala 1980; Norton &
Behan-Pelletier 2009). Oribatid mites are common in
high densities in soils all over the world and particularly
dominant in coniferous forests of temperate zones with
well-developed organic horizons (Siira-Pietikéinen et al.
2008). Due to their slow reproduction and relatively
long ontogenesis, oribatids are classified as K-strategists
(Coleman et al. 2004), which means that they, together
with their inability to escape unfavourable conditions
due to limited long-distance dispersal (Ojala & Huhta
2001), react to changes in their environment slower
than other mesofauna organisms and that their com-
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Table 1. Exact GPS position and altitude of the study sites.

P. KOKOROVA & J. STARY

Site N Altitude (m a.s.l.)
S3 48°59/03.42" 13°25'26.08" 1,215
S5 48°58'42.65" 13°27'45.30" 1,283
ST 48°59'00.79" 13°25'54.62"" 1,183
P2 48°59'06.78"" 13°27'27.16" 1,214
P3 48°59'14.45" 13°26'10.67" 1,197
P5 48°58'39.04" 13°27'55.99" 1,288
M1 48°59/07.06" 13°25/35.44" 1,181
M4 48°59'19.08" 13°27'06.38" 1,185
M5 48°59/02.11" 13°26'54.81" 1,237
BSW 48°59'32.30" 13°49/01.92" 1,291

munities could be affected by disturbances even after
decades.

The aim of our study was therefore to describe and
compare oribatid mite communities of differently man-
aged disturbed forests in terms of (1) density and diver-
sity and (2) species composition. Considering the fact
that the environmental conditions in naturally regener-
ating forest after bark beetle disturbance stay similar
to those in undisturbed forest and that the soil is not
damaged by logging, we hypothesized that the oribatid
mite community in naturally regenerating forests will
be in better condition than the community in salvage-
logged forests with abundances and species composition
close to those in mature, undisturbed forests.

Material and methods

The study area is located in the central part of the Su-
mava Mts (Czech Republic), close to Bfeznik and Studena
Mountain in the core zone of the Sumava National Park.
This area was chosen because it already contains established
study plots for the evaluation of vegetation cover (Jonasova
& Prach 2008), soil characteristics (Krausova 2011; Pavlas
2014) and other soil fauna (Bryndova 2013; Velisek 2014).
The study sites are situated in acidophilic Norway spruce
forests between 1,180 and 1,280 m a.s.l. (see Table 1 for ex-
act position and altitude with GPS coordinates). The area
is characterised by a cold and wet climate with a mean
annual temperature of 4 °C and mean annual precipita-
tion exceeding 1,500 mm (JondSova & Prach 2008). The
bedrock is dominated by gneiss partly combined with gra-
nodiorite covered with podsols and kambisols or gley soils
in marshy forests. The forests of our study area are natu-
rally dominated by Norway spruce (Picea abies) with ad-
dition of rowan (Sorbus aucuparia), European beech (Fa-
gus sylvatica), silver fir (Abies alba) and hairy birch (Betula
pubescens). The dominants of the herb layer are Calama-
grostis villosa, Deschampsia flezuosa, and Vaccinium myr-
tillus (Jonasova & Prach 2008). The area suffered a mas-
sive bark beetle outbreak in the 1990s, followed by forest
dieback. Different management strategies were used for re-
generation.

We collected soil samples from nine study sites, of
which three were located in a naturally regenerating for-
est (marked S — S3, S5, S7), three in a salvage-logged forest
(marked P — P2, P3, P5) and three in a naturally regener-
ating marshy forest with moderate dieback of mature trees
(marked M — M1, M4, M5). This design enabled us to com-
pare oribatid mite communities’ development in disturbed

forests under different management strategies. As control
site, we used a site located in the top part of Boubin Moun-
tain in a mature healthy spruce forest (see Table 1 for GPS
coordinates). Boubin is a part of the Sumava Lanscape Pro-
tected Area with weather and soil conditions similar to those
in Bfeznik, which is 25 kilometres to the east. For compar-
ison, we used data from Stary & Matéjka (2008) — i.e. for
the site marked BSW, where 45 oribatid species were iden-
tified and the mean abundance was 101,000 ind. m~2. This
locality was sampled during spring and autumn 2007, using
the same methodology as described in our paper.

Soil samples from our study sites (10 cm? surface area
and 10 cm depth) were taken twice a year at the begin-
ning of summer (June 2013 and 2014) and during autumn
(October 2012 and 2013), when oribatid mite abundance is
expected to be at its maximum. At each sampling time, we
randomly took five soil samples from every site. Soil arthro-
pods were extracted in a high-gradient extractor described
by Marshall (1972) for five days with increasing tempera-
tures. Specimen of Oribatida, Collembola, Gamasida and
Tarsonemida were then counted in each sample. Oribatid
mites were determined to species level (Kunst 1971; Balogh
& Mahunka 1983; Weigmann 2006) and, when possible, ju-
veniles were also determined, counted and added to respec-
tive adults.

Oribatid mite communities were described by mean
abundance (A — individuals per square meter), species rich-
ness (R — number of species per the sample) and Shannon-
Weaver’s species diversity index (H’) (Shannon & Weaver
1949). In addition, some life-history traits (reproductive
mode, feeding guilds, biotope and moisture preferences) of
determined species were used in this study to provide insight
into community recovery and the role in ecosystem function-
ing after disturbance (Strenzke 1952; Schuster 1956; Harten-
stein 1962; Kunst 1971; Luxton 1972; Giljarov & Krivoluckij
1975; Seniczak & Stefaniak 1978; Stary 1990; Schatz 1983;
Weigmann 2006). These data were collected from multiple
sources and are shown in Electronic supplementary file 1
(Table S4).

A preliminary nested ANOVA was performed at P <
0.05 to verify whether density and diversity indices differed
between the soil samples collected at one study site. As
we did not find significant differences, data from each site
were pooled and treated together. Prior to analysis, data
were log-transformed. Partial Principal Components analy-
sis (PCA) with hierarchical design was used to evaluate the
relationship between oribatid mite communities and forest
management. A linear response model was selected for small
scale gradients as recommended by Smilauer & Leps (2014).
To compare the control site at Boubin with our sites, we
used the data from Boubin as supplementary and then pro-
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Table 2. Oribatid mite communities’ characteristics.
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Sampling site S R (mean + SE) A (ind. m~2) H
S3 43 8.85 &+ 4.51 79,150 2.06
S5 35 6.35 + 4.22 28,150 2.37
S7 45 10.05 + 3.97 67,950 2.98
P2 41 7.40 £ 3.47 34,900 2.84
P3 39 5.60 £ 4.04 19,900 2.93
P5 39 5.70 £ 4.15 26,400 2.44
M1 42 6.85 + 4.91 26,550 2.98
M4 33 5.90 &+ 5.39 28,550 2.79
M5 47 8.05 &+ 4.12 35,500 3.12

Explanations: S — total number of species found, R — species richness (mean + SE), A — mean abundance (ind. m~2), H’ — Shannon-

‘Weaver index of species diversity.
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Fig. 1. Mean abundances £+ SE of soil microarthropods at the
sampling sites according to the type of used management. P —
salvage-logged, S — naturally regenerating, M — marshy forest.

jected this site into the graph obtained by partial PCA of
the influence of management on oribatid mite communities.

Partial Redundancy Analysis (RDA) with hierarchical
design was used to analyse the influence of forest manage-
ment on functional groups. We used the Monte Carlo permu-
tation test (499 permutations) for evaluation of the meth-
ods. Analyses were carried out using Canoco (version 5) and
Statistica 12.0.

Results

In total, we obtained 11,625 soil microarthropods dur-
ing the extractions, of which 6,952 were oribatid mites
(5,488 adults and 1,464 juveniles), 984 individuals of
Gamasida, 868 individuals of Tarsonemida and 2,825
Collembolans. Oribatid mites were the most domi-
nant group of soil microarthropods at all sampling
sites, with a mean abundance of 58,417 + 21,884
ind. m~2 (mean + SE) at S (naturally regenerating)
sites, 27,067 + 6,142 ind. m~2 at P (salvage-logged)
sites and 30,200 + 3,835 ind. m~2 at M (marshy
forest) sites (Fig. 1). We recorded 82 oribatid mite
species from 31 families (see the list with numbers
and ecological characteristics in the Electronic sup-
plementary file 1, Tables S1-S4), of which 10 are
rare species of the Sumava Mts ( Brachychthonius pius,
Caenobelba montana, Liebstadia willmanni, Neoribates
aurantiacus, Oppiella translamellata, Oppiella loksai,
Parachipteria bella, Protoribates capucinus, Suctobelba
reticulata and Suctobelbella perforata).
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Fig. 2. Partial CCA ordination diagram, the effect of manage-
ment on the oribatid mite species composition (20 best explained
species are shown — abbreviations in Appendix 1) with the posi-
tion of control site at Boubin.

Species richness of oribatid mites was very similar
at salvage-logged and marshy forest sites and slightly
higher at naturally regenerating forest sites, but with-
out any significant differences. Species richness per
soil sample was 8.42 £+ 4.23 (mean + SE) at S sites,
6.23 + 3.87 at P sites and 6.93 &+ 4.81 at M sites. The
oribatid mite communities’ characteristics of all nine
sampling sites are shown in the Table 2.

At the sampling site P5 in salvage-logged forest,
we found the xerophilous and heliophilous species Ori-
batula exilis, which was not found at any other site.

Principal Components Analysis (PCA) was used to
illustrate the effect of forest management on the meso-
fauna community and on oribatid mite communities.
Forest management had no significant effect on meso-
fauna abundance (F' = 4.9; P = 0.068) but we found
significant differences between oribatid mite communi-
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Fig. 3. The left graph shows the ratio of oribatid mite species according to their way of reproduction (no — unknown; part — partheno-
genetic; bis — bisexual). The right graph shows the ratio of oribatid mite species according to the feeding groups (pan — panphytophages;

micro — microphytophages; macro — macrophytophages).

ties at differently managed sites (F' = 1.7; P = 0.002).

The main gradient, characterized by the first axis,
which is most probably represented by increasing soil
moisture, quite well separated oribatid mite species ac-
cording to their moisture preferences (Fig. 2). The po-
sition of the control site at Boubin is projected into the
results of the PCA in Fig. 2.

The communities differed significantly among all
forest management strategies — most important was the
significant difference between S (naturally regenerat-
ing) and P (salvage-logged) sites (F' = 1.4; P = 0.016).
The effect of used management explained 3.9% of the
variability in the oribatid mite community.

Parthenogenetic species reached higher abundan-
ces at P and S sites, whereas bisexual species dominated
at M sites (Fig. 3), but the results were not significant
(F = 2.4; P = 0.58). We also found a higher occur-
rence of microphytophagous oribatid mites at P and S
sites, while panphytophagous oribatid mites were more
abundant at M sites (Fig. 3); these differences were only
marginally significant (F = 2.6; P = 0.052).

In all sites, silvicolous and eurytopic species were
most common, but we found heliophilous species in
salvage-logged sites (P) in higher density than in
naturally regenerating sites (they were not present
in marshy forest). At marshy forest sites (M), tyr-
phophilous species were more common, but these dif-
ferences were not significant (F' = 1.8; P = 0.102). The
distribution of species according to their moisture pref-
erences was significant (F' = 2.9; P = 0.034) and is
shown in the ordination diagram at Fig. 4. The effect
of management explained 10.4% of the variability in
oribatid mite community.

Discussion

The results of this research suggest that forest manage-
ment strategy after large-scale disturbances in moun-
tain spruce forests significantly influences the composi-
tion of the oribatid mite community, even more than
15 years after the events. Changes in oribatid mite
communities caused by logging can persist over many
years (Siepel 1996), but long-term studies about this
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Fig. 4. Partial RDA analysis, the effect of management on the
distribution of oribatid species according to their moisture pref-
erences. xer — xerophilous, euh — euhydric, mes — mesophilous,
hyg — hygrophilous.

issue are scarce. It was not a surprise, that the abun-
dances of oribatid mites outnumbered the other mi-
croarthropod groups on all sampling sites, since conif-
erous forests are habitats in which oribatid mites nor-
mally dominate (Siira-Pietikéinen et al. 2008). How-
ever, the observed abundances were relatively low, with
values ranging between 20 and 30,000 ind. m~2 found
at P (salvage-logged) sites, which corresponded much
more to forest openings or meadows than to regener-
ating forests (Stary 1990; Luptacik et al. 2012). Sim-
ilar values were found for M (marshy forest) sites,
probably because of higher moisture levels in such
sites, which can limit reproduction of some species.
By contrast, mean abundances ranging between 60 and
80,000 ind. m~2 found at S (naturally regenerating)
sites were in agreement with values found in other
studies (Stary & Matéjka 2008; Farskd et al. 2014b)
and comparable to abundances in fully grown healthy
forests (about 100-150,000 ind. m~2; Stary & Matéjka
2008).
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The high variability in oribatid mite communities
at all sites corresponded with the results of other studies
which observed that such imbalance in the distribution
of species is characteristic for areas affected by any type
of disturbance (Caruso et al. 2007). Generally, in dis-
turbed ecosystems, a high number of species with low
abundance and just a few opportunistic species with
wide ecological valence with very high abundance (for
instance Tectocepheus velatus velatus or Platynothrus
peltifer) can be found (Maraun et al. 2003; Murvanidze
et al. 2013), which was also confirmed in our study
— a maximum of six tolerant species dominated the
sampling sites and the remaining species were sensitive
species with low abundance. Divergences between sam-
pling sites with different management strategies were
mainly caused by the presence of subdominant and
infrequent species. The dissimilarity between sites in
marshy forests and dry forests (S and P) was not sur-
prising, as these forest types have different microcli-
matic conditions The most crucial was higher moisture
that did not fluctuate much during the year as well as
smaller fluctuation of surface soil temperature by virtue
of higher number of grown trees that survived the dis-
turbance (Pavlas 2014). Better availability of nutrients
and their equable distribution throughout the soil pro-
file than at other sampling sites (Krausovd 2011) is
most probably the reason why more spruces survived
the bark beetle outbreak. This could be one of reasons
why the oribatid mite communities on these sites were
relatively stable with domination of silvicolous and hy-
grophilous species, such as Berniniella sigma, Liochtho-
nius alpestris, Malaconothrus monodactylus, Nanher-
mannia coronata or Oppiella translamellata.

Nevertheless, it would be advisable to include sites
in salvage-logged marshy forest for specification of the
results.

A much more considerable result of this research
was the finding that the communities differed be-
tween salvage-logged and naturally regenerating sam-
pling sites. Heliophilous and xerophilous species, such
as Achipteria coleoptrata, Damaeus gracilipes, Oppiella
loksai or Oribatula exilis, which prefer dry habitats
without tree layer, were more abundant at salvage-
logged sites (P). This corresponds with the fact that
at these sites, lower moisture and higher soil tempera-
ture fluctuations were detected than at S sites (Pavlas
2014). On the other hand, at naturally regenerating
sites (S), silvicolous and hygrophilous species, such
as Parachipteria bella or Verachthonius laticeps, were
more abundant. Surprisingly, the species Brachychtho-
nius pius was very abundant in these sites, although
species of the family Brachychthoniidae are very sus-
ceptible to disturbances and their recovery after such
events is very slow (Maraun el al. 2003). This suggests
that these sites are recovering relatively quickly and are
in better ecological condition than the P sites.

The comparison of our research sites with the site
at Boubin in a fully grown healthy spruce forest implied
that the oribatid mite communities of our S and M sites
developed and regenerated well and were similar to the
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community of a healthy forest. The mean abundance of
oribatid mites at the Boubin site was 101,000 ind. m~—2,
which was slightly higher than in other spruce forests in
Central Europe (Stary & Matéjka 2008); however, the
abundances in our S sites, with microclimatic and mois-
ture conditions similar to Boubin, were approaching
these values. In a similar study, Farské et al. (2014b),
who compared oribatid mite communities from natu-
rally regenerating spruce forests with those in healthy
forests, obtained similar results. On the contrary, the
communities of the P sites developed differently, and
even more than 15 years after the disturbance, species
composition was very different from that of the con-
trol site at Boubin. The same trend (lower abundances
and changes in species composition) was found in the
oribatid mite communities at the High Tatras National
Park in sites that were salvage-logged after windstorms
(Léskova et al. 2013).

The dominance of parthenogenetic oribatid mites
at salvage-logged and naturally regenerating sites in
our research corresponded with the results of the study
by Farska et al. (2014b), which was also performed in
a forest regenerating after bark beetle outbreak. The
supremacy of bisexual species in marshy forest was
caused mainly by high abundances of species Herman-
nia gibba and Nanhermannia coronata. Nevertheless,
due to diverse information found in the literature, the
role of reproduction in community and ecosystem re-
covery after disturbance is still unclear. Abundances
of parthenogenetic oribatid species recovered quickly
after summer droughts (Lindberg & Bengtsson 2006)
and were quite high in intensively managed montane
spruce forests (Farskd et al. 2014a). This corresponds
with Norton’s (1994) statement that parthenogenesis
is a useful strategy for colonizers who can reproduce
quickly and effectively and start a new population from
just a few individuals. On the other hand, the bisex-
ual species were more successful in colonization of new
habitats during laboratory experiments (Domes et al.
2007), which is consistent with the theory mentioned by
Hamilton (1980), stating that sexual reproduction is su-
perior to parthenogenesis, especially in unstable ecosys-
tems after disturbances, because high genetic variabil-
ity of the population allows faster adaptation to chang-
ing environmental conditions.

Recent investigations (Maraun et al. 2013; Mum-
ladze et al. 2015) suggest that also the availability of re-
sources could be the driving factor of the prevailing re-
productive mode. Sexual taxa were favoured at the sites
with resource shortage while parthenogenetic species
dominated at sites with high quality litter material.
These findings correspond with our results — partheno-
genetic species were more abundant in naturally regen-
erating and salvage-logged sites, where higher input of
nutrients from decaying wood into soil could be ex-
pected.

The equable distribution of microphytophagous
and panphytophagous species on salvage-logged and
naturally regenerating sites is an interesting finding
and stands in conflict with the results of Farska el
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al. (2014b), who found predominance of detritivorous
macrophytophagous species in forests regenerating af-
ter bark beetle disturbance. Due to higher inputs of
dead wood into soil organic matter, the same trend
could be expected in our research in naturally re-
generating forests. In contrast, a dominance of pan-
phytophagous oribatids could be expected on salvage-
logged sites as a consequence of soil disturbance by
logging, considerably decreasing microbial biomass and
activity (Dahlberg et al. 2001) and leading to major
changes in composition of primary fungivorous oribatid
mite communities.

However, for better specification and interpreta-
tion of the results, it would be suitable to partition the
oribatid species into smaller classes according to their
diets, but such information is not yet available for most
of the species.

The distribution of oribatid mite species in our
study sites according to their moisture preferences fully
corresponded with the moisture and temperature soil
conditions found in these sites by Pavlas (2014) and
could serve as a control of previous results. It was ob-
vious that sites located in salvage-logged forest differed
from the other two site types in terms of species com-
position. The results of this study prove that the con-
sequences of salvage-logging in montane spruce forests,
at least for the oribatid mite community, were apparent
more than 15 years after logging.
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Abstract

Oribatid mites are important decomposers of dead organic matter in soils across the world.
Their origin dates back at least 380 Mya. Multiple severe climatic changes during Late
Pliocene and Pleistocene shaped the migration patterns of these organisms and should be
reflected in the genetic variability of their current populations. In this study, we examined
the genetic diversity and phylogeographic structure as well as the evolutionary history of
populations of two ecologically different oribatid mite species. Pantelozetes cavaticus is
a troglophile oribatid mite known mainly from Central European caves, whereas Pante-
lozetes paolii is a common surface eurytopic species with Holarctic distribution. We used
two molecular markers—mitochondrial cytochrome c oxidase subunit I (COI) and the
nuclear D3 region of the 28S rDNA gene—to reveal phylogenetic relationships between
contemporary populations. Whereas the D3 region showed minimal or no variability within
populations, COI appeared to be a relevant marker for population studies. Phylogeographic
analysis based on COI detected two lineages of P. cavaticus (‘Czech’ and ‘Slovak’), which
separated during the Late Pliocene (2.9 Mya) and revealed the existence of one new spe-
cies. In contrast, three identified genetic lineages of P. paolii (radiation time 2.9 and 1.2
Mya, respectively) uncovered in this study were found to coexist in the distant sampling
localities, suggesting a connection between populations even over long distances.
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Introduction

Oribatid mites (Acari: Oribatida) are mostly a soil-dwelling and very diverse group of
microarthropods with more than 11,000 species described so far (Subias 2020). Their
representatives can be found in almost every terrestrial habitat from tropics to poles,
being the most abundant group in the first few centimeters of soil, with a density up to
hundreds of thousands of individuals per m? in temperate forests with a thick humus
layer (Maraun and Scheu 2000). They play an important functional role in soils as
decomposers of dead organic matter and stimulators of fungal and bacterial growth
(Luxton 1972).

Oribatid mites are among the oldest terrestrial animals, with earliest fossil record from
Devonian sediments dated at 380 Mya (Norton et al. 1988) and molecular analyses dating
their origin to at least 580 Mya (Schaefer et al. 2010). In Europe, climatic oscillations and
consequential biome changes over the past 3 million years caused considerable shifts in
distributional patterns of surface as well as soil-living animals (Hewitt 2004). During the
cold periods, the warm-adapted fauna and flora either went extinct or were forced to look
for more favourable habitats, i.e., refugia. However, active dispersal skills of the soil meso-
fauna, such as Oribatida or Collembola, are quite limited (Lehmitz et al. 2012) and more
recent climatic and habitat changes during Pliocene and Pleistocene defined the migration
patterns of the individual species, which should be still reflected in the genetic composi-
tion of their current populations. Such effects on the genetic diversity have been studied
only scarcely in soil-dwelling arthropods (Beheregaray 2008; Rosenberger 2010), although
present-day distributional patterns of intraspecific genetic diversity and estimations of its
degree have been shown to provide important insights into the phylogeography and evolu-
tionary history of species (Beebee and Row 2008).

Yosii (1956) pointed out that caves with constant microclimatic conditions in the
northern temperate zone can serve as refugia, especially for small soil-dwelling spe-
cies. Subterranean ecosystems are generally considered as habitats where species from
different external ecological conditions can successfully cohabit during hostile surface
conditions (Kovac et al. 2016).

The troglophile Pantelozetes cavaticus (Kunst) is a sexually reproducing oribatid mite
that has been reported mainly from Central European caves, in eastern Czech Republic
(Stary 2008), in the Western Carpathians and the Slovak Karst in Slovakia (Cuptacik and
Miko 2003), in eastern Austria (Bruckner 1995), in southern Poland (Zbikowska-Zdun
et al. 2009) and in some caves in Germany, Belgium and Hungary (Duptacik 2004). The
species does not possess any obvious troglobiomorphic adaptations (e.g., depigmentation,
elongated antennae and legs), but it shows a strong affiliation to the cave environment.
Only two findings have been reported from surface environments (Stary 2008; Zbikowska-
Zdun et al. 2009). It is considered coprophilous (guanophilous) with frequent occurrence
on rotten wood (Luptacik and Miko 2003). The distribution pattern along with absent
adaptations to cave life of P. cavaticus indicates that it could be a glacial relict, most likely
a descendant of an old Pleistocene fauna, or even older Tertiary fauna.

Zbikowska-Zdun et al. (2009) examined populations of P. cavaticus from two iso-
lated caves in Poland and found no significant morphological differences between
them. Here we take an approach of investigating possible differences between popula-
tions at the molecular level. Deep genetic divergences in soil-dwelling arthropods at the
population level have been previously reported and well documented in oribatid mites
(Heethoff et al. 2007; Rosenberger 2010; Saltzwedel et al. 2014; Schiffer et al. 2019).
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To evaluate whether the association of P. cavaticus with subterranean habitats caused a
geographical isolation and consequently a reproductive isolation, we compared its genetic
variability with that of populations of a closely related surface species Pantelozetes paolii
(Oudemans). In contrast to P. cavaticus, P. paolii is a widespread and abundant eurytopic
pan-phytophagous species with sexual reproduction and Holarctic distribution. Pante-
lozetes paolii is a type species of the genus Pantelozetes, which now comprises 22 species
and one subspecies based on morphological characters (Subias 2020); phylogenetic rela-
tionships among these species are unknown.

In the present study, we used the combination of two DNA markers—the mitochondrial
cytochrome c oxidase subunit I (COI, the barcoding region) and the nuclear D3 region
of the 28S rDNA gene—as both markers were previously successfully used in other stud-
ies aimed at phylogeny and phylogeography of oribatid mites (COL: Rosenberger 2010;
Schiffer et al. 2010, 2019; Pfingstl et al. 2019; D3: Lehmitz and Decker 2017; Pachl et al.
2017). Furthermore, Kreipe et al. (2015) suggested that the combination of these two genes
should provide a reliable insight into the phylogeny and species radiation within oribatid
mites.

Our objectives were (1) to investigate the genetic variability within and between the
populations of the troglobiotic P. cavaticus and to determine whether the studied caves
were reproductively isolated; (2) to compare the genetic variability of two congeneric ori-
batid mite species with a different ecology—P. cavaticus and P. paolii; and (3) to trace the
evolutionary history of potential lineages of both species. Assuming that the active dis-
persal abilities of oribatid mites are limited, we expected similar patterns of genetic vari-
ability, with genetic isolation more pronounced in the troglobiotic species even over shorter
geographical distances.

Materials and methods
Specimen sampling, DNA extraction and sequencing

Organic litter, decaying wood or bat guano samples for the extraction of P. cavaticus were
taken from sediments in 10 caves between 2015 and 2017 (three caves in Czech Republic,
seven in Slovakia; see Fig. 1), where the presence of this species was demonstrated in pre-
vious research (Duptacik 2004; Stary 2008). Nova Amatérska Cave and Sloupsko-goéﬁvské
Caves are in the Moravian Karst, which is the largest karst area in Czech Republic based in
the Middle Devonian limestone. These two cave systems are connected via a subterranean
stream. A third cave sampled in Czech Republic, the Javori¢ské Caves, is situated in a small
outcrop of Devonian limestone in the Spran&k Hill. Five of the caves sampled in Slovakia
are part of the Slovak Karst (the largest karst area in Central Europe composed of several
layers of Mesozoic limestone and dolomite) and are relatively close to each other—500 m
to 40 km. Belianska Cave is the largest cave in the Slovak part of the Tatra Mountains
established in Mesozoic limestone. The last cave sampled in Slovakia, Andrejova Cave II,
located in the Cierna Hora Mountains (part of the Slovak Ore Mountains), is a small joint
cave in a limestone rock cliff.

For the common soil living P. paolii, soil samples to the depth of 5 cm were collected
at 12 already established study sites of the Institute of Soil Biology (Biology Centre CAS,
Ceské Budéjovice) between 2016 and 2017 (Czech Republic, Slovakia, and Poland; Fig. 1).
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Fig.1 Map of Czech Republic, Slovakia and Poland with the sampling localities; dots for Pantelozetes
cavaticus and stars for P. paolii (for detailed information about each sampling locality see Table 1, Online
Resource 1)

The name of the sampling locality and its abbreviation, number of collected speci-
mens as well as the number of sequences obtained for each locality and GenBank refer-
ence numbers are provided for all records in Table 1. More detailed information about
sampling localities (GPS, altitude, material collected, etc.) are given in Online Resource
1.

Soil arthropods were extracted in a high-gradient extractor by Marshall (1972) for
5 days with increasing temperatures. Pantelozetes cavaticus and P. paolii specimens
were identified to species level under a light microscope after Weigmann (2006) and
stored in 96% ethanol at —20 °C until preparation.

Genomic DNA was extracted from single whole individuals (20 specimens of P.
cavaticus and 10 of P. paolii from every sampling locality if such a number was avail-
able—see Table 1 for details) using the Exgene Tissue SV mini kit following the manu-
facturer’ protocol for insects with final elution in 50 pl instead of 200 pl (GeneAll® Bio-
technology). A fragment of cytochrome c¢ oxidase subunit I (COI) was amplified using
the primers OriLCO (5-TCAACAAATCATAAAGAYATYGG-3'; slightly modified
primer COlarchl used in Heethoff et al. 2007), and standard HCO2198 (5'-TAAACT
GGGTGACCAAAAAATCA-3'; Folmer et al. 1994). For the amplification of the D3
fragment of nuclear 28S rDNA gene, the forward primer D3A and the reverse primer
D3B were used as described in Kreipe et al. (2015).

The polymerase chain reaction (PCR) contained 0.75 ul of each primer (0.5 pmol/
ul), 1 ul of dNTPs (2.5 mM of each dNTP), 1.25 pl of 10xreaction buffer, 0.1 ul of
TaKaRa Ex Taq® polymerase, 7.75 ul of PCR water and 2 pl (for COI) and 1 pl (for
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D3), respectively, of template DNA. The PCR conditions consisted of initial 94 °C for
1 min; 40 cycles at 94 °C for 15 s, 47 °C for 40 s and 72 °C for 50 s; and final extension
at 72 °C for 2 min. PCR products were visualized on 2% agarose gel and samples with
positive products were enzymatically purified with a mixture of 0.5 pl Exonuclease I,
1 ul FastAP (ThermoFisher Scientific, USA) and 0.5 ul PCR water per sample (incu-
bated at 37 °C for 30 min followed by 15 min at 80 °C) before direct sequencing. The
purified PCR products were sequenced by GATC Biotech (Germany).

A surface-dwelling oribatid mite Nothrus silvestris (Nicolet) (Crotonioidea) was used
as an outgroup taxon. Its COI and D3 sequences were taken over from Rosenberger (2010)
and Lehmitz and Decker (2017), respectively (GenBank acc. nr. JF263835 and KY681356,
respectively).

All sequences generated for this study were checked to be consistent with oribatid mite
DNA via Blast searches (Altschul et al. 1997); no contaminations were discovered. All
sequences generated for this study are publicly available from GenBank.

Data analysis

Sequences were manually edited: ambiguous positions were corrected by hand and unread-
able short stretches were trimmed using the chromatograms (ca. 30 bp at the 5" and 3’ ends)
with BioEdit v.7 (Hall 1999). Both COI and D3 sequences together with the outgroup
taxon N. silvestris were aligned with the MEGA X software (Kumar et al. 2018) by Muscle
algorithm with default parameters. The final alignment of the COI fragment contained 203
sequences with the length of 630 bp for P. cavaticus and 63 sequences with the length of
626 bp for P. paolii, respectively. The final alignment of the D3 gene fragment contained
100 sequences (462 bp) for P. cavaticus and 60 sequences (456 bp) for P. paolii. Mito-
chondrial gene sequences were translated into amino acid sequences using the Invertebrate
Mitochondrial Gene Code implemented in MEGA and as there were no stop codons and
the alignments were gap-free, all of them were considered as true mitochondrial and not
nuclear copies and were reverse-translated into nucleotide sequences for further analyses.
All alignments are available from the authors upon request.

The number of synonymous and non-synonymous mutations in the COI alignment were
calculated in MEGA, nucleotide (r) and haplotype diversity (Hd) were calculated in DnaSP
v.5.10 (Librado and Rozas 2009). The number of protein haplotypes was determined using
the online tool DNAcollapser in FaBox v.1.5 (Villesen 2007). The independent analysis of
molecular variance (AMOVA) was performed only for P. cavaticus in ARLEQUIN v.3.5
(Excoffier et al. 2005), to investigate within- and between-populations structure based on
uncorrected p-distances selecting Czech Republic and Slovakia as groups. Isolation by dis-
tance was tested by Mantel Test (10,000 permutations) implemented in ARLEQUIN.

To measure the effect of demographic changes on the DNA sequences of the popula-
tions, the neutrality tests Tajima’s D (Tajima 1989) and Fu’s Fq (Fu 1997) were performed
in ARLEQUIN. Haplotype networks were constructed in PopART v.1.7 (Leigh and Bryant
2015) using Median Joining Network, separately for P. cavaticus and P. paolii, to deter-
mine and visualize the relationships and history between haplotypes.

The best-fitting model for phylogenetic analyses of COI alignments of both species was
selected using the Bayesian Information Criterion (BIC) in the ModelFinder (Kalyaana-
moorthy et al. 2017) implemented in IQ-TREE v.1.6.12 (Nguyen et al. 2015). The model
of sequence evolution was HKY +F+ G4 for P. cavaticus and HKY +F+1 for P. paolii,
respectively. Phylogenetic trees of both species were calculated separately using Maximum

@ Springer
55



Experimental and Applied Acarology (2021) 83:493-511 499

Likelihood (ML) and Bayesian Inference (BI) methods, implementing the models selected
by ModelFinder. ML analyses were conducted in IQ-TREE with default parameter settings
and 10,000 ultrafast bootstrap replicates (Hoang et al. 2018). BI was conducted in MrBayes
v.3.2.7 (Ronquist et al. 2012) and BEAST v.2.6.0 (Bouckaert et al. 2019). The Bayesian
Markov Chain Monte Carlo simulations in MrBayes were performed in two independent
runs with four chains for each species separately, each for 10 million generations sampled
every 1000th generation, a burn-in of 2500 was applied. To assess run convergence, the
Tracer v.1.7.1 (Rambaut et al. 2018) was used.

Molecular divergence times of major lineages were estimated separately for P. cavati-
cus and P. paolii. Prior to this analysis, substitution saturation of the COI sequences
was measured in DAMBE 6 software (Xia 2017) with the test by Xia et al. (2003)—the
sequences experienced little substitution saturation. The relaxed clock log-normal analysis
was performed in two runs for both species with BEAUti, BEAST and TreeAnnotator, all
v.2.6.0 (Bouckaert et al. 2019). We set a fixed substitution rate of 0.0115, which corre-
sponds to a standard arthropod mutation rate of COI, 2.3% sequence divergence per million
years (Avise 1994; Brower 1994). The site model was HKY + F+ G4 for P. cavaticus and
HKY +F+1 for P. paolii, respectively, and ‘Coalescent Constant Population’ was used as
tree prior (as recommended for population-level studies by the authors of BEAST). The
population size was set as log normal; all the other priors were estimated by the software.
The convergence of the MCMC chain after 10,000,000 generations with every 1000th gen-
eration sampled and a burn-in of 1000 was confirmed using the Tracer.

Results

DNA extraction and subsequent PCR amplification of the COI gene was successful in
203 out of 212 P. cavaticus specimens and in 63 out of 157 P. paolii specimens analysed
(Table 1); various sets of primers and PCR conditions were tested on the problematic indi-
viduals, albeit without success.

PCR amplification of the D3 region worked for all processed samples; however, it
showed only a very low molecular variation between the two studied species (uncorrelated
p-distances were 0.6%), and none within them. Only four positions of the 462 bp fragment
varied in the 100 analysed individuals of P. cavaticus and no position of the 456 bp frag-
ment varied in the 60 analysed individuals of P. paolii. Accordingly, the phylogenetic trees
had no structure and sampling localities were mixed (ML phylogenetic tree of studied spe-
cies together with an outgroup based on the D3 is shown in Online Resource 2a). There-
fore, D3 sequences were not used for further analyses.

Phylogenetic analysis of COI sequences split the analysed species into three lineages
and suggested the existence of a new species independent of P. cavaticus and P. paolii—
hereafter it is referred to as Pantelozetes sp. The new species showed a closer relation-
ship to P. cavaticus, values of uncorrected p-distances in the COI gene were 20.4% for P.
cavaticus vs. Pantelozetes sp. and 22.7% between P. paolii and Pantelozetes sp. (Table 2a).
D3 sequences failed to distinguish Pantelozetes sp. from P. cavaticus. Pantelozetes sp. was
found only at the sampling locality Andrejova Cave II. Subsequent re-inspection under the
light microscope revealed distinctive morphological features of the new species and its
detailed description is currently in progress and will be published separately. Intraspecific
p-distances were 0.2% and five haplotypes were detected in the 23 analysed Pantelozetes
sp. COI sequences, which were not used for the reconstruction of phylogenetic trees and
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Table 2 Intra- and interspecific distances (uncorrected p-distances, %) for the studied COI gene marker:
(a) for all studied Pantelozetes species, (b) for P. cavaticus populations, and (c) for P. paolii populations,
according to sampling locality and lineages

(@)
Species P. cavaticus P. paolii Pantelozetes sp.
P. cavaticus 2.4
P. paolii 21.7 3.7
Pantelozetes sp. 20.4 22.7 0.2
Nothrus silvestris 22.6 23.4 259
()
Locality AM_CZ BJ_SK CD_SK JI.CZ LD_SK MIJ_SK MR_SK SSJ.CZ SD_SK
AM_CZ 0.5
BJ_SK 4.7 0.6 Lineage CZ SK
CD_SK 3.9 2.1 0.8 (74 1 0.6
JJ_CZ 1.0 4.8 3.7 0.04 SK 4 1 13
LD_SK 4.1 2.5 1.0 4.1 0.1
MI_SK 39 2.1 0.7 3.7 1.7 0.03
MR_SK 4.1 2.5 1.2 4.1 0.7 1.7 0.8
SSJ_CZz 04 4.6 3.7 0.7 3.9 3.7 3.9 0.1
SD_SK 4.2 2.6 0.9 4.1 0.4 14 0.7 4.0 0.2
(©)
Locality BE. BK_  DV_ JE_ KR_ RP_ SR_ MP_ SUC_ SUP_ VT_ WL
CzZ CzZ CzZ Ccz CzZ SK SK SK CZ Ccz SK PL
BE_ 4.3
Cz
BK_ 3.9 3.4 Lineage 1 2 3
cz
DV_ 3.7 5.7 0 1 0.1
Ccz
JE_ 39 3.6 4.1 5 2 2.6 0
Ccz
KR_ 3.8 4.8 1.9 4 3.3 3 7 6.7 0.1
CcZ
RP_ 3.8 4 33 3.8 3.6 4.6
SK
SR_ 3.6 3.9 3.5 3.8 3.7 3.7 4.7
SK
MP_ 3.6 3.9 3.5 3.8 3.7 3.7 35 4.2
SK
SUC_ 3.6 42 2.8 3.9 33 3.6 3.5 35 42
CZ
SUP_ 3.6 4.5 2.3 3.9 3.1 3.6 3.5 3.5 33 3.7
(74
VT_ 4.8 4.8 2.5 4 33 3.7 4.6 46 4.2 3.9 0
SK
WIL_ 3.6 42 2.8 39 33 3.6 35 35 34 33 4.2 4.2
PL

Intraspecific and intrapopulation distances are given in italics

@ Springer

57



Experimental and Applied Acarology (2021) 83:493-511 501

haplotype network of the studied species. ML phylogenetic tree of all studied species (P.
cavaticus, P. paolii, Pantelozetes sp.) with an outgroup N. silvestris is shown in the Online
Resource 2b.

Pantelozetes cavaticus

In each of the phylogenetic trees P. cavaticus was monophyletic and separated with high
support from the outgroup taxon N. silvestris (as well as from P. paolii and Pantelozetes
sp.; Online Resource 2b). Phylogenetic reconstructions based on BI and ML methods of
the COI nucleotide alignment revealed very similar topologies with slightly different reso-
lution. Only the BI tree (created in BEAST) is shown in Fig. 2a (see Online Resource 3 for
the other trees). COI haplotypes generally clustered according to sampling locations and
separated with high support into two main lineages—‘Czech’ (1) and ‘Slovak’ (2) (Fig. 2a).
Applying a standard invertebrate mitochondrial substitution rate of 2.3% per million years,
‘Czech’ and ‘Slovak’ lineages diverged in the Late Pliocene, 2.9+ 1.6 Mya (Fig. 2a).

The COI nucleotide haplotype network also showed a strong cave-related structure once
more with an obvious separation of Czech and Slovak caves (Fig. 3a). Individuals from
nearby located sampling localities (caves) shared identical or closely related haplotypes.
Haplotypes of the individuals from Belianska Cave (SK) and Javoric¢ské Caves (CZ) were
clearly separated and not shared with any other individual from another caves. In total, 37
nucleotide haplotypes were sampled within the 180 individuals sequenced. The estimated
haplotype diversity was relatively high within the populations and lineages (average val-
ues 0.502 and 0.802, respectively), whereas nucleotide diversity was considerably lower
in both cases (on average 0.004 in populations and 0.009 in lineages) (Table 3). As for the
amino acid haplotypes, 16 were identified, two (most abundant) shared among the indi-
viduals from Czech and Slovak caves, while the remaining 14 were detected only in Slo-
vak caves (ML phylogenetic tree based on amino acid sequencies is shown in the Online
resource 4a).

Genetic distances between the populations from discrete caves were moderately higher
and ranged between 0.4 and 4.8% for the COI gene (Table 2b). Within-population genetic
distances were generally low (Table 2b). Accordingly, as indicated by AMOVA, genetic
variance was highest between groups (Czech and Slovak caves: 70.5%), markedly lower
among populations within groups (21.1%) and lowest within populations (8.5%) (Table 4).
A significant correlation between genetic and geographical distances of populations, iso-
lation by distance, was revealed using Mantel test (R2=0.877, p=0.004). The neutral-
ity analyses did not show any significant differences from zero within the populations
(p >0.05 for both D and Fy), except for two caves—Majkova Cave and SnieZni diera
Cave—indicating a population expansion after a bottleneck event (Table 3).

Pantelozetes paolii

The phylogenetic trees based on BI and ML methods of the COI nucleotide alignment
showed similar topologies and only the BI tree (MrBayes) is shown in Fig. 2b (ML tree
is shown in Online Resource 5). Pantelozetes paolii was monophyletic and separated
with high support from the outgroup taxon N. silvestris (as well as from P. cavaticus and
Pantelozetes sp., Online Resource 2b) and the COI haplotypes clustered into three main
lineages independent of the sampling site (Fig. 2b; for detailed information about the
number and geographic origin of the individuals from each lineage see Online resource

@ Springer
58



502 Experimental and Applied Acarology (2021) 83:493-511

AM+SS]_CZ_1
0.6 + 0.4 Mya 0.96 AM.CZ 4
AM_CZ_2
s AM_CZ_3 cz

0.99 AM_CZ_6

2.9 + 1.6 Mya : e

T BJ_SK_2
. B]_SK_8

0.68 10.99 BI_SK_7

0.68 . _
BI_SK_4
MR+SD_SK_:
MR_SK_2

CD+LD_SK_1

o
o
(%)
=~
«

,_
o
(%)
=~
N

SK

,_
o
)
=
(i

o

M
=
o
192}
ol
N

k4
=
[0}
=
w

0.74

[%)
o
%)
ey
(W

1.4 £ 0.7 Mya

(%)
o
(%)
~
EN

0.95

CD+MJ_SK_.
0.99 CD_SK_4

%)
o
%)
=
)

(%)
o
(%)
=~
«

[0}
o
[0}
=
w

I
N
by
|
)

Nothrus silvestris

— PP_h
b _hap3
r PP_hap4

PP_hap8

92

Pp_hap10 | Lineage 2

1.2 £ 0.6 Mya PP_hap1l

98 PP_hap12

— PP_hap9
2.9 + 1.1 Mya

Y]

pp_haps | Lineage 3

100

PP_hap1

PP_hap2
Lineage 1

PP_hap5

PP_hap7

Nothrus silvestris

Fig.2 Bayesian inference trees based on the COI gene showing the relatedness among individuals of (a)
Pantelozetes cavaticus (calculated in BEAST) and (b) P. paolii (calculated in MrBayes). Different branch
colors indicate genetic lineages identified within the species (see color version online). Numbers at the
nodes represent posterior probabilities, bold numbers are median estimated divergence times+95% HPD
(highest posterior density) calculated in BEAST
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Lineage 3
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Fig. 3 Median Joining Haplotype Network of COI sequences of (a) Pantelozetes cavaticus and (b) P. paolii
(see color version online). The size of the circles is proportional to the number of sequences per haplotype,
bars on the lines represent number of mutation steps separating haplotypes

6). Applying a mitochondrial substitution rate of 2.3% per million years, the lineage 1
diverged from the rest 2.9 + 1.1 Mya during the Late Pliocene, and lineages 2 and 3 split
during the Pleistocene 1.2 + 0.6 Mya (Fig. 2b).

The COI haplotype network showed a clear structure of three dominant haplotypes,
i.e., three lineages shared among individuals from often very distant sampling localities
(Fig. 3b). The network showed individuals from multiple sampling localities in all line-
ages, i.e., in the sites Ruzin Water Dam (RP_SK), NP KrkonoSe (KR_CZ) and Jeseniky
PLA (JE_CZ) individuals with all three haplotypes coexisted, and in the rest of the sam-
pling sites, a mix of two of the three main haplotypes was found. In total, 12 haplotypes
were found in the 63 individuals sequenced. The most abundant haplotypes 1 and 2
were associated with some other haplotypes (represented only by one individual) by a
mutational step. Contrary to P. cavaticus, the estimated haplotype diversity was rela-
tively high within the populations (an average value 0.545) but much lower within the
lineage (an average value 0.198), whereas nucleotide diversity was low in both cases
(and markedly lower within the lineages) (Table 3). We identified six amino acid hap-
lotypes, two abundant: first shared only between the individuals from lineage 1, second
shared between individuals from lineages 2 and 3; the rest of the amino acid haplotypes
were detected only in one individual on different sampling localities (ML phylogenetic
tree is shown in Online Resource 3b).
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Table 3 Basic molecular N H Hd

. ) n Tajima’s D Fu’s Fs

diversity parameters and

neutrality tests for the studied P cavaticus

Pantelozetes species, sampling o

localities (see Table 1 for code All individuals 180 37 0.933 0.024 0.738 0.806

explanation) and lineages AM_CZ 20 6 0.658 0.005 -0.736 1.058
J_CZ 20 2 0.268 0.001 —0.086 0.381
SSJ_CZ 16 4 0442 0.002 0.227 -0.316
BJ_SK 17 8 0.878 0.006 -0.152 —0.663
CD_SK 21 5 0.714 0.008 2.083 4.030
LD_SK 20 3 0511 0001 -0.526 0.382
MIJ_SK 21 3 0.186 0.001 —1.514% —1.920*
MR_SK 20 4 0437 0.008 0.738 5.656
SD_SK 25 6 0427 0002 -2.179*%* —-1.220
Lineage CZ 56 11 0.738 0.006 0.035 —0.086
Lineage SK 124 26 0912 0.013 —-0.097 —1.200

P. paolii

Allindividuals 63 12 0.726 0.037 1.306 6.085
DV_Cz 3 10 0 0
BE_CZ 6 4 0.800 0.044 2.078 4.966
BK_CZ 7 4 0810 0.034 0901 5.678
JE_CZ 4 3 0833 0.049 1.315 4.649
KR_CZ 9 5 0.806 0033 0.162 5.449
suc_cz 5 4 0900 0.042 1.812 3.245
SUP_CZ 6 2 0533 0.037 1.392 11.584
MP_SK 6 2 0.600 0.042  2.365 12.112
RP_SK 5 3 0.800 0.046 1.455 6.519
SR_SK 4 2 0667 0.046 2309 8.541
VT_SK 310 0 0 -
WI_PL 5 2 0.600 0.042 1.883 10.274
Lineage 1 25 4 0.230 0.001 -2216* —0.806*
Lineage 2 30 7 0366 0.001 —1.582*%  —3.484*
Lineage 3 8§ 1 0 0 0 -

N number of sequenced individuals, H number of observed haplo-
types, Hd haplotype diversity, 7 nucleotide diversity

*Significant differences from zero, suggesting population expansion
after a bottleneck event

Genetic distances detected between populations from discrete sampling localities were
high and ranged between 1.9 and 5.7% for the COI gene. Intrapopulation genetic distances
in the COI gene were high as well (3.3-5%), except for two populations where the value
was zero (possibly the result of the small number of successfully sequenced individuals).
After redefining the groups of individuals according to their assignment to the genetic line-
age, the genetic distances among the lineages ranged between 2.6 and 7% and between 0
and 0.1% within the lineages, respectively (Table 2c).

Isolation by distance was rejected, Mantel test being not significant (R*>=0.034,
p=0.14). The neutrality analyses did not show any significant differences from zero within
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Table 4 Result of AMOVA based on the uncorrected p-distances for Pantelozetes cavaticus

Source of variation Between groups (CZ Within groups Within populations
and SK)

Degrees of freedom 1 7 171

Sum of squares 764.87 393.28 189.53

Variance components 9.21 Va* 2.75 Vb* 1.11 Vc*

Variation % 70.46 21.05 8.49

Fixation indices Fst 0.915%

Fst F-statistics
*Indicate significant differences (p <0.05)

the populations (p>0.05 for both D and Fy) leading to the assumption that there is no
evidence of size changes in the populations. However, after this analysis was carried out
on every identified lineage (except lineage 3 with only one haplotype), values significantly
different from zero were observed (p>0.05 for both D and F) indicating that the lineages
may have undergone a process of population expansion after a bottleneck event (Table 3).

Discussion

The results of our study provide the first insight into the genetic diversity and population
structure of two oribatid mite species from the genus Pantelozetes. In agreement with our
hypothesis, the cave-associated species, P. cavaticus, is represented by several phylogeo-
graphically subdivided populations that are reproductively well isolated between discrete
karst areas, falling into two main genetic lineages (‘Czech’ and ‘Slovak’). Conversely, the
other investigated species, the common soil-living P. paolii, lacks any geography-related
population structure, i.e., the three identified main genetic lineages coexist on individual
sampling locations, suggesting good dispersal abilities of this species.

The intraspecific variation of the COI gene was quite high between the identified line-
ages of both species (ranging from 2.6 to 7%). The standard COI barcoding gene shows in
general more variability between the populations of flightless or less mobile wide-spread
taxa (Papadopoulou et al. 2009), which was already documented also for the populations
of soil-living microarthropods (Heethoff et al. 2007; Schiffer et al. 2010; Rosenberger
et al. 2013; Kreipe et al. 2015; Lehmitz and Decker 2017) and which corresponds with our
results. The phylogenetic analysis of P. cavaticus COI sequences further revealed exist-
ence of new species Pantelozetes sp., which was clearly separate from P. cavaticus (20.4%
interspecific distance). A morphological re-inspection of the samples from a small, isolated
locality in Cierna Hora Mts. (Andrejovéa Cave II), where the genetic analysis indicated the
presence of the new species, revealed individuals with minor yet distinctive morphological
features.

The D3 region was considered as a possible species marker in several studies (Maraun
et al. 2003; Laumann et al. 2007; Lehmitz and Decker 2017), although some have reported
it to fail to separate closely related species (Lehmitz and Decker 2017; Schiffer et al. 2019).
In our study we found only little variation in D3 between P. cavaticus and P. paolii (0.6%);
furthermore, the locus also failed to distinguish the new species, with its sequences being
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identical to those of P. cavaticus. It seems that the D3 fragment is too short and conserved
to be reliably used as the sole species marker for oribatid mites.

Pantelozetes cavaticus

The phylogeographic analysis of P. cavaticus sampled in the mid-point of its distribution
revealed deep genetic differences between the individual populations. Considering the lim-
ited active migration possibilities of the species and, more importantly, the discontinuous
nature of the cave environment to which the species is bound, the geographic isolation
was expected. Two main lineages of P. cavaticus were identified, ‘Czech’ and ‘Slovak’.
Both lineages had specific, non-synonymous substitutions in the COI gene and were never
found to coexist in a single cave, indicating selection followed by a subsequent spread of
the most competitive genotype. This is consistent with the results of several other studies
that revealed high intraspecific genetic diversity in COI of widespread oribatid mite species
(Rosenberger 2010; Schiffer et al. 2010, 2019; von Saltzwedel et al. 2014; Pfingstl et al.
2019).

Mutation rate of the mitochondrial COI gene is relatively high, which could lead to the
formation of a significant inter-population diversity over a short evolutionary timescale
(Hebert et al. 2003). Therefore, the presence of individuals from different caves that shared
the same haplotypes (i.e., AM_CZ+SSJ_CZ; LD_SK+MIJ_SK+CD_SK; SD_SK+MR_
SK) points to a continual gene flow between these populations or to a recent colonization
of one cave from the other. This could be easily explained by a short geographical distance
between these caves and their potential connection via underground streams or crevices
(e.g., Nova Amatérska Cave and Sloupsko—goéﬁvské Caves are connected by a subterra-
nean stream, and all the caves from Slovak Karst are close to each other).

In contrast, no shared haplotypes and presumably no gene flow between the populations
from distant and not inter-connected karst areas indicate effective reproductive isolation of
these populations from each other. A very similar trend of COI genetic variability increas-
ing with geographical distance was detected by Parimuchovi et al. (2017) in the popula-
tions of the troglophile collembolan Protaphorura janosik in Slovak caves.

Molecular divergence estimates based on P. cavaticus COI sequences indicated that
the separation of ‘Czech’ and ‘Slovak’ lineages substantially predated Quaternary glacia-
tions (Pleistocene) and happened during the Late Pliocene (2.9 Mya). This radiation event
coincides with the climatic and biotic changes occurring in Europe during this epoch,
i.e., global cooling, less precipitation, and the spread of grasslands (Retallack 2001). This
might have forced the common ancestor of extant P. cavaticus lineages to escape from the
changing surface conditions to cave ecosystems with more stable conditions. Despite this
relatively ancient radiation, the lineages have remained morphologically consistent and no
clear morphological differences were evident between individuals during the identifica-
tion prior to the DNA extraction. The stable conditions of the subterranean environment
may have contributed to the morphological consistency of the emerging genetic lineages.
Homogenous habitat conditions were suggested to enforce stabilizing selection, which can
maintain a constant phenotype across the range of the group, resulting in conserved mor-
phologies on a diverse genetic background (Colborn et al. 2001; Pfingstl et al. 2019).

Nevertheless, long-term geographical and genetic isolation of the lineages could be
expected to provoke, through the growing genetic distances, an evolution of new species
differing even in their morphology. Indeed, our discovery of a new species in Andre-
jova Cave II, seems to support this theory. Based on the molecular divergence estimates,
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Pantelozetes sp. separated from the ancestor of P. cavaticus 10.1 (+1.8) Mya, during the
Late Miocene.

Pantelozetes paolii

Pantelozetes paolii is a eurytopic and abundant species that can be found in a variety of
surface habitats (with Holarctic distribution), indicating that this species can cope with a
wide range of environmental conditions. Unfortunately, the number of specimens obtained
during sample collection was limited and PCR amplification of the COI gene did not work
very well in this species, therefore the number of successfully sequenced individuals from
some sampling localities was low (i.e., only three individuals from DV_CZ and VT_SK).

We assumed that given its small size and limited active locomotion powers, the popula-
tions from distant areas would create a distinct phylogeographic pattern as this was already
described in many other studies investigating the genetic structure of populations of small
widespread soil arthropods (Schiffer et al. 2010; Rosenberger et al. 2013; Saltzwedel et al.
2016, 2017). Waters et al. (2013) suggested that a founder effect may play a major role in
the colonization of new habitats, which results in a low genetic variance within the popula-
tions but a high one between them.

Contrary to this, in 63 sequenced individuals we found three main genetic lineages with
deep genetic differences (genetic distances between the lineages ranged from 2.6 to 7%)
cohabiting at distinct sampling localities. High haplotype diversity indicated ancient sepa-
ration and independent evolution of these lineages. It was common that individuals from at
least two lineages (and in a few cases even all three—in RuZin Water Dam, Jeseniky PLA
and NP Krkonose) coexisted at one locality (one haplotype was shared among the individu-
als from distinct localities). This points to an effective long-distance dispersal ability of
this species.

Poor active dispersal, even on distances of only couple of centimeters, is characteristic
for oribatid mites (Lehmitz et al. 2012). However, given that many species have huge geo-
graphical distribution ranges, efficient dispersal pathways must exist. This topic has not
yet been completely resolved. Passive dispersal by wind, though documented, is species-
specific and not very common over a longer distance in oribatid mites given their small
size and susceptibility to dehydration (Lehmitz et al. 2011; Schuppenhauer et al. 2019).
Transport by running water and on larger animals, especially on birds, is more common
and well documented (Lebedeva and Krivolutsky 2003; Krivolutsky and Lebedeva 2004;
Schuppenhauer et al. 2019). Pantelozetes paolii has been sporadically found in the feathers
of waterfowl (Krivolutsky and Lebedeva 2004), which is probably the most likely dispersal
manner of this species.

High haplotype diversity (Hd, on average 0.545 and 0.198 for populations and lineages,
respectively) and relatively low nucleotide diversity (m, on average 0.035 and 0.001 for
populations and lineages, respectively) of P. paolii obtained in this study is consistent with
what has been described for some other species of oribatid mites. For example, Schiffer
et al. (2010), in their analysis of the COI region of two Scutovertex species (sampled also in
Central Europe), observed values of Hd between 0.818 and 0.989 and values of ® between
0.018 and 0.051.

These differences in Hd and = can indicate recent population growth (Korstian et al.
2015), which is consistent with the results of the neutrality tests performed within the
detected lineages of P. paolii in our study. It seems that the species experienced an event
that caused a drastic reduction in its abundance (bottleneck effect) followed by a rapid
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population growth. First of these events might have happened during the Late Pliocene
(2.9 Mya per molecular divergence time estimates) when the climatic and habitat condi-
tions were rapidly changing—similarly to the situation in P. cavaticus as described above.
The second event of radiation (1.2 Mya) was probably caused by strong climatic oscilla-
tions during the Pleistocene Epoch (Hewitt 2004). Moreover, bottleneck events followed
by demographic expansions have been consistently shown to leave a genetic mark in the
current populations in the pattern of some haplotypes being broadly shared and others, less
frequent, differing by only a few mutations (Bas 1995).

Initial morphological examination of specimen did not reveal substantial differences,
however an in-depth morphometric study of individuals from different genetic lineages
may reveal relevant morphological traits. Additional coupled genetic and morphological
data from representative sampling sites across the P. paolli distribution range are necessary
to clarify the relationships among its populations.

Conclusions

This study provides the first insight into the genetic diversity, population structure and
evolutionary history of two ecologically different species from the genus Pantelozetes.
We show that populations of the cave-dwelling P. cavaticus are effectively confined to the
respective karst areas, whereas the populations of the surface-dwelling P. paolii from com-
parably distant localities are intermixed, demonstrated as three main lineages that coex-
ist on multiple sampling sites, suggesting effective long-distance dispersal of the latter
species. The estimated divergence of the genetic lineages of P. cavaticus and P. paolii of
2.9 Mya coincides with the onset of major climatic changes during Late Pliocene, when
the European climate began to cool rapidly. In addition, we confirmed that COI is a good
marker for studies of population structure, but found the D3 fragment too conserved to
distinguish populations or even closely-related species. Finally, we report a new candidate
species, Pantelozetes sp., from one of the sampled caves in Slovakia (Andrejova Cave II);
its description will be published separately.
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Abstract

Pantelozetes kunsti sp. nov., the new species, named is described based on the adult individuals obtained
from the detritus of Andrejova cave Il in Eastern Slovakia. The new species is morphologically very
similar to Pantelozetes cavaticus (Kunst, 1962), from which it differs especially by tridactylous tarsi
(versus monodactylous tarsi), the punctulation between the anterior part of costulae (vs. smooth surface),
the absence of solenidion w2 on tarsi 1, and the rounded posterior part of notogaster (vs. slightly bluntly
pointed). The identification key to the known species of the genus Pantelozetes from Europe and a list of
identified species of this genus from 11 localities in the Czech Republic and Slovakia are presented. In
addition, the delimitation of P. kunsti sp.nov. from other common European species of the genus
Pantelozetes was verified by analyses of the COl (DNA barcoding) sequences. The interspecific distances
in COl varied between 19% to 22.1% and the newly described species showed closest phylogenetic

relationship to P. cavaticus.

Key words: genetic diversity, COI, barcoding, troglophilous oribatid mites, morphology

Introduction

Phylogenetic analyses of oribatid mite DNA sequences of the genus Pantelozetes from the localities in the

Czech Republic and Slovakia suggested the existence of a new species. Pantelozetes kunsti sp. nov. was

identified as the mitochondrial COI sequences of the populations of Pantelozetes cavaticus were

analysed. The sequences from one population (sampling site Andrejova cave II) showed much higher

nucleotide variability when compared with other studied populations. The separation of the new species
70



was further supported by a subsequent morphological analysis of the specimens under the
stereomicroscope.

Currently, the genus Pantelozetes comprises 22 species and one subspecies, which are distributed in the
Holarctic, Oriental and Neotropical Regions (Subias 2004, updated 2021). The main morphological
characters of this genus were summarized by Kunst (1971), Fujikawa (1979), Weigmann (2006),
Bayartogtokh (2010) and Ermilov et al. (2015). The identification keys to the selected species of this
genus were presented earlier by Fujikawa (1979), Rakhimbaeva (1995), Bayartogtokh (2003, 2010) and
Weigmann (2006).

The main objective of this study was to describe and illustrate newfound Pantelozetes kunsti sp.nov. and
to present an identification key to the European species of the genus. The additional objective of this
paper was to compare divergences on the DNA level between the new species and other common

Pantelozetes species.

Material and methods

Specimens. In total, 594 specimens from four species of the genus Pantelozetes were obtained at two
localities in the Czech Republic and nine localities in Slovakia. Most of this material was used for DNA
analyses, the smaller part was used for species identification. The sampling localities are given in
“Material examined ” section.

Observation and documentation. Soil arthropods were extracted from the soil and leaf litter
samples in a modified high-gradient extractor (Marshall 1972). All mite specimens were preserved in
96% ethanol at -20 °C until further preparation. Oribatid mites were mounted and cleared in 80% lactic
acid on temporary cavity slides for determination, measurement, and illustration. The determined material
was preserved in the vials with 80 % ethanol with drops of glycerol. Observations, determination,
measurements, and illustrations were performed with the use of a transmission light microscope “Leica
DRM” equipped with a drawing attachment. The body length was measured in a lateral view from the tip
of the rostrum to the posterior edge of the ventral plate. The notogastral width refers to the maximum
width of the notogaster in dorsal aspect. The length of the body setae was measured in a lateral aspect. All
measurements are given in micrometres. The leg setae formulas are given in parentheses according to the
sequence trochanter - femur - genu - tibia - tarsus (famulus included). The formulas for leg solenidia are

given in square brackets according to the sequence genu - tibia - tarsus.

Terminology. Morphological terminology used in this paper follows that of F. Grandjean: see
Travé & Vachon (1975) for references, Norton (1977) for leg setal nomenclature, and Norton & Behan—

Pelletier (2009) for overview.

Abbreviations. The following abbreviations were used (including text, figures and tables): ro, le,
in, bs, ex = rostral, lamellar, interlamellar, bothridial and exobothridial setae, respectively; cos = costulae;
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opisthonotal gland opening; cr = dorso-lateral cristae; cp = circumpedal carianae; a, m, h = subcapitular
setae; or = adoral seta; v, I, d, cm, acm, ul, sul, vt, = palp setae; w = palp and leg solenidion; cha, chb =
cheliceral setae; Tg = Tragardh’s organ; Df = digital fixus; Dm = digitus mobilis; Pdl = pedotectum I; 1a,
1b, 1c, 2a, 3a, 3D, 3c, 4a, 4b, 4c = epimeral setae; gi-6, ag, ani-2, adi-3 = genital, aggenital, anal and adanal
setae, respectively; iad = adanal lyrifissure; Tr I1I, Tr IV = leg trochanter Il and IV, respectively; o, @, @

= leg solenidia; € = tarsus | famulus; v, ev, bv, I, d, ft, tc, it, p, u, a, s, pv, pl = leg setae.

DNA extraction and analysis. Total genomic DNA of P. kunsti sp. nov. was extracted from the
whole single individuals (23 specimens) with the Exgene Tissue SV mini kit (GeneAll® Biotechnology)
following the manufacturer” protocol for insects with final elution in 50 pl instead of 200 pl. A fragment
of cytochrome c oxidase subunit I (COI) was amplified by PCR and sequenced as described in Kokofova
et al. (2021). COI sequences of other Pantelozetes species used for comparisons were obtained from
Kokotova et al. (2021) (for GenBank accession numbers see Appendix 1). Three specimens of P.
alpestris sampled in the High Tatras were additionally sequenced for this study. The newly obtained
sequences are deposited in GenBank with accession numbers: P. kunsti sp. nov. MW649874-
MW649896; P. alpestris MZ645101-MZ645103.

All sequences were assembled and then aligned with the MEGA X software (Kumar et al. 2018)
by Muscle algorithm with default parameters. Pairwise genetic distances were calculated in MEGA X.
The distance based Assemble Species by Automatic Partitioning (ASAP; Puillandre et al. 2021) analysis
was performed with default settings (p-distances set as nucleotide substitution model) and ran on the
ASAP website (https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html). Only the partitions showing the
lowest and second lowest asap-score were considered according to Puillandre et al. (2021). The
hypothetical species composition generated by ASAP was compared with morphologically defined
Pantelozetes species, including the newly described species P. kunsti sp. nov. The phylogenetic trees of
studied species were calculated with Maximum Likelihood (ML) and Bayesian Inference (BI) methods.
The best fitting model for both methods was generated by Bayesian Information Criterion (BIC) in the
ModelFinder (Kalyaanamoorthy et al. 2017) implemented in the IQ-TREE v.1.6.12 software (Nguyen et
al. 2015). The ML analysis was conducted in 1Q-TREE with default parameter settings and 10,000
ultrafast bootstrap replicates (Hoang et al. 2018). The Bl analysis was performed in MrBayes v.3.2.7
(Ronquist et al. 2012) in two independent runs with four chains, each for 10 million generations sampled
every 1,000" generation, a burn-in of 2,500 was applied. To assess run convergence, the Tracer v.1.7.1
(Rambaut et al. 2018) was used. A representative of other genus Nothrus silvestris (Crotonioidea) was
used as an outgroup taxon, the COI sequence was obtained from Rosenberger et al. (2013) (GenBank
accession no JF2638835).
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Description

Family: Thyrisomidae Grandjean, 1954

Genus Pantelozetes Grandjean, 1953

Syn: Montizetes Kunst, 1971; Oribellopsis Kunst, 1971; Gemmazetes Fujikawa, 1979 (see Ermilov et al.
2015).

Type species: Xenillus paolii Oudemans, 1913

Pantelozetes kunsti sp. nov.

Material examined

Eastern Slovakia, 26.V111.2017, Andrejova Cave II, Cierna hora Mts., Pokryvy, latitude
48°48'03.45"N, longitude 21°09'48.62"E, altitude 485 m, sample of litter and detritus near cave entrance,
(11 ex.), leg. P. Luptacik.

Diagnosis

Rostrum rounded without dorsolateral teeth. Costulae longer than half of prodorsum length.
Rostral and lamellar setae setiform, barbed. Interlamellar setae erect, barbed. Bothridial setae fusiform,
lanceolate, barbed. Prodorsum without dorsolateral ridges. Central part of prodorsum between anterior
part of costulae finely punctate. Notogastral setae barbed, similar in length. Cristae long. Two pairs of
adoral setae. Sternal apodeme short. Epimeral and ano-genital setae thin, smooth. Leg tarsi with three

claws.

Description
Measurements. Body length: 453 (holotype, female), 421-468 (ten paratypes, eight males and two
females); notogaster width: 284 (holotype), 281-295 (ten paratypes). No distinct difference between

males and females in body size.

Integument (Figs. 1A, B, C). Body color light brown to brown. Body surface, subcapitular
mentum and genae, genital and anal plates punctate, which is visible only under high magnification (x
1000). Lateral sides of prodorsum (between acetabula and bothridia, and laterally to lamellae) tuberculate.
Central part of prodorsum between anterior part of costulae finely punctate. Lateral side of prodorsum

outside of anterior part of costula with fine reticulation.

Prodorsum (Figs. 1A, B). Rostrum rounded, without teeth. Costulae (cos) well developed, longer
than half of prodorsum length, slightly S-shaped. Rostral (ro, 45-51) setae setiform barbed inserted
laterodorsally. Lamellar (le, 63-71) setae setiform, barbed, inserted on the lamellar ends. Interlamellar
setae (in, 32-38) shorter than rostral and lamellar ones, rod-like, erect, blunted and distinctly barbed.
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smooth stalk, narrowly spindle-shaped, barbed head. Inter bothridial region smooth without distinct

muscle sigillae. Dorsolateral ridges absent.

Notogaster (Figs. 1A, C). Anterior margin slightly convex medially. Posterior margin broadly
rounded. One pair of distinct humeral tubercles present, punctate. Dorsophragma well visible. Ten pairs
of notogastral setae, fine, slightly barbed, similar length (28-38). Seta p1 (28) the shortest, setae la, hz and
pz3 (38) the longest ones. Cristae (cr) long reaches the level of lyrifisure im. All lyrifissures (ia, im, ip, ips,
ih) distinct, in usual location. Opisthonotal glandopenings (gla) located posterior to hs.

Gnathosoma (Figs. 2E, F, G). Subcapitulum longer than wide (89-97 x 71-79). Subcapitular setae,
setiform a 17-19), and m (19-21) shorter than h (23-26) slightly barbed. Two pairs of adoral setae (ory,
orz (5-7)) present thin, smooth. Palps (length 63-67) with setae formula 0-2-1-3-9(w). Solenidion short
(w), pressed to the surface of palptarsi, blunted. Chelicerae, digitus fixus (90-99) with three teeth, digitus
mobilis (24-28) with four teeth, with two barbed setiform cheliceral setae; cha (27-34) cambered,
distinctly longer than curved chb (10-17). Triagardh’s organ (Tg 34-37) long, pointed.

Epimeral and lateral podosomal regions (Figs. 1B, C). Epimeres | and apodemes Il separated
medially by short sternal apodeme. Epimeres I, 111, and IV and apodemes |1l and sejugal apodemes fused
medially. Apodemes 2 and sejugal apodemes with tubercle-like or bridge-like structures. Epimeral setae
formula: 3-1-3-3. All epimeral setae thin, setiform smooth. Lateral setae 1c, 3c and 4c (19-25) longer than
medial ones la, 1b, 2a, 3a, 3b, 4a, 4b (12-16). Pedotecta I distinct, punctate. Circumpedal carinae (cp)
short directed to acetabula IV.

Anogenital region (Figs. 1B, C). Six pairs of genital (9:-gs, 12-15), one pair of aggenital (ag, 15-
18), two pairs of anal (any, anz, 16-17), and three pairs of adanal (ads, ad>, ads, 19-22) setae setiform, thin
and smooth Adanal lyrifissures (iad) distinct, located in adanal position parallel and near to anal aperture.

Legs (Figs. 2A-D). Tridactylous. Median claw thick, smooth, distinctly longer than lateral thin
ones. Formulae of leg setation and solenidia: | (1-5-2-4-17) [1-2-2], Il (1-5-3-4-15) [1-1-1], I (2-3-1-3-
15) [1-1-0], IV (1-2-2-3-12) [0-1-0]. Famulus (¢) short, straight, blunted. Solenidia w1 on tarsi I, @ on

tarsi Il and o on genua Il and 111 thickened, other solenidia thin setiform.

Type deposition
The holotype and 5 paratypes are deposited in the collection of the Museum of Natural History,
Geneva, Switzerland; other 5 paratypes are deposited in the collection of the Biology Centre of the Czech

Academy of Sciences, Institute of Soil Biology, Ceské Budé&jovice, Czech Republic.

Etymology
The new species was named in honour of Prof. Dr. Miroslav Kunst (1923-1987), renowned Czech
acarologist and zoologist, as well as the university teacher of the first author, for his significant

contribution to our knowledge of the oribatid mite fauna especially in the caves of Central Europe.
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Remarks

The new species is morphologically most similar to P. cavaticus (Kunst, 1962), differs from it by
tridactylous tarsi (versus monodactylous tarsi), punctulation between anterior part of costulae, (vs.
smooth surface), absence of solenidion w on tarsi I1, and rounded posterior part of notogaster (vs.
slightly blunty pointed); from P. mongolicus (Balogh & Mahunka, 1965) it differs by distinctly longer
notogastal setae (vs. short), longer costulae (vs. shorter costulae), by absence of muscle sigillae in
interbothridial region (vs. presence of three pairs of sigillae), lyrifissurae iad in adanal position (vs.
apoanal position); from P. arcticus (Pankov, 1993) by absence of dorsolateral ridge on prodorsum (vs.
presence), absence of muscle sigillae in interbothridial region (vs. presence of one pair of sigillae),
presence of punctulation between anterior part of costulae (vs. smoth surface); from P. alpestris
(Willmann, 1929) by distinctly longer costulae than half of prodorsum (vs. shorter costulae), absence of
dorsolateral ridge, borthidial setae distinctly barbed head ( vs. smooth head terminated by one long seta);
from P. forsslundi (Moritz, 1965) by tridactylous tarsi (vs. monodactylous tarsi), presence of

punctulation in between anterior part of costulae (versus smooth body surface in this region).

Key to European species of the genus Pantelozetes

1 - Prodorsum with lateralodorsal teeth 0N FOSTIUM ......cocvviiiiiiiiii e 2

- Prodorsum without laterodorsal teeth 0N FOStIUM .......cc.ooeviiiieiiice e 3

2 - Costulae connected in anterior part, muscle sigillae present in interbothridial region, at most three
laterodorsal teeth on each side of rostrum ........ P. berlesei Fujikawa, 1979 - distribution: South - East
Europe.

- Costulae never connected in anterior part, without muscle sigillae in interbothridia region, more than
three teeth on each side of rostrum ...............c....... P. paolii (Oudemans, 1913) - distribution:

semicosmopolitan.

3 - Dorsolateral ridges on prodorsum present, costulles shorter reach half of prodorsum, insertions of
lamellar setae in the middle part of prodorsUM .......cccoiiiiice s 4

- Dorsolateral ridges on prodorsum absent, costules distinctly longer than half of prodorsum, insertions

of lamellar setae closer to the rostral Margin .........cccvciiiiiiire s 9
4 - Leg tarsi WIth thre€ CIAWS ..o bbb 5
- Leg tarsi WIth ONE CIAW .......cocoiiiiiiee et e bbb et 7

5 - Bothridial setae with smooth, fusiform head terminated by one long hair .............ccccoeviiiiiicninnnnas
............................................ P. alpestris (Willmann, 1929) - distribution: Holarctic Region
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6 - Costulae absent, prodorsum with three pairs of muscle sigillae in interbothridial region ................
................................... P. delamellatus (Pérez-Iiiigo, jr. 1990) - distribution: Spain.
- Costulae present on prodorsum, without muscle sigillae in interbothridial region ............cccccocvvvinnane.

......................................... P. abulensis (Pérez-Ifiigo, 1984) - distribution: Spain.

7 - Costulae very short, do not reach insertions of lamellar setae .............c......... P. grecus (Mahunka et
Mahunka-Papp, 2010) - distribution: Greece.

- Costulae longer reach insertions of lamellar SEtae .........ccceveveriiiiniieieie s 8

8 - Interlamellar setae smooth, two times longer than lamellar and rostral ones with sharp top ..........
................................................................................ P. etruscus (Bernini, 1980) - distribution: Italy.
- Interlamellar setae barbed, thickened, and blunted, as long as lamellar and rostral ones, .................

.............................. P. crosbyi (Berlese, 1908) - distribution: Holarctic Region (see Ermilov 2016)

9 - Leg tarsii tridactylous, middle part of prodorsum between costulae with punctulation ...............
....................................................................................... P. kunsti sp. nov. - distribution: Slovakia.

- Leg tarsii monodactylous middle part of prodorsum between costulae smooth ........................ 10

10 - Bothridial setae with pectinate head ...... P. clavigerus (Mihel¢i¢, 1958) - distribution: Austria.

- Bothridial setae without pectinate head ..o 11

11 - Bothridial setae with distinct barbed head, notogastral setae strong and roughed, posterior part of
notogaster rounded .............. P. forsslundi (Moritz, 1965) - distribution: Central and Western Europe.

- Bothridial setae with narrowly elongated head, notogastral setae thin and smooth, posterior part of
notogaster slightly bluntly pointed ....... P. cavaticus (Kunst, 1962) - distribution: Palaearctic Region
(Central, Western and Southern Europe, Mongolia, China) (see — Bayartogtokh 2010, Wang et al. 2000,
Wen 1990).

Analyses of molecular data

The fragment of COl, standardly used for DNA barcoding of species, was successfully obtained from 23
specimens of P. kunsti sp. nov. and from three specimens of P. alpestris. Additional sequences of P.
cavaticus and P. paolii for phylogenetic analyses were obtained from Kokoiova et al. (2021). Five
haplotypes were discovered in 23 sequences of P. kunsti sp. nov. The final alignment of four analysed
Pantelozetes species consisted of sequences with 624-631 base pairs. Of the 242 variable sites, 210 were

parsimony informative positions. No insertions, deletions, or stop codons were identified.
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Phylogenetic reconstructions based on Bl and ML methods revealed very similar topologies,
therefore only BI tree is shown in Fig.3. The analyses yielded phylogenies with good to high statistical
support for the monophyly of four studied Pantelozetes species.

The ASAP species delineation algorithm distinguished five (best asap-score) and four (second best
asap-score) hypothetical Pantelozetes species. All five partitions coincided with the partitions derived
from the ML and BI phylogeny, however one lineage of P. paolii was considered as a separate species
(cluster Al and A2 in Fig.3) by this algorithm. The four groups hypothesis (second best asap-score)
corresponded with the morphologically defined and in the phylogenetic tree recognized Pantelozetes
species including the newly proposed one, namely P. paolii (cluster A), P. alpestris (cluster B), P.
cavaticus (cluster C) and P. kunsti sp. nov. (cluster D) (Fig.3).

The values of uncorrected p-distances within studied species ranged between 0.2% to 5.4% and
the distances between species ranged between 19% to 22.1% (Table 2a-b). The newly proposed species
P.kunsti sp. nov. showed closest relationship to P. cavaticus. Thus, a distinct barcoding gap was evident

with inter-specific distances highly exceeding intra-specific ones (Fig.4).

Discussion on species delimitation

The analysis of DNA sequences can provide valuable information that can help resolve problematic
arthropod species delimitation. In this study, we combined the morphological diagnostic characters with
the COI dataset for the description of P. kunsti sp. nov. and its delimitation within the most common
Pantelozetes species in Central Europe.

The analyses of the COI sequences recognized P. kunsti sp. nov. as a distinct monophyletic
lineage within studied Pantelozetes species, which was likewise supported by relatively high genetic
distances to other species (19-22.1%). These high species-level divergences in DNA barcoding region are
well in line with the results previously reported in other oribatid mite species (Schéffer et al. 2010;
Pfingstl et al. 2019; Schéffer et al. 2019; Kokotova et al. 2021) and suggests that this radiation is not of
recent origin. The ASAP analysis also successfully delimited all studied morphologically defined species
and suggested the existence of one extra species within P. paolii (the intraspecific divergences were
5.49%). Nevertheless, it was already well documented that DNA barcoding gene shows in general higher
variability between the populations of small widespread microarthropods (Heethoff et al. 2007;
Rosenberger et al. 2013; Kokotova et al. 2021), therefore we consider this partition to be just independent
lineage of one species (for more details see Kokofova et al. 2021).

For oribatid mites, the DNA barcoding alone is considered of limited value for reliable
determination of species boundaries (Kreipe et al. 2015), however it can be regarded as supplementary
evidence, if other independent characteristics are involved in the analyses (White et al. 2014). Moreover,
the main aim of the reconstruction of the phylogenetic trees was to use the obtained trees as tools to
visualize possible species delimitations (DeSalle & Goldstein 2019), not to obtain accurate phylogenetic
hypotheses which would require a broader spectrum of genetic markers as well as higher number of
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List of identified Pantelozetes species

P. paolii

Material examined: Slovakia, 15.VIIL.2017, Stolické vrchy Mts., SW slope of Stolica Mt., 5.5 km NE of
Muranska Zdychava, latitude 48°46°13,4“N, longitude 20°12°03,5“E, altitude 1348 m, spruce forest,
sample of Norway spruce (Picea abies) litter, (22 ex.), leg. J. Stary; Slovakia, 2.VIII.2016, near Ruzin
dam, 4.8 km N of Opatka, latitude 48°49°54,2“N, longitude 21°04°24,7°E, altitude 401 m, beech forest
(Fagetum nudum), sample of beech (Fagus sylvatica) litter, (33 ex.), leg. J. Stary; Slovakia, 5.VII.2016,
Biele vody, Slovensky raj Mts., 0.6 km NE of Biele vody, latitude 48°52°31,0“N, longitude
20°24°21,3“E, altitude 877 m, beech forest with Norway spruce (Picea abies), sample of beech litter and
mosses, (15 ex.), leg. J. Stary; Slovakia, 19.1X.2016, Tatra National Park, the High Tatra Mts., Tomanova
valley, 8.8 km N of Podbanské, latitude 49°13°20,3“N, longitude 19°55°46,8“E, altitude 1361 m, spruce

forest, with bilberry (Vaccinium myrtillus), sample of spruce litter, (16 ex.), leg. P. Cuchta.

P. cavaticus

Material examined: Czech Republic, 11.X1.2015, Moravian Karst Landscape Protected Area, Nova
Amatérska Cave, White fountain, Raztoka site, latitude 49°22'42.325"N, longitude 16°43'39.113"E,
altitude 393 m., sample of decaying wood, (42 ex.), leg. K. Tajovsky and P. Kokofova; Czech Republic,
21.X.2015, Javori¢ské Caves, Giant Dome, latitude 49°40'13.400"N, longitude 16°54'50.300"E, altitude
452 m, sample of decaying wood, (176 ex.), leg. P. Kokofova and K. Tajovsky; Slovakia, 18.V.2017,
Slovensky kras National Park, Majkova Cave, Silicka Plateau, latitude 48°32'44.489"N, longitude
20°32'49.320"E, altitude 494 m, sample of organic detritus near cave entrance, (20 ex.), leg. P. Luptacik;
Slovakia, 19.X.2017, Tatra National Park, Belianska Cave, Belianské Tatry Mts., latitude
49°13'43.888"N, longitude 20°18'40.461"E, altitude 890 m, Music-hall site, hand collection from
stalactites near small cave lake, (120 ex.), leg. P. Cuptacik; Slovakia, 1.X.2015, Slovensky kras National
Park, Certova diera, Silick4 Plateau, latitude 48°28'57.810"N, longitude 20°27'44.500"E, altitude 339 m,
Big Bat Hall, sample of bat’s guano, (122 ex.), leg. P. Cuptacik.

P. kunsti sp. nov.

Material examined: Slovakia, 26.V111.2017, Cierna hora Mts., Andrejova Cave Il., above Andrejova
Rock, latitude 48°48'3.450"N, longitude 21°09'48.620"E, altitude 485 m, sample of litter and detritus near
cave entrance, (43 ex.), leg. P. Cuptadik.

P. alpestris

Material examined: Slovakia, 4.V11.2016, Tatra National Park, the High Tatra Mts., Tomanova valley,

latitude 49°12°46,7°N, longitude 19°54°46,7“E, altitude 1963 m, SW slope of Polskd Tomanova Mt.,

alpine meadow with dominant highland rush (Juncus trifidus), with blueberry (Vaccinium myrtillus), (3
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FIGURE 1. Pantelozetes kunsti sp. nov., adult: A — dorsal view (legs not shown);
B — ventral view (gnathosoma and legs except trochanters IlI, IV not shown); C —
lateral view (legs not shown). Scale bar 100 pm.
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FIGURE 2. Pantelozetes kunsti sp. nov., adult: A — left leg | antiaxial view
(trochanter 1 not shown); B — left leg Il antiaxial view (trochanter Il not shown); C
— left leg 1l antiaxial view (trochanter Il not shown); D — right leg IV antiaxial
view (trochanter IV not shown); E — chelicera, left, paraxial view; F — subcapitulum,
ventral view; G — palp, right, antiaxial view. Scale bar 100 um (A, B, C, D), 40 um

(E, F), 30 um (G).
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FIGURE 3. Bayesian inference tree based on COI gene of Pantelozetes species: (A-
D) represents hypothetical species generated by ASAP, coloured clusters represent
morphology-based species. Only posterior probability values > 0.5 are shown. (For
visualisation and interpretation of the colours in this figure, the reader is referred to
the web version of this article).
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FIGURE 4. Intra- and interspecific distances (uncorrected p-distances) for the used
COI marker for all studied Pantelozetes species.

86



TABLE 1. Leg setation and solenidia of adult Pantelozetes kunsti sp. nov.

Leg | Tr Fe Ge Ti Ta

(), (tc), (it), (), (), (@), s,

, v v I
| |v d, (1), bv’, v Vo | (D,(v), 91, 02 o), (l), &, o1, w2

I P D PR ICACACA OO

(), ®

i larer e rme | @00 @s
(pv)

v v’ d, ev’ d I, (V) @ ft”, (tc), (p), (u), (a), s, (pv)

Note: Roman letters refer to normal setae, Greek letters refer to solenidia (except € =
famulus). Single apostrophe () marks setae on the anterior and double apostrophe ()

setae on the posterior side of a given leg segment. Parentheses refer to a pair of setae.

TABLE 2. (a) Values of intraspecific distances (d; uncorrected p-distances) with
standard error (SE). (b) Values of interspecific distances (lower left; uncorrected p-

distances) with standard error (upper right).

(a) d SE
P. paolii 0.054 0.007
P. alpestris 0.004 0.002
P. cavaticus 0.032 0.005
P. kunsti sp.nov.| 0.002 0.001
(b) P. paolii P. alpestris P. cavaticus P. kunsti sp. nov.
P. paolii 0.015 0.016 0.016
P. alpestris 0.191 0.015 0.016
P. cavaticus 0.221 0.203 0.015
P. kunsti sp.nov.| 0.211 0.201 0.190
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