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Summary

Freshwater springs are considered distinctive stream sections. Environmental conditions
typical of subterranean groundwater habitats such as high temperature stability and nutrient
scarcity predominate the spring mouth. Due to the rapidly increasing influence of surface
processes such as solar radiation or precipitation downstream, springs exhibit steep
environmental gradients and high microhabitat diversity on a small spatial scale. Furthermore,
diverse species assemblages composed of crenobiontic (strictly spring-dwelling), stygobiontic
(groundwater-adapted), and rhithrobiontic (stream-inhabiting) organisms are characteristic of
springs. Due to their topographic distinctiveness and individual species assemblage
compositions, particularly alpine springs are considered isolated island-like habitats and
freshwater biodiversity hotspots.

Water mites (Hydrachnidia) show many crenobiontic species adapted to different
microhabitats such as gravel, moss, lentic, or lotic flow regimes in springs and can be seen as a
model system to study crenobiology. Their taxonomy is currently re-investigated intensively
and is still mainly morphology-based, although molecular genetic methods can reveal novel
insights. Therefore, I genetically assessed the a priori morphological species delimitation of the
most abundant crenobiontic water mites in Chapter II. The phylogenetic inferences, including
a mitochondrial (cox1) and a nuclear (28S) marker, corresponded to the traditional taxonomy
and confirmed the monophyly of Hydrachnidia. Moreover, species putatively new to science
were discovered, a genetic species identification reference database was generated, and basic
methods for further genetic work were established.

In Chapter 111, I then assessed the degree of spring habitat isolation by investigating the
population genomic structure of Partnunia steinmanni Walter, 1906, a strictly crenobiontic
water mite species. I sampled populations in protected areas across the Alps and performed

restriction site-associated DNA sequencing (RADseq). The admixture analysis and an unrooted



phylogenetic tree revealed a pronounced population genomic structure and distinctiveness of
P. steinmanni spring populations between and within the different areas. Combined with the
strong isolation by distance that has been found, a high degree of insularity of alpine springs
can be concluded. Furthermore, a genetic principal component analysis of individuals between
the different protected areas revealed a western genotype extending into eastern populations,
likely caused by post-glacial recolonization.

Finally, in Chapter IV, I developed and tested an environmental DNA (eDNA)
bioindication methodology to monitor and assess alpine spring ecosystem integrity and detect
a potential loss of crenobionts such as the species presented in Chapters II and III. For that
purpose, I established novel qPCR primer and probe sets to detect indicator species in eDNA
filtered water samples. The final assays targeting spring-dwelling Trichoptera, Plecoptera, and
Hydrachnidia species showed to be highly specific and sensitive. Furthermore, equal detection
rates were revealed by comparing the qQPCR eDNA assays with the conventional approach,
which relies on direct sampling and morphological identification of organisms. Due to its non-
invasive and time-efficient character, the newly developed spring bioindication method
circumvents drawbacks of the conventional techniques and is particularly applicable in

protected areas.



Chapter I

General Introduction
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Freshwater Spring Ecosystems

The Science of Springs and their Importance in the Anthropocene

Water is one of the most essential resources for human life, and springs play a substantial
role as source of clean drinking water since the migration of hominins out of Africa and the
evolution of modern humans (Cuthbert & Ashley, 2014). The earliest human settlements were
predominantly built near accessible groundwater resources and freshwater springs that provided
stable water supply and enabled the development of civilizations (Mithen, 2010; Stevanovic,
2010; Tegel et al., 2012; Knutsson, 2014). In modern urban areas, springs have been shown to
provide suitable drinking water even during emergencies caused by water scarcity (Davis et al.,
2020). Furthermore, their importance for remote rural communities, as well as the need for
management strategies to preserve springs as an affordable water resource for cultures without
access to advanced water purification technologies, has been strongly emphasized (Patton et
al., 2020; Ranjan & Pandey, 2020).

Because of the high value of clean water for humankind, systematic investigations and
documentations about groundwater and spring formation have
been conducted early in human history. In the 1% century BC, the
Roman Architect Marcus Vitruvius Pollio discussed in the 8"
volume of his book series De Architectura Libri Decem how to
locate springs and use them as a water resource (Stevanovic,
2010). In contrast to these more applied early records of springs
and their appearance in nature, the French scientist and

philosopher Pierre Perrault (17" century) was among the first

researchers conducting empirical investigations on the origin of

Fig. 1: Title page of P. Perrault’s opus

. . , L. . . on the origin of springs written in 1674.
SpI’lngS. Il’l hlS bOOk De l Ol”lgme des fontall’les (1674) (Flg. 1), One of the first scientific publications
about empirical investigations on the

. .. . geological and geomorphological
he concluded that springs originate from water, which reaches the processes behind spring formation.



ground in the form of precipitation and snowfall and is subsequently retained in soil layers (p.
148 in Perrault, 1674). To prove his assumption, Perrault conducted several experiments on the
flow of water through soil and showed that soil is indeed capable of accumulating meteoric
water (Perrault, 1674). His way of performing experiments to test his hypothesis and to

empirically show that previous conclusions on the origin of springs have been premature

pioneered the science of hydrology (Barontini & Settura, 2020).
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Fig. 2: Elements of the water budget in a spring drainage area.

I is infiltration in general, SR is surface water runoff, ET is evapotranspiration,
Isr is infiltration from surface runoff (including from sinking and losing
streams), Ires is infiltration from surface water reservoirs, Isp is infiltration from
snowpack and glaciers, R is groundwater recharge, SMD is soil moisture
deficit, ETwr is evapotranspiration from water table, Qs is spring discharge Qv
is lateral groundwater inflow to the aquifer feeding the spring, L is leakage back
and forth between the underlying aquitard and the aquifer, Qour is well
pumpage from the aquifer, and S is change in storage of the aquifer.

(Kresic & Bonacci, 2010)

infiltration from surface water bodies
due to precipitation or snowmelt leads to
aquifer enrichment, whereas surface
runoff and evapotranspiration diminish
aquifer water availability and spring discharge (Kresic & Bonacci, 2010; Cochand et al., 2019)
(Fig. 2). Depending on the biogeographic region and local topography, the processes governing
groundwater formation, and thus spring flow intensity and permanence, undergo seasonal
fluctuations and can differ even within small catchment areas as shown for montane and alpine
drainage basins (Soulsby et al., 1999; Arnoux et al., 2020). In addition to these natural
processes, groundwater overexploitation and mismanagement can further diminish aquifer
water levels and impact the flow regime of springs. Intensive pumping combined with a reduced
groundwater regeneration, e.g., due to sealed surfaces, decreased hydraulic conductivity due to

colmation in agricultural areas, or increased evapotranspiration through land-use change, are

_4.



known to impact the water balance negatively and, therefore, diminish spring discharge
(Brunke & Gonser, 1997; Seiler & Gat, 2007; Baillieux et al., 2015; Aslam et al., 2018;
Bierkens & Wada, 2019; Levy et al., 2020; Faridatul & Bari, 2021). Human influence on
springs, however, not only impacts their hydrology but consequently also affects the integrity
of their ecosystem (Nielson et al., 2019).

Spring (crenal) habitats are defined as a distinct stream section followed by the rhithral
(brooks and upper stream sections) and potamal (rivers and lower stream sections) (Illies &
Botosaneanu, 1963). They harbour characteristic species assemblages (Cantonati et al., 2012b),
which faunistically distinguish them from the other freshwater habitats (further elaborated in
the following sections of the general introduction). Discharge is one of the main factors
influencing spring fauna (Wood et al., 2005; Von Fumetti & Nagel, 2012), and some taxa such
as spring-dwelling water mites completely disappear after desiccation events (Gerecke et al.,
2018). As shown above, the hydrological consequences of human impact on the water table of
aquifers mainly influence discharge and are therefore likely to impact the spring fauna and
ecosystems. Furthermore, human-induced climate change is predicted to alter groundwater
temperature (Aslam et al., 2018; Epting et al., 2021), which likely modifies the thermal regime
of springs and downstream groundwater-dependent ecosystems. Aquatic organisms exhibit
direct interactions with their environment, and physiological processes such as respiration are
directly temperature-dependent (Verberk & Bilton, 2013; Ebner et al., 2019). Temperature-
driven colonization patterns are likely in aquatic insects that exhibit physiological responses to
changing thermal regimes and past climatic conditions (Ebner et al., 2020; McNamara et al.,
2021). Therefore, spring-dwelling organisms are considered to be adapted to the relatively
stable environmental conditions in springs (Cantonati et al., 2012b) and are likely to be
influenced by climate change-induced environmental shifts. Overall, the interrelationships
between natural and anthropogenic spring ecosystem alterations need to be taken into account

when conducting crenobiological research and planning nature conservation strategies today.



Environmental and Geomorphological Characteristics of Springs

In its most elementary form, the definition of a spring habitat is reduced to the basic
geomorphological phenomenon of subterranean groundwater that emerges from the aquifer and
subsequently transforms into a surface water system (Van Der Kamp, 1995; Cantonati et al.,
2012b; Glazier, 2014). The spring mouth (eucrenal) is dominated by environmental conditions
characteristic for groundwater environments such as low-temperature variability and nutrient
scarcity (Fattorini et al., 2016; Gerecke et al., 2018; Manenti & Piazza, 2021). Springs have
thus been considered relatively stable environments and, therefore, even potential climate
change refugia (Stubbington et al., 2009; Cartwright et al., 2020).

However, eucrenal temperature stability directly depends on the thermal regime of the
aquifer and its depth, which can vary according to the local geological setting (Wood et al.,
2005; Butscher & Huggenberger, 2007; Luhmann et al., 2011; Cantonati et al., 2020). Surface
processes such as snow cover, precipitation, and air temperature can shape spring ecosystems
and cause physicochemical conditions to change rapidly downstream, which results in steep
environmental gradients on a small spatial scale (Kresic & Bonacci, 2010; Frisbee et al., 2013;
Kiiry et al., 2016). Moreover, spring geomorphology and environmental conditions can be
characteristic for specific biogeographic regions as shown for the major European ecoregions
(Reiss et al., 2016).

Despite the generally high heterogeneity among different springs, various attempts have
been made to classify spring habitats into distinctive types that share similar features as, among
others, discharge, temperature, and geochemistry (for in-depth reviews see Glazier, 2014 and
Stevens et al., 2021). Spring mouth geomorphology, at the transition point between
subterranean and surface environment, is considered as a superordinate factor influencing
spring ecosystems and therefore seen as surpassing spring classification criterion (Reiss et al.,

2016; Stevens et al., 2021).



Steinmann et al. (1915) and Thienemann
(1924) originally described three spring types

that are widely used in crenobiology according to

the geomorphological setting of groundwater

emergence and topography (Cantonati et al.,

S
Nl

2012b; Gerecke et al., 2018). Rheocrenes are RN

lotic freshwater environments with gravity-

driven groundwater emergence and a well-  gig. 3. Spring types.
Lotic Rheocrenes (A) and floodplain vs. hillslope (B). Lentic

. . spring types: Helocrene (C) and limnocrene (D). On each
defined channel (Fig. 3, A). In contrast, diffuse  figure, “A” stands for aquifer, “I” for impermeable

infiltration barrier (aquitard), and “S” for surface

. . groundwater expression (springs source). Modified from
flow and the formation of marsh-like  gevensetal 2021).

surroundings are characteristic for lentic helocrenes (Fig. 3, C). Rheocrenes and helocrenes can
both be formed on hillslopes or floodplains, respectively (Fig. 3, B). The third prominent
appearance of springs, limnocrenes, are also lentic systems but with distinct pool formation
through a gravity-driven focused flow (Fig. 3, D). Limnocrenic springs are mostly formed from
geologic fissures or depressions (Meinzer, 1927; Odum, 1957). In addition to this well-defined
basic classification system, intermediate spring types such as “rheohelocrenes” have been
defined to account for the possibility of parallelly appearing lotic and lentic areas in a single
spring (see e.g., Cantonati et al., 2006; Spitale et al., 2012). Furthermore, region-specific and
geologically special spring types such as “hanging gardens” or geysers have been described

(Stevens et al., 2021).

Springs as Biodiversity Hotspots

Freshwater spring ecosystems are not only rich in microhabitats and exhibit steep
environmental gradients but also show exceptionally diverse species assemblages (Glazier,
2014; Cantonati et al., 2021). Strictly spring-dwelling species, so-called crenobionts, show

relatively high diversity and are, among other taxa, numerous in Hydrachnidia (Gerecke et al.,



2018; Blattner et al., 2019; Pozojevi¢ et al., 2020), Diptera (Lencioni et al., 2011, 2012),
Ostracoda (Rosati et al., 2017), Copepoda (Fattorini et al., 2016), diatoms (Cantonati et al.,
2012a; Lai et al., 2020; Pascual et al., 2020), fungi (Wurzbacher et al., 2020) and Gastropoda
(Falniowski et al., 2021).

Because crenic habitats appear at the interface between groundwater and surface water
ecosystems, they are not exclusively inhabited by crenobiontic species. Stygophile
(groundwater-related), and crenophile (spring-related) species (Fig. 4), as well as a
hygrophilous fauna adapted to the interface between terrestrial and aquatic environments, are

associated with springs (Cantonati et al., 2006).

GROUNDWATER SYSTEM Due to the combined influence of subterranean and

surface environments on springs (Fig. 4), a complex ensemble

'ce GEOMORPHOLOGY . . . . . . .
z GEOCHEMISTRY x of biotic and abiotic factors can affect the spring biocenosis.
g HYDROLOGY LSL
|‘>°_. g Among others, flow permanence (Wood et al., 2005; Lai et al.,
(2]
STYGOPHILES o, 2020), discharge (Von Fumetti & Nagel, 2012), temperature
CRENOBIONTS )| £2 ) o _
CRENOPHILES T | (Barquin & Death, 2011; Lencioni et al., 2012; Von Fumetti

et al., 2017), substrate availability (Hahn, 2000; Kubikova et

LONGITUDINAL

GW.
DEPENDENT
ECOSYSTEMS

al., 2012; Von Fumetti & Blattner, 2017), altitude (Wigger et

DISTRIBUTION

RHITROBIONTS

OF ORGANISMS

al., 2015), food-web structure (Robinson et al., 2008),

predation and competition (D1 Sabatino et al., 2021), as well
SUFACE WATER SYSTEM

Fig. 4: Hourglass model of springs. as nutrient availability (Lai et al., 2020) have been studied and
The metaphoric hourglass model shows

springs (red ellipsis) as transition . . . . .
ecosystems between groundwater (GW)and  discussed intensively and found to shape intra- and inter-
surface water environments. Species

assemblages change from GW-restricted X . . X
stygobionts, to  crenobiontic, and  Spring species assemblages. Overall, springs are diverse
rhithrobiontic (stream-dwelling) organisms

that can be found in GW-dependent . . . . . . .
ecosystems. Modified from Cantonati etal. ~ €cosystems showing high biological niche availability and
(2006, 2012b and 2020).

thus substantial species richness, respectively. Combined with their spatially restricted, often

insular appearance (Cantonati et al., 2012b; Von Fumetti & Blattner, 2017; Cartwright et al.,

2020), springs can overall be considered freshwater biodiversity hotspots.

-8-



Study System

Alpine Spring Ecosystems

Pioneer investigations were conducted in the 20" century by Nadig (1943), who
investigated springs in the canton Grisons (Swiss Alps) and is assumed to be among the first
authors describing alpine spring ecosystems (Reiss et al., 2016). The ecological setting and
landscape history of alpine springs differ from other ecoregions (Cantonati et al., 2006; Gerecke
et al., 2011; Reiss et al., 2016). Snowmelt seasonality and the permeability of Quaternary
deposits like talus structures or moraines strongly shape alpine aquifers, resulting in springs
with perennial (permanently flowing) or intermittent (periodically flowing) character (Arnoux
etal., 2020). Temperature reflects this pattern and tends to be lower and more stable in perennial
springs with a deeper aquifer, whereas intermittent and less stable springs can be found in
shallow aquifers that are directly fed and influenced by snow melt (Kiiry et al., 2016; Arnoux
et al., 2020). The altitude of springs further influences temperature, a general pattern of 0.3 —
0.5 °C decrease per 100 m has been reported (Wigger et al., 2015; Kiiry et al., 2016).

Species assemblages of alpine springs are composed of crenobionts as well as species that
are characteristic for oligotrophic alpine headwater streams (Cantonati et al., 2006). Species
richness and the abundance of crenobionts decrease with altitude, whereas cold-adapted
rhithrobiontic species are predominant in springs at high altitudes (Wigger et al., 2015; Von
Fumetti et al., 2017). This general pattern shows that crenobionts may be less susceptible to the
expected climate change-induced temperature rise in the Alps (Gobiet et al., 2020) than the
cold-adapted alpine rhithrobionts (Von Fumetti et al., 2017). This assumption is further
supported by the results of a study investigating proteome response to increased temperature in
the crenobiontic caddisfly Crunoecia irrorata (Curtis, 1834), which concluded overall

temperature resilience (Ebner et al., 2019).



The Alps exhibited multiple ice-age periods and have likely been completely covered by
Pleistocene glaciers during the last glacial maximum (LGM) (Kelly et al., 2004; Seguinot et al.,
2018). Consequently, most freshwater species disappeared, and after the retreat of the glaciers
during the Holocene, approximately 11°700 years BP, have experienced a history of re-
colonisation predominantly from eastern and western ice-free refugia (Hewitt, 2000; Walker et
al., 2009; Reiss et al., 2016). Despite these general patterns, it is assumed that aquatic organisms
have diverse re-colonisation routes and are likely to show multiple in situ refugia, which caused
high genetic isolation and endemism (Malicky, 1983; Pauls et al., 2006). Therefore, habitat
insularity and resulting high genetic diversity are particularly assumed in springs of the Alps
(Cantonati et al., 2006; Fattorini et al., 2016; Von Fumetti & Blattner, 2017). This highlights
their importance as valuable freshwater ecosystems and the need for extended conservation
efforts as well as monitoring campaigns to track biotic and abiotic change over time (Robinson
& Oertli, 2009; Gerecke et al., 2011; Cartwright, 2019; Lechner et al., 2020; Cantonati et al.,

2021).

Water Mites (Hydrachnidia)

As shown in the above-section Springs as Biodiversity Hotspots, the crenocenosis is
composed of different taxa including, among others, Insecta, Chelicerata, Crustacea, and
Turbellaria (e.g., Cantonati et al., 2020 and references therein). Water mites (Chelicerata, Acari,
Trombidiformes: Hydrachnidia) are considered among the most diverse organisms inhabiting
crenic habitats and show many species strictly bound to springs while being completely absent
in downstream sections (Gerecke et al., 2018). Among the approximately 970 water mite
species that have been recorded in Europe until now, 137 species can be found solely in springs,
adapted to different microhabitats such as moss, gravel, sand, lotic, and lentic environments (Di

Sabatino et al., 2003; Gerecke et al., 2018). Water mite taxonomy is intensively re-evaluated

-10 -



today and genetic species delimitations methods, which
increasingly start playing a role in water mite taxonomy,
reveal an underestimation of species diversity and the '{ 7 ‘ W
potential of many species new to science (Martin et al., 2010;
Pesic et al., 2017; Blattner et al., 2019; Alarcon-Elbal et al.,
2020; Montes-Ortiz & Elias-Gutiérrez, 2020). Water mites

show complex interactions with spring ecosystems, mainly

due to their parasitic live stage (Gerecke & Di Sabatino, g\i/lge;:i:nl-g((i}r;::::;:(,i;) g;f;-cycle-

2007; Martin et al., 2009). After hatching, mite larvae of nearly all species obligatorily
parasitize aquatic insect hosts, feed on their body fluids, and disperse by using the host’s ability
to fly (Andrés & Cordero, 1998; Di Sabatino et al., 2000; Gerecke et al., 2020) (Fig. 5).
Subsequently, after the parasitic stage, larvae return to the water and undergo three nymphal
stages composed of an inactive protonymph, a predatory deutonymph and a last inactive
tritonymph live-stage before becoming adult (Martin & Gerecke, 2009) (Fig. 5). Because many
species are adapted to various microhabitats in springs (D1 Sabatino et al., 2000; Fernandez &
Fossati, 2011), and exhibit complex interrelationships with other aquatic organisms,
Hydrachnidia are considered ideal bioindicators and a model system to study crenobiology
(Wigcek et al., 2013; Goldschmidt, 2016; Zawal et al., 2018; Pozojevi¢ et al., 2020).

Scientific method development in water mite research is, however, still in its infancy.
Genetic species delimitation, for example, is dominated by traditional markers (e.g., Dabert et
al., 2016; Stryjecki et al., 2016). High throughput sequencing technologies have been focused
on prey-species range reconstruction (Martin et al., 2015; Vasquez et al., 2021), and NCBI
(accessed 09.2021) genomic data is restricted to few mitochondrial genomes with no fully
assembled and annotated complete genome available. The diverse “omics” approaches thus still

offer new possibilities to advance water mite research in the future and study their interaction

with spring habitats.
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Aim and Outline

The proposed ecological value of spring ecosystems has not only been based on the
overall high diversity of spring-dwelling species, their habitat specificity, and therefore power
as bioindicators for changing environmental conditions. A high degree of spring habitat
isolation and insularity, especially in alpine environments (Von Fumetti & Blattner, 2017 and
references therein), is considered as an additional major characteristic of springs. However,
studies investigating the interconnection of alpine crenic habitats are scarce and empirical data
focus on broader colonization patterns, or are available only for species that are not strictly
spring-dwelling (e.g., Ward, 1994; Pauls et al., 2006; Benke et al., 2011; Engelhardt et al.,
2011).

Among the different taxa that show species present in springs, water mites are of
particular interest to study the degree of isolation between springs because of their high degree
of habitat restrictedness and rather weak dispersal abilities (Di Sabatino et al., 2003; Gerecke
et al., 2018). Species description, however, has been mainly morphology-based (e.g., Stryjecki
et al., 2016), and molecular genetic methods to investigate habitat interconnection need prior
evaluation. To gain insight into possible discrepancies between a priori morphospecies vs.
genetic species assignments and develop a base of knowledge for genomic data generation, I
investigated genetic distances and the phylogenetic placement of a broad set of representative
crenobiontic water mite species in Chapter II. On this basis, first genetic diversity patterns
were revealed. Furthermore, a genetic species delimitation database for spring water mite
species was established to be able to choose a model species suitable to research the degree of
alpine spring habitat interconnection and isolation.

I then evaluated this fundamental assumption in crenobiology in Chapter III. For this
purpose, | sampled Partnunia steinmanni Walter, 1906 populations on a relatively broad

geographic scale in different protected areas across the Alps. Subsequently, I generated a high-

-13-



throughput sequencing data set and inferred population genomic structure to gain novel insight
into the admixture, phylogenomic clade association and genetic differentiation as well as
isolation by distance among the sampled spring populations.

Finally, I developed a new non-invasive tool to detect the presence of bioindicator species
in environmental DNA (eDNA) filtered water samples in Chapter IV, providing a state-of-the-
art methodology that can be used to assess and monitor alpine spring ecosystems. I showed for
the first time that eDNA bioindication methods are fully applicable in springs and which
methodological challenges need to be taken into account compared to other environments. This
newly developed bioindication tool supplements conventional approaches, circumvents their

major drawbacks and is of particular interest for protected areas because of its low invasiveness.

Overall, Chapter II gives insight into spring-dwelling water mite species diversity,
taxonomy, and phylogeny, re-evaluates species assignments, and provides the basic methods to
conduct further genomic work. Chapter III contributes to the understanding of intra-specific
genetic distinctiveness of crenobiontic species and provides first direct empirical data on the
degree of spring habitat isolation on an alpine scale. A novel method to monitor and assess
spring ecosystems and detect a possible loss of the species presented in Chapter II and 111, as
well as other organisms that are indicative of spring ecosystem integrity, is presented in

Chapter IV.

- 14 -
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Abstract

Background: Water mites are among the most diverse organisms inhabiting freshwater habitats and are considered
as substantial part of the species communities in springs. As parasites, Hydrachnidia influence other invertebrates and
play an important role in aquatic ecosystems. In Europe, 137 species are known to appear solely in or near spring-
heads. New species are described frequently, especially with the help of molecular species identification and delimi-
tation methods. The aim of this study was to verify the mainly morphology-based taxonomic knowledge of spring-
inhabiting water mites of central Europe and to build a genetic species identification library.

Methods: We sampled 65 crenobiontic species across the central Alps and tested the suitability of mitochondrial
(cox1) and nuclear (28S) markers for species delimitation and identification purposes. To investigate both markers,
distance- and phylogeny-based approaches were applied. The presence of a barcoding gap was tested by using the
automated barcoding gap discovery tool and intra- and interspecific genetic distances were investigated. Further-
more, we analyzed phylogenetic relationships between different taxonomic levels.

Results: A high degree of hidden diversity was observed. Seven taxa, morphologically identified as Bandakia con-
creta Thor, 1913, Hygrobates norvegicus (Thor, 1897), Liania bipapillata Thor, 1898, Partnunia steinmanni \Walter, 1906,
Wandesia racovitzai Gledhill, 1970, Wandesia thori Schechtel, 1912 and Zschokkea oblonga Koenike, 1892, showed high
intraspecific cox1 distances and each consisted of more than one phylogenetic clade. A clear intraspecific threshold
between 5.6-6.0% K2P distance is suitable for species identification purposes. The monophyly of Hydrachnidia and
the main superfamilies is evident with different species clearly separated into distinct clades. cox1 separates water
mite species but is unsuitable for resolving higher taxonomic levels.

Conclusions: Water mite species richness in springs is higher than has been suggested based on morphological
species identification alone and further research is needed to evaluate the true diversity. The standard molecular
species identification marker cox1 can be used to identify species but should be complemented by a nuclear marker,
e.g. 28, to resolve taxonomic relationships. Our results contribute to the taxonomical knowledge on spring inhabiting
Hydrachnida, which is indispensable for the development and implementation of modern environment assessment
methods, e.g. metabarcoding, in spring ecology.
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Background

Water mites (Hydrachnidia) are highly diverse in aquatic
habitats [1]. They have a complex life-cycle that includes
a prelarva, a parasitic larval stage, an initial resting stage
(protonymph), a free living deutonymph, a second resting
stage (tritonymph) and the final adult stage [2]. Hydrach-
nidia disperse predominantly through passive rather than
active pathways because water mite larvae parasitize
other invertebrate taxa, generally insect hosts that fly
[2-5].

Nearly all freshwater environments are inhabited by
water mite species with a high degree of habitat speciali-
zation [6]. Mites in springs and other groundwater-influ-
enced ecosystems occur in remarkably high diversity of
habitats [7-9]. Of the 970 recorded European water mite
species, 137 are found solely in or near springs and are
adapted to several microhabitats, such as different sub-
strate types and environmental conditions [2, 9]. Due to
the high degree of adaptation and their influence on eco-
system functioning for other invertebrate taxa [10-14],
these so called crenobiontic (occur exclusively in spring
habitats) and crenophilous (tendency to be found in the
spring brook) species play a critical role in spring species
communities. Considering that springs are island-like
habitats within an uninhabitable terrestrial matrix [15,
16], spring dwelling water mite populations are assumed
to be rather isolated. This would promote reproductive
isolation and therefore lead to an increased speciation
rate [4, 17], which is among other things an explanation
for the relatively high species diversity of water mites in
springs. However, the degree of isolation of spring water
mite populations is highly dependent on the dispersal
abilities of their hosts and influenced by taxon specific
host spectra and specificity [5, 18, 19]. Furthermore,
the high microhabitat diversity in springs [15, 20], their
relatively stable environmental conditions [21, 22] and
absence of large predators, e.g. fish [9], make them excep-
tionally favorable habitats for insect larvae and benefit
their development. Therefore, the diversity and abun-
dance of water mite hosts is relatively high in springs
compared to other freshwater habitats, which is likewise
considered as precondition for the high number of creno-
biont water mite species [9].

Despite their importance for freshwater species com-
munities, the taxonomic knowledge about Hydrachnidia
species is still limited today and new species are discov-
ered frequently (e.g. [23-26]). The intensity of re-exam-
ination of European Hydrachnidia has increased over
the past years with several taxonomic revisions pub-
lished [9]. Most water mite species known today have
been described based on morphology only and stud-
ies applying genetic methods to verify and complement
these descriptions are still relatively scarce (e.g. [27-30]).
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Nonetheless, many studies have shown that genetic spe-
cies delimitation, frequently using cox1 barcoding [31],
has a large potential to reveal new species, resolve taxo-
nomic questions and contribute to biodiversity baselines
and assessments (e.g. [29, 32-35]). Species identifications
and their ecological interactions are crucial for contri-
butions to crenobiology, community ecology, develop-
ing reliable bioindicators and understanding population
dynamics. Moreover, newly developed methods to moni-
tor invertebrate assemblages in freshwater environments,
such as the simultaneous identification of bulk sampled
individuals (metabarcoding) [36] or the indirect com-
munity reconstruction by analyzing environmental DNA
(eDNA) [37], rely on previously established genetic spe-
cies reference databases. Thus, a proper taxonomical
knowledge and species description is greatly needed.

Several factors are important to account for when using
genetic species identification methods [38], such as the
presence of endosymbionts like the alpha-proteobacteria
Wolbachia sp. [39, 40] or the presence of pseudogenes
and nuclear copies of mitochondrial DNA (numts) [41—
43], which compromise the suitability of mitochondrial
molecular markers to identify species. Standard barcod-
ing methods are mainly based on sequence similarity and
the relation between intra- and interspecific genetic dis-
tance, which is commonly calculated by using the Kimura
2-parameter (K2P) [44] and uncorrected (p) distances
[31, 45, 46]. Nonetheless, the usability of genetic markers
to identify species can vary between different taxonomic
groups, geographical origin and sampling strategy [31,
38, 47], which implies a taxon-specific evaluation prior
to a broad-scale application in environmental assessment
and conservation.

In this study we use an integrative taxonomy approach
to verify the species status and validity of the most com-
mon spring related Hydrachnidia species in Europe. We
tested the reliability of techniques commonly used to
identify and delimit species using fragments of the mito-
chondrial cytochrome ¢ oxidase subunit 1 gene (cox1)
[31, 48] and the D1-D2 region of the LSU rDNA gene
(28S) [49], or using both (e.g. [28, 50-52]). This study
aims at improving knowledge and analytical techniques
for assessing Hydrachnidia diversity in springs and
explores the strength and weaknesses of standardized
barcoding loci to identify water mite species.

Methods

Water mite sampling

The studied crenobiontic and crenophilous Hydrachnidia
species were sampled between 2008 and 2018 in 87 dif-
ferent sampling sites across Europe during multiple sam-
pling occasions (Additional file 1: Table S1). Most of the
specimens were collected from springs located within the
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protected areas Berchtesgaden National Park (Germany),
Black Forest National Park (Germany), Gesduse National
Park (Austria) and in the Swiss National Park (Switzer-
land). Samples were manually collected with a 200-pm
hand net. Water mites were either sampled alive in the
field or sorted out in the laboratory under a stereomicro-
scope from mixed samples containing bulk substrate. All
specimens were subsequently stored in ethanol (100%)
and kept at 4 °C until further processing.

Non-destructive DNA extraction

Total genomic DNA (gDNA) of each individual mite was
extracted by using either GeneReleaser® (BioVentures,
Murfreesboro, TN, USA) or the DNeasy Blood & Tis-
sue Kit (Qiagen, Hilden, Germany). Both methods allow
a non-destructive DNA extraction, which is essential
when voucher specimens need to be retained for mor-
phological identification in barcoding projects. Prior to
both extraction methods, each individual was cleaned
by using forceps and entomological needles in a small
Petri dish filled with ethanol (100%) under a stereomi-
croscope. All instruments and vessels used were cleaned
after processing each mite specimen by rinsing it with
sodium hypochlorite (13%), molecular grade water and
ethanol (80%). Afterwards, the specimens were air dried
and soaked in molecular grade water for 3 min to ensure
the absence of ethanol residues. The cleaned specimen
was then transferred to either a 0.2-ml PCR tube contain-
ing 0.9 pl of molecular grade water and 0.1 pl of 1x PCR
buffer (Qiagen) in the case of GeneReleaser® or to a 1.5-
ml tube containing 180 pl of buffer ATL (Qiagen) and 20
ul (20 mg/ml) of Proteinase K (Qiagen) when using the
DNeasy Blood & Tissue Kit. The GeneReleaser® method
was conducted as originally described by Schizas et al.
[53] and modified by Bottger-Schnack & Machida [54],
see also [55]. Instead of resuspending the supernatant in
TE buffer, step 6 of the modified protocol [54], approxi-
mately 12 pl of supernatant was transferred into a new
0.2-ml PCR tube and used directly as DNA template
for the subsequent PCR reactions. The DNeasy Blood
& Tissue extraction was performed according to the
manufacturer’s protocol (Animal Tissues, Spin-Column
Protocol, Qiagen) with minor changes. The specimens
were incubated in buffer ATL and Proteinase K at 56 °C
on a shaking thermomixer (400x rpm) overnight (step
2 in the manufacturer’s protocol) and the elution buffer
(AE) volume was decreased to 100 ul in the last step to
increase the gDNA concentration. The concentration of
every DNA template was measured after the extraction
by using a Qbit 3.0 Fluorometer (Thermo Fisher Scien-
tific, Waltham, MA, USA) and the dsDNA HS Assay
Kit (Thermo Fisher Scientific). After the first processed
specimens it was evident that the mean amount of total
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gDNA obtained by the DNeasy procedure is higher
(mean+£SD: 71.54+2.3 ng in 100 pul of solution, n=92)
than when extracting gDNA by using the GeneReleaser®
method (mean=+SD: 56.84+4.8 ng in 12 pl of solution,
n=105). Therefore, the DNeasy method was chosen for
all subsequent extractions.

Morphological examination

All water mite individuals were identified morphologi-
cally by the authors RG and LB using current Hydrach-
nidia identification keys [56-58]. After the DNA
extraction, the mite specimens were dissected and
mounted on slides in Hoyer’s medium or identified as
whole individuals under a compound microscope when
possible. The enzymatic DNA extraction method (Pro-
teinase K) leads to a partial digestion of the specimens
causing discoloration and therefore improved visibility
of morphological characters, especially of sclerotized
parts. This often allows the morphological identification
without dissection. However, digestion is a process that
affects membranous parts and therefore deteriorates the
observability of integument structures such as the papil-
lae, tubercles or lining. All voucher specimens are stored
in the acarological collection of the Natural History
Museum Basel (Switzerland) under the museum identifi-
cations presented in Additional file 1: Table S1.

PCR amplification and sequencing
The approximate 650 bp standard barcoding fragment of
the cytochrome c oxidase subunit 1 (cox1) [31] mitochon-
drial gene was first amplified by using universal primers
LCO1490 and HCO2198 [59] of a subset of Hydrachnidia
species belonging to several genera (Atractides, Feltria,
Hygrobates, Lebertia, Partnunia, Protzia and Sperchon).
PCR reactions contained 0.25 pl of Phusion High Fidel-
ity DNA Polymerase (2 U/pl) (Thermo Fisher Scientific),
5 pl of 5x Phusion HF Buffer (Thermo Fisher Scientific),
0.5 pl of ANTP mix (10 mM) (Sigma-Aldrich, Buchs, SG,
Switzerland), 1.25 ul of forward and reverse primers (10
UM each), 5 pl of template DNA and ultrapure water
to a total reaction volume of 25 pl. The PCR conditions
were as follows: initial denaturation for 30 s at 98 °C; 35
cycles of 10 s at 98 °C, 30 s at 50 °C and 30 s at 72 °C;
final elongation for 2 min at 72 °C. PCR products were
then stored at 4 °C. As this primer combination failed to
amplify several samples we decided to design new genus-
specific cox1 barcoding primers on the basis of the previ-
ously amplified water mite specimens. This was possible
due to a low sequence variability at the 5" and 3’ ends of
the barcoding fragment.

Additionally, a new set of universal barcoding primers
was designed by degenerating and modifying several
positions of the original LCO1490/HCO2198 primers
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to enable a higher amplification performance when bar-
coding Hydrachnidia species. These new primer sets
(Table 1) were used to amplify all remaining samples.
The subsequent PCRs were performed by using 0.25 of
ul Q5® High-Fidelity DNA Polymerase (2U/pul) (NEB,
Ipswich, USA), 5 ul of 5x Q5® Reaction Buffer (NEB),
0.5 pl of ANTP mix (10 mM) (Sigma-Aldrich), 1.25 pl
of forward and reverse primers (10 pM each), 5 pl of
template DNA and ultrapure water to a total reaction
volume of 25 pul. The PCR conditions were the same for
all newly designed cox1 primer sets and were as fol-
lows: initial denaturation for 30 s at 98 °C; 35 cycles
of 10 s at 98 °C, 30 s at 51 °C and 20 s at 72 °C; and a
final elongation step for 2 min at 72 °C. The PCR prod-
ucts were then kept at 4 °C until further processing. To
amplify the D1-D2 domain of the LSU rRNA 28S gene
we designed new water mite-specific primer sets on
the basis of the D1D2fw2 forward primer [49] and by
aligning different 28S Hydrachnidia sequences down-
loaded from GenBank. The new primers 28SHy_F and
28SHy_R (Table 1) reliably amplified an approximately
1.2 kbp long fragment of the 285 D1-D2 domain. The
28S PCR reactions were done by using the same reac-
tion components and conditions as used when amplify-
ing with the new cox1 primer sets. The only difference
was a higher annealing temperature at 68 °C instead of
51 °C. All PCR primers (cox1 and 28S) were tailed with
modified M13 sequences (M13: 5-TGT AAA ACG
ACG GCC AG-3 and M13r: 5'-CAG GAA ACA GCT
ATG AC-3’) [60], which has shown to improve the
amplification and sequencing reactions in this and pre-
vious studies [61, 62]. Prior to sequencing, PCR prod-
ucts where examined on an agarose gel electrophoresis
and purified using the QIAquick PCR Purification Kit
(Qiagen) according to the manufacturer’s protocol on
a QIAcube (Qiagen). The purified PCR products were
Sanger sequenced with the above mentioned M13
primers by Mycrosynth AG (Balgach, Switzerland).

Molecular analysis

Raw sequences were analyzed, edited and aligned in
Geneious Prime v.2019.1.1 [63]. Low-quality base calls,
ambiguous sites and primer binding sites at the 5'- and
3/-ends were trimmed prior to further processing. Align-
ments were done by using MAFFT v.7.388 [64] imple-
mented in Geneious Prime. Potentially poorly aligned
positions and divergent regions of the alignments were
eliminated with Gblocks v.0.91b [65, 66]. All sequences
were tested for the presence of contaminants by blast-
ing with the Nucleotide Blast Tool (BLASTn) imple-
mented on the NCBI website [67]. Because misleading
numts can be amplified in PCRs targeting coxl mtDNA,
we translated the sequences into amino acids to check
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for the presence of stop codons, which is commonly
seen as a suitable way to detect erroneous amplification
[41]. The concatenated alignment containing cox1 and
28S sequences was generated by Sequence Matrix v.1.8
[68]. The suitable nucleotide substitution model for each
marker (coxI: TPM2uf+I+G4 and 28S: TVM+I1+G4)
was selected according to the Bayesian information cri-
terion (BIC) as implemented in ModelTest-NG v.0.1.5
[69], a novel software, which combines features of jMod-
elTest2 [70] and ProtTest3 [71] on the CIPRES Science
Gateway v.3.3 [72]. All sequences generated in this study
are deposited in NCBI GenBank under the accession
numbers MK889511-MK889751 (cox1) and MK889752—
MK889992 (28S) and on BOLDsystems under the IDs
LBCWS001-19 to LBCWS245-19 (cox1).

Distance-based species delimitation

Intra- and interspecific Kimura 2-parameter (K2P) [44]
and uncorrected (p) distances were calculated in MEGA
X [73]. The species delimitation threshold was inves-
tigated by using the threshold optimization method of
the SPIDER (Species Identity and Evolution in R) v.1.5.0
package [74] implemented in R [75] as described in the
tutorial (available at: http://spider.r-forge.r-project.org).
Additionally, we used the Automated Barcode Gap Dis-
covery (ABGD) procedure [76] to assign the sequences to
hypothetical species based on the gap between intra- and
interspecific sequence diversity, the so-called “barcod-
ing gap” ABGD was performed on the ABGD web inter-
face [77] by using the MEGA distance files with default
parameters, 20 steps and a modified relative gap width of
1. Additionally, the sequences were analyzed by using the
Bold Systems v.4 [78, 79] tools available on the Barcode
of Life webpage [80].

Phylogenetic species delimitation

Phylogenetic relationships between the sampled
Hydrachnidia species were examined with maximum
likelihood (ML) and Bayesian inference (BI). RAXML-NG
[81], which is a new improved version of RAxML [82],
was used to infer the best fitting ML trees of the single
markers (28S and cox1) and the concatenated alignment,
respectively. Similar sequences were treated as duplicates
and removed automatically by RAXML-NG at the begin-
ning of the tree calculation. ML branch support values
were generated by the bootstrap method [83] with 1000
replicates and bipartition support for the best ML tree.
Bootstrapping trees were computed directly in RAxML-
NG. The BI trees were generated by using the parallel
MPI version of MrBayes v.3.2.6 [84, 85]. Bayesian infer-
ences were run for 15 x 10° MCMC generations, sampled
every 5000th generation after the exclusion of 25% ‘burn-
in’ by using 4 independent chains. Branches showing
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Table 1 Primers designed and used in this study

Marker Taxon Name Direction  Sequence (5'-3")
cox1 Hydrachnidia LCO_Hydr F CAACAAACCAYAAAGAYA
TTGG
HCO_Hydr R TGGGTGTCCRAARAATCA
Atractides ~ Atr_F F ACCAYAAAGAYATTG
GAAC
Atr_R R AAAATCAGAARATAT
GTTGA
Lebertia Leb_F F CAAACCAYAAAGAYATTG
GAAC
Leb_R R CGAAGAATCAAAATARRT
GTTG
Partnunia Part_F F ACACTYTACTTYGCT
TTTGG
Part_R R CAAAGAATCAAAATAART
GTTG
Feltria Fe_F F ATATTGGYACTTTATATT
TCGG
Fe_R R CGAAGAATCAAAATARAT
GTTG
Protzia Leb_F F CAAACCAYAAAGAYATTG
GAAC
Protz_R R GATGTRTTAAARTTTCGA
TCTG
Hydrovolzia ~ Hydrov_F F TGGGCWGGAATTTTA
GGATC
Hydrov_R R TGTTGAAAGAGGATT
GGGTC
Hygrobates Riv_F F CAAACCAYAAAGAYATTG
GTAC
HCO_Hydr R TGGGTGTCCRAARAATCA
Wandesia Wand_F F ACCAYAAAGAYATTG
GGACC
HCO_Hydr R TGGGTGTCCRAARAATCA
285 Hydrachnidia 28SHy_F  F AGTACCGTGAGGGAA
AGTTG
28SHy_R R GGCAGGTGAGTTGTT
ACACA

Abbreviations: F, forward; R, reverse

bootstrap values below 70% and Bayesian posterior prob-
abilities below 0.95 were interpreted as resolved but not
statistically supported [86]. The concatenated alignment
was treated as partitioned dataset with unlinked base fre-
quencies, nucleotide substitution rates, gamma shapes
and proportions of invariant sites. The rates and frequen-
cies were set according to the ModelTest-NG results. For
each marker (cox1 and 28S), the appropriate nucleotide
substitution model was used when running RAxML-
NG and MrBayes for the single and partitioned analy-
sis, respectively. To resolve the basal nodes and ensure
a reliable rooting, several outgroup taxa were added to
the tree inferences. The most distant taxon included
was the terrestrial mite Labidostomma luteum Kramer,
1879 (Labidostommatoidea) (GenBank 28S/cox1:
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KM100974/GQ864390). Additionally, Dactylothrombium
pulcherrimum (Haller, 1882) (Trombidioidea) (Gen-
Bank: KM100939/KM100985), Valgoperuvia paradoxa
(Robaux, 1970) (Trombidioidea) (GenBank: KM100943/
KM100988) and Stygothrombium sp. (Stygotrombid-
ioidea) (GenBank: KM100938/ KM100995) sequences
were used as closely related terrestrial Acariformes.
The Halacaridae species Halacarus omului (Pepato &
Da Silveira, 2013) (GenBank: MG751425/MG696236)
and Rhombognathus areolatus (Abé & Fernandes, 2011)
(GenBank: MG751437/MG696244) were chosen as
aquatic relatives to the monophyletic Hydrachnidia [87].
The final trees were analyzed and edited in FigTree v.1.4.4
[88], Geneious Prime v.2019.1.1, Dendroscope v3.5.10
[89] and Affinity Designer v.1.6.1 (Serif Europe Ltd., Not-
tingham, UK).

Results
We successfully amplified and sequenced both target
loci (cox1 and 28S, respectively) of 241 individual water
mite specimens representing 22 genera and 65 mor-
phologically identified crenobiontic and crenophilous
species with 1 to 19 individuals per species (Additional
file 1: Table S1). Three individuals belonging to the genus
Atractides sp. (H450, H528 and H531), all representa-
tives of the loricatus species group, were not identifiable
to species level. As also observed in other populations of
this group collected in various parts of Europe, impor-
tant diagnostic features, i.e. large vs small dorsal muscle
attachment sclerites, size of acetabula in the genital field
and sclerotized or smooth excretory pore, as well as char-
acter state combinations are in disagreement with the
identification key in Gerecke et al. [58].

cox1 final alignment length was 650 bp, 398 sites were
polymorphic (389 parsimony informative) and no align-
ment gaps were present. The 999 bp 28S alignment
showed 466 polymorphic sites (358 parsimony informa-
tive) and 137 gap positions. The translation of the cox1
sequences into amino acids did not contain any stop
codon positions and blasting the sequences confirmed
the absence of contaminations. In a few cases, when
using the universal primer pair (LCO1490/HC0O2198),
we amplified Chironomidae DNA instead of water mite
DNA and discovered Wolbachia sp. infestation. These
specimens were excluded from further analysis.

Distance-based species delimitation and discovery

The mean overall pairwise distances were larger between
the coxl sequences (K2P+SD: 0.29+0.10; p-dis-
tance£SD: 0.24+0.07) compared to 28S (K2P+SD:
0.1540.10; p-distance £ SD: 0.14£0.05). Out of the 65
morphologically identified taxa, 11 were singletons, 7
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taxa (Bandakia concreta Thor, 1913, Hygrobates nor-
vegicus (Thor, 1897), Ljania bipapillata Thor, 1898,
Partnunia steinmanni Walter, 1906, Wandesia racovit-
zai Gledhill, 1970, Wandesia thori Schechtel, 1912 and
Zschokkea oblonga Koenike, 1892) showed exceptionally
high intraspecific cox1 K2P distances (>0.05) and the
majority (47 species) had within species K2P distances
between 0 and 0.03 (Fig. 1). Hygrobates norvegicus exhib-
ited the largest mean genetic cox1 distances within mor-
phologically identified species (K2P+SD: 0.1240.08;
p-distance £ SD: 0.10£0.07), whereas several species
showed mean intraspecific K2P distanced below 0.01
(<1%) (Fig. 1).

The SPIDER threshold optimization procedure analy-
sis, which was conducted after the removal of singleton
species and sequences of the seven taxa showing excep-
tionally high intraspecific variation, revealed an optimal
K2P distance threshold at 0.056 (5.6%) and a p-distance
threshold at 0.053 (5.3%) for species identification pur-
poses with no false positive and low false negative iden-
tifications (9 out of 225 sequences). Assuming that cox1
species identification threshold, the individuals belong-
ing to the above-mentioned taxa, which show high
intraspecific variation, are likely to represent more than
one species. This threshold was confirmed by the ABGD
method that indicated a barcoding gap between K2P and
p-distances of 0.06 and 0.09 (Additional file 2: Figure S1).
ABGD initial partition revealed 69 and the recursive par-
tition 70 groups, which can be seen as equivalent to spe-
cies. Each of the seven taxa showing high intraspecific
distances were split into two separate groups. Addition-
ally, Lebertia schechteli Thor, 1913 showed clade separa-
tion in the recursive but not the initial partition causing
the disparate number of groups between the partitions
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(Additional files 3 and 4: Figures S2 and S3). This gen-
erally confirms the SPIDER results and indicates the
presence of more species than the a priori identified mor-
phospecies. Contrary to that, Lebertia crenophila Viets,
1920, Lebertia holsatica Viets, 1920 and Lebertia lativen-
tris Viets, 1922 as well as Atractides macrolaminatus/A.
loricatus and Atractides brendle Gerecke, 2003 were
grouped together as the same species in both ABGD par-
titions. The same analyses were conducted for the 28S
dataset. However, neither the ABGD nor the SPIDER
method revealed a threshold suitable for species identi-
fication purposes. ABGD indicated the absence of a clear
barcoding gap for the 28S locus (Additional file 5: Figure
S4) and the threshold optimization implemented in the
SPIDER R package indicated high levels of false negative
and false positive identifications at different thresholds.

Phylogenetic species delimitation and discovery

The results obtained by the distance-based species delim-
itations were generally confirmed by the phylogenetic
approach. However, in contrast to the combined 28S and
cox1 analysis, the single marker datasets alone did not
allow to correctly reveal phylogenetic relationships at
different taxonomic ranks and the BI trees (Additional
files 6 and 7: Trees S1 and S2) showed several unresolved
nodes and polytomies compared to the better resolved
ML trees (Additional files 8 and 9: Figures S5 and S6).
cox1 analyses incorrectly clustered higher taxonomic
levels (e.g. genus, family and superfamily). For example,
the genus Protzia Piersing, 1896 was clustered together
with Sperchon Kramer, 1877 instead of the more closely
related Partnunia Piersing, 1896 (Additional file 8: Fig-
ure S5). 28S correctly reconstructed higher taxonomic
levels but did not allow resolving species relationships in
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several cases, e.g. Feltria cornuta Walter, 1927 and Feltria
longispina Motas & C. Angelier, 1927 or Lebertia holsat-
ica Viets, 1920 and Lebertia lativentris Viets, 1922 (Addi-
tional file 9: Figure S6). Compared to the single marker
analysis, the overall taxonomic relatedness was depicted
correctly by the combined dataset (Fig. 2). Furthermore,
both phylogenetic methods (ML and BI) showed largely
congruent and stable tree topologies when applied to the
combined cox1 and 28S alignment (Additional file 10:
Alignment S1). Due to these findings, we will focus on
the ML tree with combined branch support data (Fig. 2).

Results showed that the superfamilies (Hydrovolzi-
oidea, Hydryphantoidea, Lebertioidea, Arrenuroidea and
Hygrobatoidea) are monophyletic and clearly separated
from each other. A relatively distinct clade affiliation of
individuals belonging to the morphologically identified
species is evident (Fig. 2). The previously mentioned
specimens showing high intraspecific distances are also
clearly separated into different clades. All correspond-
ing branches showed high support values, indicating
high probabilities of these splits. In the case of Partnu-
nia steinmanni, individuals are grouped in two distinct
clades, Partnunia cf. steinmanni A that shares a common
ancestor with brook inhabiting (rhithrobiont) Partnunia
angusta (Koenike, 1893) and Partnunia cf. steinmanni B.
Both morphologically unidentifiable Atractides sp. (A &
B) individuals represent two genetic species and also the
individual belonging to the Atractides gr. macrolamina-
tus/loricatus is clearly separated from all other Atractides
sp. specimens (Fig. 2).

Discussion
Morphological species identification has a long tradition
and is commonly used to identify species for scientific
and applied (e.g. ecosystem assessment) purposes [90].
Recently, it has been shown that molecular data reliably
complement morphological species identification and
has many advantages, especially when used to identify
multiple species at once [36, 91]. Furthermore, molecu-
lar species delimitation resolves taxonomic uncertainties.
When combined with other species-defining character-
istics such as morphology it produces a more complete
conclusion (e.g. [34, 35, 92, 93]).

Our results generally confirm the morphological spe-
cies delimitation but show that Hydrachnidia species
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richness is underestimated and molecular methods are
essential to discover currently overlooked biodiver-
sity. The distance-based species delimitation methods
revealed an intraspecific coxl threshold between 5.6%
(SPIDER) and 6% (ABGD) K2P distance, which is rela-
tively high compared to other taxa [31, 48] but seems
to be typical in water mites [28, 29, 94]. However, spe-
cies delimitation solely based on fixed genetic distance
thresholds can be misleading and thresholds should
be estimated individually for each dataset [38, 95, 96],
especially in taxa with clade-specific intraspecific cox1
distances as demonstrated for water mites in this and
previous studies (e.g. [94, 97]). As the 285 marker region
did not show a distinct barcoding gap and a clear species
identification threshold was not evident, we do not rec-
ommend using it as single marker for threshold-based
species identification of water mites.

The distance- and morphology-based results were
confirmed by applying a phylogenetic approach. A clear
monophyletic clade affiliation of individuals belonging to
the same species was evident. Both, the distance-based
and the phylogeny-based species delimitation revealed
that seven morphologically identified species (Bandakia
concreta, Hygrobates norvegicus, Ljania bipapillata, Part-
nunia steinmanni, Wandesia racovitzai, Wandesia thori
and Zschokkea oblonga) show high genetic differences
and therefore are likely to represent more than one spe-
cies. The cox1 ABGD results differed in two cases from
the other methods. Lebertia crenophila, L. holsatica and
L. lativentris were grouped together as one species as it
was also the case in Atractides macrolaminatus/lorica-
tus and A. brendle. However, these species phylogeneti-
cally belong to different clades with high support values
and we therefore assume that ABGD erroneously groups
the respective sequences and underestimates the num-
ber of species, a tendency that has already been shown
by other studies (e.g. [98]). Furthermore, ABGD initial
and the recursive partition differently grouped L. schech-
teli individuals either as one single or two separate spe-
cies. The initial partition is considered as more stable and
usually better represents the groups that are defined by
taxonomists [76, 99]. In addition, the phylogenetic infer-
ences revealed a distinct L. schechteli clade. Therefore, we
assume that our L. schechteli specimens belong to a sin-
gle species. However, the recursive partition results show

(See figure on next page.)

Fig. 2 Maximum likelihood tree of the combined cox1 and 28S datasets. Support values are shown as bootstrap (BS) and posterior probability (PP)
values (PP/BS). Nodes fully supported by PP =1 and BS=100 are shown as +. In the case of clear monophyletic clades, tip nodes with more than
one individual were collapsed with the number of individuals indicated as (n = X). In the case of clade separation within morphologically identified
species we named the corresponding specimens by using the species name, cf. and A & B. Clades containing more molecular species than the a
priori morphospecies are marked in red. Specimen IDs and sampling data of the individuals belonging to species are provided in Additional file 1:

Table S1
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the possibility of differentiation and indicate that further
research is advisable. In the analysis of H. norvegicus and
P. steinmanni we were able to include several individuals
per genotype, whereas in the other taxa differentiation is
based on single individuals. Therefore, further individu-
als of different populations will be processed prior to the
final description of the potentially new species.

Results suggest the monophyly of Hydrachnidia and
the previously defined superfamilies, supporting the
findings of Dabert et al. [87]. In contrast to the lat-
ter authors, and possibly due to the inclusion of more
taxa in this study, our data support a Hydryphantoidea
monophylum. However, the corresponding node sepa-
rating Hydryphantoidea and Lebertioidea is poorly sup-
ported in our results and therefore should be further
questioned. Similar to the study of Dabert et al. [87],
we equally observed that cox1 or 28S alone are incapa-
ble of fully resolving phylogenetic relationships. This
phenomenon can probably be caused by mito-nuclear
discordance, which has already been recorded for mites
and other taxa [100, 101] and was reviewed intensively
[102]. Besides this assumption postulating diverging
nuclear and mitochondrial phylogenies, the differ-
ent taxonomic resolution of the two marker regions is
likely caused by the loss of phylogenetic information.
This can be explained by the fast-evolving character of
mitochondrial compared to nuclear DNA and there-
fore faster loss of ancestral polymorphisms in cox1
[102-105]. Arabi et al. [105] showed exceptionally high
mitogenomic rearrangements especially in Chelicerata,
which fosters this assumption. Therefore, we conclude
the necessity of complementing the standard barcoding
marker cox1 with at least one additional genetic marker,
e.g. 28S or 18S rDNA, to investigate species relation-
ships and fully resolve water mite taxonomy.

These findings show that the choice of species identi-
fication markers must be done with caution and should
be adjusted to the research question. For Hydrachnidia,
cox1 serves as a useful marker if solely species identifi-
cation is of interest. If the goal is to assign sequences to
higher taxonomic levels, another locus should be taken
into account. This is also crucial if the aim is to assess the
amount of undescribed species in an environment. Cur-
rently, most metabarcoding approaches are based on cox1
alone [106-109] and few studies investigated the perfor-
mance of alternative loci (e.g. [110-112]). Apart from
the taxon assignment limitations when using cox1 alone,
our findings show that the primer bias problem [36, 111]
needs to be considered when water mites are targeted in
metabarcoding studies as universal cox1 primers show
unsatisfactory amplification performance. This could
potentially be circumvented by using a combination of
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more specific coxl primer sets as has been done in this
study, a better matching universal one or the establish-
ment of a new metabarcoding marker for this taxon. We
were able to show that molecular methods have a great
potential to reveal new water mite species and more
studies are needed to complete barcoding databases and
refine biodiversity estimates. Fundamental knowledge of
species diversity is an essential precondition for imple-
menting water mites in recent monitoring approaches
and use them as powerful bioindicators [113, 114] in
freshwater assessments as for example required by the
European Water Framework Directive (WFD) [115], and
may also offer an opportunity for a more nuanced under-
standing of environmental change impacts on springs
systems.

Looking at spring inhabiting Hydrachnidia species,
our work contributes to the accumulation of species
barcoding data. Our data covers 47.5% of the currently
described 137 spring water mite species in Europe [9]
and covers the most abundant taxa, especially in the
central Alps. Compared to other studies, which inves-
tigate Hydrachnidia diversity by applying morphologi-
cal and molecular techniques in other aquatic habitats
than springs (e.g. [28, 87, 94, 116, 117]), we were able to
include a large subset of different species belonging to
different taxonomic groups including the Proto-, Eu- and
Neohydrachnidia [87]. A relatively high proportion of
morphologically identified species (10.8%) showed to be
more diversified than had been assumed, which indicates
an overall underestimation of Hydrachnidia species rich-
ness in springs and other aquatic habitats. This indicates
that species diversity related research questions such
as host specificity of different water mite species need
to be reconsidered. Hygrobates norvegicus, Partnunia
steinmanni and Ljania bipapillata were shown to have a
rather wide host species spectrum [18, 19]. Considering
our results, which indicate that these three morphologi-
cally described taxa consist of several novel species, the
number of hosts per water mite species could be lower
and reveal a tendency towards high host specificity.

The dispersal abilities of Hydrachnidia highly depend
on the parasitic larval stage that attaches to an insect host
that can carry it to a different habitat and therefore gov-
erns water mite presence or absence in an environment
[2, 13, 118]. Especially in rather isolated freshwater habi-
tats like springs, water mite species dispersal is directly
linked with their specific hosts leading to the conclu-
sion that phylogeographic patterns are shared between
hosts and parasites. Combined with our assumption of
increased host specificity due to the unexpected high
degree of Hydrachnidia species diversification, future
studies on gene flow patterns between water mite
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populations can verify the hypothesis that springs are
isolated island-like habitats for the mites as well as their
insect hosts.

In Europe, 970 water mite species have been recorded
to date [9] and, applying our findings, at least 105 addi-
tional species potentially exist. Due to the fact that
water mite species diversity increases towards southern
parts of Europe [9] we expect an even higher degree of
undiscovered species as our dataset mainly consists of
specimens collected in central Europe. On this basis,
future water mite barcoding projects will be able to
gradually fill the gaps of taxonomic knowledge. This
is an important prerequisite to incorporating modern
species identification and monitoring techniques (e.g.
metabarcoding) in future water mite-related freshwater
and spring assessment studies.

Conclusions

Our aim was to verify and complement the mainly
morphology-based species delimitation of an often
neglected, highly diverse taxon in freshwater ecosys-
tems. Our results show that water mite diversity in
springs seems to be higher than expected. Molecular
methods are largely congruent with morphology and
serve as a species delimitation and identification tool.
They are particularly powerful if species discovery is
the main goal. cox1 as a standard barcoding marker is
useful for identifying Hydrachnidia species but is not
suitable for assigning them to higher taxonomic levels
(e.g. genera, families or superfamilies). This limitation
can be overcome by using distance- and phylogeny-
based multi marker approaches. Our data contributes
to genetic species identification databases by adding
crenobiontic water mite sequences, which is a precon-
dition for implementing modern methods of fresh-
water ecosystem assessment such as metabarcoding
and eDNA species community monitoring in spring
ecology.
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Additional file 3: Figure S2. Initial partition ABGD cox1 output tree.
Shows individuals grouped as putative species delimited by the ABGD
method. Clades indicating more species than the a-priori morphospecies
are marked in red.
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Additional file 4: Figure S3. Recursive partition ABGD cox1 output tree.
Shows individuals grouped as putative species delimited by the ABGD
method. Clades indicating more species than the a-priori morphospecies
are marked in red and differences to the initial partition in blue.

Additional file 5: Figure S4. ABGD output plots of the 285 K2P (A&B) and
p-distances (C&D).
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morphospecies are marked in red.

Additional file 9: Figure S6. 285 RAXML-NG Maximum Likelihood tree
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Abstract

Aim: Alpine spring ecosystems have long been considered as highly isolated, island-
like habitats. This presumption, however, is insufficiently supported empirically and
conclusions about spring isolation have been based on indirect evidence. Therefore,
we investigated the population genomic structure of Partnunia steinmanni Walter,
1906, a strictly spring-dwelling water mite (Hydrachnidia) species, to shed light on the
degree of interconnection among freshwater spring habitats.

Location: Protected areas across the Alps, Central Europe.

Methods: Partnunia steinmanni populations were sampled by hand-net from 12
springs. Population genomic structure was inferred with 2263 polymorphic restric-
tion site-associated DNA (RADseq) loci of 256 individuals. We assessed genomic
admixture, the phylogenetic relationship, isolation by distance, contemporary migra-
tion, effective population sizes, and genetic diversity among individuals from different
springs.

Results: We observed strong genetic differentiation between individuals from differ-
ent springs. Water mites from each spring qualified as well-delimited distinct popula-
tions with only little intra-spring migration, even when these were located in close
geographic proximity. Furthermore, we found subtle shared genetic structure among
springs within the same area, and a southwestern genotype associated with the
Rhéne catchment that extended into eastern populations. Effective population size
estimates and standing genetic variation within springs were generally low.

Main conclusions: Our findings indicate strong insularity of freshwater springs and
headwater areas, likely caused by intra-alpine Pleistocene isolation and limited disper-
sal abilities of strictly spring-bound species like P. steinmanni. Our results support the
concept of spring habitat isolation and highlight the importance of alpine protected

areas to conserve springs as substantial components of freshwater biodiversity.
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1 | INTRODUCTION

Headwater stream sections and particularly springs, so-called crenic
habitats, feature distinct environmental conditions and are inhab-
ited by characteristic species assemblages (Cantonati et al., 2020;
Di Sabatino et al., 2021; Glazier, 2014). As interface ecosystems be-
tween groundwater aquifer and surface streams (Manenti & Piazza,
2021; Stevens et al., 2021), springs show highly heterogenous mi-
crohabitat structures and steep environmental gradients on a small
spatial scale (Di Sabatino et al., 2021; Reiss et al., 2016; Spitale et al.,
2012). Species richness in springs is fostered by this high biological
niche availability and is, among other taxa, extensively described for
Hydrachnidia (Blattner et al., 2019; Gerecke et al., 2018; Pozojevi¢
et al., 2020), Diptera (Lencioni, Marziali, & Rossaro, 2011, 2012),
Ostracoda (Rosati et al., 2017), diatoms (Cantonati et al., 2012; Lai
etal., 2020; Pascual et al., 2020), and fungi (Wurzbacher et al., 2020).

Being biodiversity hotspots (Cantonati et al., 2012; Cartwright
et al., 2020) and given their vulnerability to changing environmen-
tal conditions and human impact (e.g. Levison et al., 2014; Nielson
et al., 2019; Stevens et al., 2021; Woodward et al., 2010), crenic
habitats have increasingly become a focus for conservation research
(Cantonati et al., 2021) aiming at decelerating ongoing biodiversity
loss (Eisenhauer et al., 2019). Particularly alpine drainage basins and
associated freshwater habitats gain attention because of their envi-
ronmental sensitivity (e.g. Beniston, 2006; Gobiet & Kotlarski, 2020;
Rogora et al., 2018) and function as potential refugia for threatened
species (Cartwright et al., 2020). Efforts to monitor headwater envi-
ronments and springs, aiming at discovering changing environmental
integrity, are therefore continuously increased (e.g. Blattner et al.,
2021; Cantonati et al., 2021; Kiiry et al., 2016).

Alpine springs and their associated biodiversity may particularly
be vulnerable, when considered as isolated, island-like systems,
surrounded by a terrestrial matrix that is presumably impermeable
for aquatic organisms (Cantonati, Fireder, et al., 2012; Cartwright,
2019; Fattorini et al., 2016; Glazier, 2014; Von Fumetti & Blattner,
2017). This insularity putatively limits gene flow between popula-
tions, analogous to species on oceanic or sky islands (Rader et al.,
2019; Sekar & Karanth, 2013), an idea introduced as the isolated
tributaries hypothesis in alpine headwater streams (Ward, 1994).
In the sense of classic island biogeography theory (MacArthur &
Wilson, 1967), increased habitat isolation is predicted to negatively
impact immigration, and accordingly the re-colonization rate, thus
fostering genetic bottlenecks (Broquet et al., 2010; Pinheiro et al.,
2017). Consequently, reduction of populations’ resilience through
diminished abilities to adapt to changing environmental conditions
becomes likely (Sgro et al., 2011). Decreasing population size due to
anthropogenic impact may further exacerbate this effect (Elsen &
Tingley, 2015; Shama et al., 2011).

However, conclusions about the degree of isolation of spring
habitats have mainly been based on assumptions derived from com-
munity composition changes within small-scale study areas and thus
are primarily indirect evidence for the interconnection between
habitat patches (e.g. Fattorini et al., 2016; Von Fumetti & Blattner,

1 mm

FIGURE 1 Living Partnunia steinmanni specimen

2017). Studies explicitly investigating spring population intercon-
nection based on genetic structure are still scarce, limited in marker
resolution to few traditional genetic loci, and/or conducted in ex-
treme environments such as deserts dominated by endorheic and
subsurface basins that are difficult to compare to other environ-
ments (e.g. Adams et al., 2018; Myers et al., 2001; Stutz et al., 2010).

To empirically assess alpine crenic habitat interconnection, we in-
vestigated the crenobiontic water mite species Partnunia steinmanni
Walter, 1906 (Figure 1) that exhibits a primarily alpine distribution
area with additional records from the Tatra and Western European
lower mountain ranges (Gerecke, 1993). The genus Partnunia Piersig,
1896 includes in total ten species described from Europe and Asia
(Gerecke, 1996) and belongs to the Hydryphantoidea, a phylogenet-
ically basal water mite superfamily that was recently recognized as
monophylum (Blattner et al., 2019; Dabert et al., 2016; Di Sabatino
et al., 2010). In addition to P. steinmanni, only the species P. angusta
(Koenike, 1893) has been described in Central Europe and assigned
to the genus Partnunia, which exhibits relatively homogenous mor-
phology (Di Sabatino et al., 2010; Gerecke, 1993). Partnunia an-
gusta is restricted to the Alps and northern Prealps and in addition
to springs also appears in spring brooks and low order streams (Di
Sabatino et al.,, 2010). We focused on the strictly crenobiontic P.
steinmanni that shows strong habitat preference for shaded springs
dominated by moss and gravel substrate (Gerecke, 1993). Partnunia
steinmanni were sampled in 12 springs located in different major

protected areas across the Alps, and restriction site-associated DNA
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sequencing (RADseq) was performed. Subsequently, we inferred
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volume of 100 pl. The resulting DNA eluates were quantified with
the Qubit 3.0 fluorometer (Thermo Fisher Scientific, Waltham, USA).
21-22 individuals per population, showing the highest amount of ex-
tracted DNA, were chosen to be further processed, resulting in a
total of 256 P. steinmanni specimens (Appendix S1).

Due to relatively low initial DNA yield (mean + SD: 0.2 + 0.15 ng/
ul, Appendix S1) that was obtained from the water mites, a multiple
displacement amplification (MDA) was performed for each indi-
vidual to increase the amount of DNA. This procedure has proven
to work well for RADseq, without introducing notable genotyping
bias as shown in previous studies (Blair et al., 2015; Cruaud et al.,
2018; De Medeiros & Farrell, 2018). For MDA, the REPLI-g Mini kit
(Qiagen, Hilden, Germany) was applied to each sample with 5 ul of
DNA eluate resulting in 161 + 23.7 ng (mean + SD, Appendix S1)
amplified genomic DNA.

RADseq libraries were prepared following Ali et al., 2016,
using the same 8 bp Hamming-distance optimized barcodes from
Kozarewa & Turner, 2011. Each whole genome amplified DNA ex-
tract was standardized to 300 ng DNA and subsequently digested
with 10 units of Pstl restriction enzyme (New England Biolabs
Inc., NEB, Ipswich, USA), 1X NEB buffer 3.1, and molecular grade
H,O for 60 min at 37°C and inactivated at 80°C for 20 min. The
double-stranded barcode adapters were then directly sticky-end
ligated to the restriction digested DNA with 1 ul T4 DNA Ligase
[400,000 units/ml] (NEB) and 1x T4 buffer (NEB) at 16°C overnight
with subsequent heat inactivation for 10 min at 65°C. After barcode
ligation, 125 ng of DNA from each sample were pooled to 8 se-
quencing libraries (named Ps1-Ps8), containing 32 samples and 4 pg
digested and adaptor-ligated DNA fragments each (see Appendix S1
for detailed library affiliation of individuals). After pooling, libraries
were purified and concentrated with a 1.8X SPRIselect (Beckman
Coulter) bead clean-up and eluted in 200 pl TE low EDTA buffer
(10 mM TRIS-HCL, 0.1 mM EDTA, pH 8).

Cleaned RADseq libraries were then sheared on a Bioruptor NGS
(Diagenode SA, Seraing, Belgium) to a final 200-500 bp insert size
at 4°C with 3 x 3 cycles, each consisting of a 30-s ON and 60-s OFF
period. Appropriate size distribution was evaluated on a Bioanalyzer
2100 system (Agilent Technologies Inc., Santa Clara, USA) using the
high sensitivity DNA kit.

After shearing, RAD fragments containing the biotinylated bar-
code adapters, were physically isolated with Dynabeads™ M-280
Streptavidin beads (Thermo Fisher Scientific) according to manufac-
turer protocol with a final resuspension in 40 ul of 1x NEB buffer 4
(NEB). Due to the Sbfl restriction site containing adaptor sequences,
the RAD fragments were then separated from the streptavidin beads
by performing a Sbfl (NEB) digestion at 37°C for 60 min, followed by
a 1.8x SPRIselect (Beckman Coulter) bead clean-up on the superna-
tant with a final elution in 50 pl of TE low EDTA buffer.

To finalize the RADseq library preparation and incorporate

Numina®

compatible sequencing adapters, the NEBNext® Ultra™ ||
DNA Library Prep Kit for lNlumina® (NEB) in combination with the
NEBNext® Multiplex Oligos for lllumina® (96 Unique Dual Index

Primer Pairs) (NEB) were applied according to the manufacturer

protocol. This resulted in the final libraries having 57.2-77.2 ng/ul
DNA, with each library being tagged by a unique primer combina-
tion. Fragment length distributions of the final libraries were as-
sessed on a Bioanalyzer (Agilent).

Sequencing was subsequently performed by equimolarly pool-
ing all 8 libraries together and applying the pool on 8 lanes of a
HiSeq 4000 System with 150 paired-end cycles (lllumina Inc., San
Diego, USA) by the Genomics Technologies Facility (GTF) (Lausanne,
Switzerland). Nucleotide diversity at the first sequenced bases was
increased by adding 1% bacteriophage PhiX genome (lllumina) in
combination with 9% of a P. steinmanni WGS sample per sequenc-
ing lane. Short read data were uploaded to the European Nucleotide
Archive (ENA) and are available under the study accession number:
PRJEB47010.

2.3 | Raw data preparation, assembly and
SNP calling

Atotal of 4.5 x 107 reads (approximately 5.6 x 108 reads per RADseq
library) were obtained. Quality control of the raw data was per-
formed with FastQC V0.11.8 (Andrews, 2010) and MultiQC V1.11
(Ewels et al., 2016). Remaining NEBNext adaptor sequences were
trimmed from the 3’ ends of the reads with cutadapt V3.4 (Martin,
2011), and all reads were standardized to 100 bp equal length.

To obtain individual-specific datasets, demultiplexing and quality
filtering of the raw data was done with process_radtags, a compo-
nent of the Stacks 2 V2.59 pipeline (Rochette et al., 2019), allowing
one mismatch position in the barcode sequence (Appendix S1) and
requiring an intact Pstl restriction residual. Due to the use of blunt-
end ligated sequencing adaptors, resulting in mixed orientation of
forward and reverse reads, the bestrad option was enabled in pro-
cess_radtags that automatically scans for the barcode sequence on
either read and corrects the orientation.

Following Lucek et al., 2020, ustacks V2.59 (Rochette et al., 2019)
was used to de novo assemble the pre-processed restriction site
flanking forward reads with a minimum stack size of 50 reads, three
allowed mismatches between reads to be associated with the same
stack, disabled gapped-alignment and disabled haplotype calling
from secondary reads. Reverse reads were not included because of
high read overlap due to relatively small final insert sizes (+ 200 bp)
and therefore sequence redundancy. To account for putatively high
interpopulation divergence caused by the large geographic extent
of the study, the assembly was performed separately for individuals
belonging to a specific sampling area resulting in six different as-
semblies. Homologous RAD loci were then identified between the
different assemblies using swarm V3.1 (Mahé et al., 2021), merging
contigs with 97% sequence similarity. Only contigs that occurred in
all six initial assemblies were retained.

Resulting contigs were subsequently filtered for contaminants
by blasting each contig against the NCBI GenBank nucleotide da-
tabase (Agarwala et al., 2018, accessed: 15.3.2021) with the blastn
function as implemented in BLAST+ V2.2.23 (Camacho et al., 2009).
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This yielded 1516 final contigs that were not identified as derived
from extraneous origin (e.g. bacteria, archaea or viruses).

The pre-processed raw reads were then aligned against the de
novo assembly using minimap2 V2.17 (Li, 2018) in short read mode,
and the resulting alignments were converted, sorted, and indexed
with SAMtools V1.12 (Danecek et al., 2021). Next, the mpileup und call
functions of BCFtools V1.10.2 (Danecek et al., 2021) were used with
a maximum read depth filter of 5000 to call a total of 7069 SNPs. This
preliminary genotype dataset was then filtered with VCFtools V0.1.17
(Danecek et al., 2011). Sites with more than 60% missing data, minor
allele frequency of <0.01 and minor allele count of <3, genotype qual-
ity of <Q20, and read depth of <5x and >800x at the individual level
were removed, as well as indel positions. Furthermore, 18 individuals
showing >56% missing data were removed. This approach resulted
in a final dataset of 2263 SNPs for 238 individuals with a mean read
depth of 172x that was used for all subsequent genomic analysis.

2.4 | Population genomic and
phylogenetic inferences

Physical variant linkage pruning was conducted in PLINK V1.90b6.24
(Chang et al., 2015) with a sliding window size of 50 variants, a step
size to shift the window of 10 variants, and a r? threshold of .1 to
obtain a SNP dataset with a subset of markers that are in approxi-
mate linkage equilibrium. Linkage pruning resulted in 1409 SNPs
that were used to infer population structure with Admixture V1.3
(Alexander et al., 2009). Admixture was run assuming between 1 and
20 putative populations (K) and the most probable K was assessed
by the Admixture cross-validation procedure. Additionally, a princi-
pal component analysis (PCA) was calculated in PLINK for the link-
age pruned markers. Both analyses were post-processed and plotted
in RV4.1.0 (R Core Team, 2021).

The relationship among all individuals was assessed with RAXxML
V8.2.12 (Stamatakis, 2014) under a generalized time-reversible
(GTR) model of evolution with optimized substitution rates and
gamma model of rate heterogeneity on the dataset without linkage
pruning. To avoid disconcerting influence of admixed individuals
on the general tree topology (Seehausen, 2004; Shirk et al., 2021),
individuals showing >20% admixture were excluded. Because only
polymorphic sites were used, a Lewis ascertainment bias correction
(ASC_GTRGAMMA function in RAXML) was implemented, and sta-
tistical branch support was evaluated by computing 5000 bootstrap
replicates. The resulting unrooted bipartition tree was visualized in
TreeViewer V1.2.2 (Bianchini, 2021).

Isolation by distance (IBD) was assessed by first computing geo-
graphic distances in km between the sampling location as imple-
mented in the geodist V0.0.7 (Padgham & Sumner, 2021) R package
(Appendix S2). GenoDive V3.05 (Meirmans, 2020) was then used to
calculate pairwise Fq; values between all combinations of P. stein-
manni spring populations (Appendix S3), followed by a Mantel test
(Mantel, 1967) with 20,000 permutations between log transformed
geographic and genetic distance matrices. To further quantify the

amount of genetic variance explained by the spatial structure, we
performed a distance-based redundancy analysis (dlbRDA) as imple-
mented in the vegan V2.5-7 R package (Oksanen et al., 2020) with
the genetic distances (pairwise F¢;) between populations as depen-
dent variable. We calculated Moran Eigenvector Maps (MEMs) based
on the geographic distances between the springs following Borcard
et al. (2018) and Gibson and Moyle (2020) and processed them with
the adespatial V0.3-14 (Dray et al., 2021) R package. Main catchment
areas (Table 1) and MEMs were then included in the dbRDA as ex-
planatory variables to represent spatial structure.

Furthermore, an analysis of molecular variance (AMOVA)
(Excoffier et al., 1992) was calculated with 10,000 permutations
based on pairwise F¢; in GenoDive to assess the level of popula-
tion differentiation. We tested for significant genetic differentiation

among springs within, as well as between different sampling areas.

2.5 | Genetic diversity and demographic estimates
Genetic diversity of the different spring populations, expressed as
expected (H,) and observed (H,) heterozygosity, as well as inbreed-
ing coefficients (G,;) were calculated in GenoDive. We estimated
contemporary effective population size (N,) of P. steinmanni with a
bias-corrected version of the linkage disequilibrium method (Waples
& Do, 2008), by using NeEstimator V 2.1 (Do et al., 2014), assum-
ing random mating and comparing allele frequencies of <0.05, <0.02
and <0.01.

Lastly, recent migration rates between springs were assessed by
implementing BA3-SNPs V 3.0.4 (Mussmann et al., 2019), a modifi-
cation of BayesAss (Wilson & Rannala, 2003) that allows handling of
large SNP datasets. First, we assessed the optimal mixing parameters
for migration rates (deltaM = 0.1), allele frequencies (delta = 0.55), and
inbreeding coefficients (deltaF = 0.0375) by running ten repetitions
in BA3-SNP-autotune V 3.0.4 as recommended by Mussmann et al.
(2019). Subsequently, BA3-SNPs was run with the predefined mixing
parameters for 50 million generations, sampling every 100th genera-
tion. The first million generations were discarded as burn-in and chain

convergence was assessed in Tracer V 1.7.1 (Rambaut et al., 2018).

3 | RESULTS

3.1 | Population genomic structure

The best-supported number of genetic clusters (i.e. lowest standard
error of cross-validation error estimate) identified by Admixture was
12 (Appendix S4), corresponding precisely to the number of sam-
pled springs (Figures 2 and 3a). Overall, each spring thus consisted
of individuals exhibiting a spring-specific genotype. Furthermore,
admixture tended to be slightly more pronounced between springs
within sampling areas, for example between the VA4 and VF3 popu-
lations located in the Swiss NP area or between GSC and KOE in the
Gesause NP (Figure 2).
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FIGURE 2 Genetic structure between sampling areas and location of P. steinmanni populations. The map of the whole sampling area (left)
shows admixture population assignments as pie diagram for each individual, arranged according to springs and displayed adjacent to the
respective sampling area, indicated as red circles. Areas are abbreviated as MENP (Mercantour NP), RBWA (Rifelbord WA), SWNP (Swiss
NP), ABNP (Adamello-Brenta NP), BGNP (Berchtesgaden NP) and GENP (Gesiuse NP). Each colour represents a distinct group assignment
at K = 12. Abbreviations and colours are identical to Figure 3. The excerpts on the right side show the exact locations of the springs within
each of the six sampling areas. The maps were created in QGIS V3.18 with base map tiles by Stamen Design (http://maps.stamen.com), under

CC BY 3.0. Data by OpenStreetMap, under ODbL

Interestingly, however, the genomic background characteristic
for the locus typicus population (RIF) also appeared with differing
extent in several other, sometimes quite distant regions and spring
populations, including in the MOL (Mercantour NP); KOB, KOE and
GSC (Gesause NP); and HIB (Berchtesgaden NP) springs (Figure 3a).

The same applies to VAG and RIS springs in the Adamello-Brenta
NP (Figure 2). However, BRE, which is in close proximity to VAG,
shows only one individuum with minor assignment to the RIF geno-
type. Furthermore, the RIF genotype is completely absent in springs
from the Swiss NP area (Figure 3a).

The sampled P. steinmanni populations in the Swiss National
Park (VA4, VF3 and VA®), as well as the populations located in the
Gesause NP area, show relatively high proportions of individuals
with shared genetic structure between springs (Figures 2 and 3a).

The two leading PCA axes together explained 30.4% of the
total variance, and individuals from different areas were often
separated (Figure 3b and Appendix S5). PC2 mainly separated
individuals belonging to the western populations located in the
Mercantour NP and Rifelbord WA sampling areas from all other,
more northeastern individuals. Individuals belonging to the other
springs were grouped in sampling area-specific clusters by PC1
(Figure 3b).

In line with the admixture and principal component analysis, the
RAXxML inference revealed distinct clades, primarily separating indi-
viduals by springs (Figure 3c). Here, the sampling areas Mercantour
NP and Rifelbord WA clustered more closely together, showing in-
creased relatedness between these westernmost populations.

In contrast to the admixed individuals (Figure 3a), individuals
from the Adamello-Brenta NP show clade association congruent
with the geographic proximity of springs. Likewise, individuals from
the Swiss NP as well as Gesause NP springs branch by geographic
proximity (Figures 2 and 3c). Furthermore, the sprigs located in the
central Alps, Swiss- and Adamello-Brenta NP, seem to be closer re-
lated to each other than to the peripheral sites, although statistical
bootstrap support was weak.

3.2 | Population differentiation and isolation
by distance

The analysis of molecular variance (AMOVA) revealed the
strongest genetic differentiation among the sampling areas,
that is, among national parks (29% of observed variation,
F¢r £ SD = 0.34 + 0.005, p < .001). A significant fraction of the
total variation, however, was also explained by the springs within
the areas (21% of observed variation, Fg; + SD = 0.21 + 0.008,
p < .001). Pairwise Fg; between the geographically closest spring
populations within the Gesduse NP, Swiss NP and the Adamello-
Brenta NP was consistently higher than 0.18 (Appendix S3). In
contrast, genetic variation among individuals within springs was
very low (0.8% of observed variation, Fe; + SD = 0.01 + 0.009,
p < .001). Moreover, we found strong isolation by distance among
the spring populations (Mantel test: r = .66, p < .001), confirmed
by the dbRDA analysis. The four constrained axis of the dbRDA
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FIGURE 3 Partnunia steinmanni population differentiation. (a) Admixture analysis of the spring populations. The putative admixture
population assignments of individuals belonging to different spring populations and areas, arranged from west to east, at K = 12 of the
linkage pruned dataset. Each column represents the genetic background of one spring population. Colour coding and area abbreviations are
identical to Figure 2. (b) Genetic principal component analysis highlighting the genetic structuring between sampling areas. Individuals and
95% confidence ellipses are coloured according to the different sampling areas, which are abbreviated as in (a) and Figure 2. (c) Unrooted
maximum likelihood tree of P. steinmanni spring populations. Bootstrap support based on 5000 replicates is shown as colour-coded branches

explained 51.7% of the total genetic variance and the ordination

revealed a distinct clustering of the genetic distances between

springs by spatial structure, that is, their geographic proximity and

catchment areas (Figure 4).

33 |

Genetic diversity and demographic estimates

Overall, relatively low and homogenous levels of genetic diversity
was observed between springs (mean H, + SD = 0.113 + 0.023;
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FIGURE 4 Distance-based redundancy analysis (dbRDA) of genetic distances and spatial structure. Pairwise F¢; were used as dependent
variables and geographic distances (Appendix S2) as well as the main catchment areas across the Alps were included as explanatory variables
to assess the influence of spatial structure on the P. steinmanni population differentiation. The first two plotted axis explain 31.3% of

the variance and all four constrained axis 56.7%. The catchments (categorial variables) are plotted as centroids and geographic distances

expressed as Moran Eigenvector Maps (MEMs) are shown as arrows

TABLE 2 Genetic diversity and effective population size estimates of P. steinmanni spring populations. For each spring, the sample size
(N), the observed (H ) and expected (H,) heterozygosity and the level of inbreeding (GIS) are given. Average effective population sizes (N,)
with the respective 95% confidence intervals (Cl) are moreover provided (see Appendix S7 for details). Due to infinite Cl, Ne could not be

estimated for population KOB

Spring Protected Area N H,

MOL Mercantour National Park 18 0.134
RIF Rifelbord Wildlife Area 22 0.057
VAG Adamello-Brenta Nature Park 19 0.128
BRE Adamello-Brenta Nature Park 19 0.132
RIS Adamello-Brenta Nature Park 22 0.088
VA4 Swiss National Park 21 0.141
VE3 Swiss National Park 21 0.102
VSé Swiss National Park 21 0.122
HIB Berchtesgaden National Park 21 0.111
KOB Gesause National Park 13 0.128
KOE Gesause National Park 20 0.108
GSC Gesause National Park 21 0.105

mean H, + SD = 0.122 + 0.0273) (Table 2). The RIF spring popu-
lation showed the lowest expected and observed heterozygosity.
Interestingly, RIF and KOB also exhibit increased levels of inbreed-
ing compared to the other populations. BRE, VF3, HIB and GSC
showed no evidence for putative inbreeding. Effective population
size for P. steinmanni was low and on average estimated at 9.9 + 4.3

H, Gis N, [95% Cl]
0.139 0.038 10.7 [10.2; 11.1]
0.075 0.249 18.5 [15.3; 23.1]
0.141 0.093 5.1 [4.8; 5.4]
0.131 -0.006 11.6 [11.1; 12.0]
0.100 0.125 6.2 [5.9; 6.5]
0.150 0.061 6.6 [6.4; 6.7]
0.098 -0.038 121 [11.7;12.5]
0.125 0.021 6.8 [6.5; 7.2]
0.107 -0.037 64 [6.1;6.7]
0.172 0.257 - (=]
0.127 0.148 15.8 [14.3;17.7]
0.096 -0.103 9.0 [8.6; 9.4]

(mean =+ SD) individuals (Table 2 and Appendix S6). Due to infinite
confidence intervals, KOB failed at providing reliable N, estimates,
likely caused by sampling bias due to the low amount of individu-
als processed (Do et al., 2014). The assessment of contemporary
migration revealed very low migration rates (m) between (mean
m + SD = 0.01 + 0.006) and genetic exchange almost exclusively
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Swiss Np

FIGURE 5 Contemporary migration rate estimates between spring populations. Directional migration was calculated by using BA3-
SNP and is represented as arrows, whose sizes are relative to the proportion of migrating individuals and colour-coded according to their
population of origin. Exact migration rates, and accordingly number of individuals relative to absolute population sizes can be seen in

Appendix S7

within springs (mean m + SD = 0.87 + 0.02). Only from VF3 to VA4,
both springs located in the Swiss NP, a slightly higher migration rate
of approximately 6% (m = 0.06; 1.2 out of 21 individuals) occurred
(Figure 5 and Appendix S7).

4 | DISCUSSION

Spring ecosystems have been considered as putatively isolated insu-
lar habitats despite limited empirical evidence (e.g. Cantonati et al.,
2006; Fattorini et al., 2016). To evaluate this concept, we here inves-
tigated the population genetic structure of a strictly spring-dwelling
water mite species within and among protected areas across the Alps.
We show that even geographically close populations of P. steinmanni
exhibit spring-specific genotypes, and vast genetic differentiation
combined with limited inter-spring migration. This provides strong
evidence of restricted dispersal and gene flow, consistent with an
island-like habitat character of alpine spring ecosystems. Low de-
gree of habitat interconnection between springs has already been
inferred indirectly based on macroinvertebrate and spring-related
stygofauna community composition data (Fattorini et al., 2016;
Von Fumetti & Blattner, 2017), springs from extreme environments

(Myers et al., 2001), or species that are not exclusively spring-bound
(Engelhardt et al., 2011). Our study now offers population genomic
support of the idea that alpine spring ecosystems represent island-
like habitats.

Landscape-dependent population structure is, among other
factors, influenced by species-specific dispersal abilities that de-
termine the relevance of putative barriers, such as topographic and
environmental gradients (Garant et al., 2007; Storfer et al., 2010;
Van Buskirk & Jansen van Rensburg, 2020). Springs are known to
harbour diverse species assemblages with different dispersal capac-
ities (e.g. Stevens et al., 2021), including strongly or weakly dispers-
ing taxa (De Bie et al., 2012). Consequently, depending on the study
organism, the degree of geographic isolation may differ, potentially
leading to opposing conclusions about spring interconnection.

In contrast to other spring-dwelling taxa, water mites such as P.
steinmanni show live-stage-dependent dispersal abilities. As larva,
they parasitize insect imagines with differing flight abilities, puta-
tively allowing for effective dispersal, and are as adults restricted to
a single spring (Martin & Stur, 2006; Zawal, 2003). The host species
is, however, potentially impacted by parasite load, which may alter its
flight capacities and consequently restricts its dispersal abilities and
migration distances (Sanchez et al., 2015; Smith, 1988). Water mites
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can thus be considered putatively poor dispersers, and the degree of
habitat isolation in water mites can be expected stronger compared
to efficiently dispersing crenobiontic species. However, clear esti-
mates of the intensity of the impact of parasitism on the host species
in spring ecosystems is not evident and needs further research. In
contrast to the assumed diminished dispersal of hosts and depending
on the respective host species, an unimpaired host dispersal could
appear despite parasitism. Consequently, our results showing spring
insularity putatively also apply to the host species, which in the case
of P. steinmanni consist of at least three insect orders (Plecoptera,
Trichoptera and Diptera) representing the majority of spring-bound,
and even spring-related species (Martin et al., 2009).

The overall population structure suggests a southwestern lin-
eage represented by the populations MOL and RIF that are associ-
ated with the Rhone catchment, with individuals sharing parts of this
genomic background occurring mainly in the geographically close
Adamello-Brenta NP area and to a limited degree in the eastern Alps
(Figure 2). Similar biogeographic patterns have been observed in a
tufa stream adapted Trichoptera species (Engelhardt et al., 2011)
and were shown across the Alps for both, terrestrial and aquatic
taxa, to be associated with post-glacial recolonization from distinct
refugia (Asztalos et al., 2021; Hewitt, 2000; Lucek et al., 2020). In
contrast to that, the Swiss National Park exhibits a unique genomic
setting with only a single individual in the VS6é spring showing some
genetic similarity with the KOE spring of the Gesause NP region.
This may suggest that local topography could have acted as a barrier
and hindered the western lineage putatively originating in the Rhéne
drainage basin from spreading directly northwards; however, denser
sampling of possible contact zones would be necessary to support
this assumption.

Apart from these general patterns, the overall high degree of
genetic differentiation between P. steinmanni populations from dif-
ferent springs (Appendix S3—F4;) may have originated as a result of
many different intra-alpine glacial refugia possibly associated with
main catchment areas, where the species was able to survive locally
during glacial periods and experienced post-glacial isolation due to
limited dispersal capacities, analogous to the alpine caddisfly species
Drusus discolor (Rambur, 1842) (Pauls et al., 2006).

The observed genetic differentiation among springs could also
reflect isolation caused by local adaptation to different microhab-
itats in springs. However, the influence of isolation by distance vs.
isolation by environment on population structure is discussed con-
troversially (e.g. Aguillon et al., 2017; Sexton et al., 2014; Van Buskirk
& Jansen van Rensburg, 2020) and seems to be taxon, environment
and time-scale-dependent. By assessing the correlation between
geographic and genetic distance, we were able to show the pres-
ence of isolation by distance (IBD) among springs. Partnunia stein-
manni is known to be strictly restricted to alpine crenic habitats and
prioritizes a specific benthic microhabitat, that is, gravel-dominated
substrate rich in moss in forest or shaded locations (Gerecke et al.,
2005, 2009). These environmental conditions are shared among all
our sampling sites. Combined with relatively high environmental sta-
bility in springs (e.g. Cartwright et al., 2020; Di Sabatino et al., 2021),

divergent natural selection through environment seems unlikely to
be a strong contributor for the observed population differentiation
observed among P. steinmanni populations. However, the dbRDA
suggested that up to 56.7% of the total genetic differentiation be-
tween populations can be directly explained by spatial structure. It
has been shown that P. steinmanni has a rather broad host species
spectrum with taxa belonging to at least three different insect orders
(Plecoptera, Trichoptera and Diptera) (Martin et al., 2009). Isolation
by population-specific host species preference could thus have fur-
ther shaped the population structure of P. steinmanni. High degree
of association with spring-specific host species assemblages could
potentially lead to a restricted dispersal to springs at close proxim-
ity and consequently foster genetic isolation. The exceptionally low
between-spring migration rates shown by our results strengthen
this assumption. Indeed, a slightly higher migration rate occurred
between VF3 and VA4, where there is a lack of topographic barri-
ers such as mountain massifs between these two springs (Figure 2).
However, to describe additional processes potentially causing the
strong population distinctiveness and isolation of springs and assess
the influence of IBE, further investigations and thorough evaluation
of putative environmental differences between P. steinmanni habi-
tats need to be conducted.

Effective population sizes (N,) were generally low, that is around
10 individuals per population, which is comparable to other para-
sitic Acari (see e.g. Huber et al., 2019). Compared to the census pop-
ulation sizes that can easily exceed tens and even hundreds of P.
steinmanni individuals (e.g. Gerecke et al., 2009; Kreiner et al., 2018),
the estimated N, is relatively low. This may indicate a reduction of
effective population size due to low migration and high isolation
over time, implying a bottleneck scenario with putatively increasing
influence of genetic drift. Consequently, genetic diversity loss and
the possibility of reduced fitness of the species may occur (see e.g.
Broquet et al., 2010; Charlesworth, 2009; Hohenlohe et al., 2021).
Due to re-colonization of the periglacial inhabitable areas, we as-
sume that founder effects could also have induced the relatively low
N, and reduced genetic diversity within springs (see e.g. Montero-
Pau et al., 2018; Peter & Slatkin, 2015). The effect of strong genetic
differentiation among and low genetic diversity within populations
particularly applies for species inhabiting formerly glaciated areas
(Galbreath & Cook, 2004; Pecnerova et al., 2017) and has been
shown for other water mite species (Bohonak, 1999). Suitable esti-
mation of effective population size, however, can be influenced by
sampling strategy (Do et al., 2014; Hare et al., 2011). Especially in
species that show pronounced spatial structure and isolation, single
sample strategies, as N, estimation based on LD, should be validated
by temporal methods including samples of multiple generations
(Neel et al., 2013).

The RIF spring population near Zermatt showed exceptionally
low genetic diversity, and a relatively high inbreeding coefficient
compared to the other springs, that revealed rather homogenous
heterozygosity estimates. We assume that the geographic loca-
tion of Zermatt, surrounded by pronounced mountain massifs, and
therefore, high degree of topographic isolation (see Figure 2) has



BLATTNER €T AL.

potentially driven this pattern. The comparably high N, that was es-
timated for this population may result from the above-mentioned
sampling bias and should be validated by increasing the sample size,
that is number of individuals.

Taxonomically, the description of P. steinmanni has been based
on few individuals from very different geographic locations, includ-
ing the locus typicus in the Rifelbord Wildlife Area near Zermatt,
but also far distant springs in eastern Austria and even outside the
Alps (Gerecke, 1993). The morphological characters of the a priori
morpho-species are considered to be rather variable; thus, the ap-
propriateness of the species delimitation should be questioned (R.
Gerecke, personal communication). Furthermore, intra-species clade
separation has been shown for P. steinmanni by investigating tradi-
tional genetic species delimitation markers (Blattner et al., 2019).
Given the strong population structure, a thorough re-evaluation of
the P. steinmanni morphospecies should be conducted to assess the
possibility of P. steinmanni being a species complex rather than a sin-
gle, well-defined species.

To conclude, our results provide strong evidence for a high
degree of insularity of alpine spring habitats, likely shaped by
Pleistocene isolation in different intra-alpine refugia associated with
main catchment areas as previously shown to be characteristic for
alpine headwater environments. Crenobiontic species with limited
dispersal abilities and low inter-population migration rates such as
P. steinmanni show restricted gene flow, resulting in high genetic di-
versity and the potential for speciation across the Alps. Each spring
and study area contains populations with a unique genetic make-up,
and the loss of individual habitats will directly drive a decrease in
overall genetic diversity. Our work thus highlights the importance
of protected areas, such as National Parks that limit anthropogenic

impact, as archives of genetic biodiversity.
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ARTICLE INFO ABSTRACT

Keywords: Due to a high number of specialized species and unique environmental conditions, alpine spring ecosystems are
eDNA particularly vulnerable to environmental change and human impact. Therefore, the assessment of ecosystem

Bioindicator species integrity through habitat monitoring over long periods of time is of particular importance, especially in protected

qPC,R areas. Bioindication by conventional ecosystem assessment and monitoring includes sampling whole commu-
Spring Ecosystem e . Lo i e . . .
Invertebrates nities and morphological species identification. This approach, however, brings along major drawbacks such as

high invasiveness, low reproducibility, low specificity and is relatively time-consuming. To overcome these is-
sues, we developed a targeted bioindicator species eDNA detection approach for representative freshwater
macroinvertebrate species and compared the results with detection through conventional sampling. Macro-
invertebrates of 15 springs, located in the Swiss National Park and the UNESCO biosphere reserve Engiadina Val
Miistair, were sampled using a hand-net and species were morphologically identified. We selected six spring-
bound species: Hygrobates norvegicus, Partnunia steinmanni, Dictyogenus fontium, Protonemura lateralis, Lithax
niger, and Wormaldia occipitalis and designed novel, species-specific QPCR primers and hydrolysis probes. Spring
eDNA was collected by filtering 1.5 1 water through cellulose nitrate filter funnels and DNA extracts were
screened by qPCR for the selected bioindicator species. Results showed congruence between conventional and
eDNA qPCR-based species detection. The assay targeting L. niger was less sensitive and qPCR performance in
eDNA samples was decreased compared to the other species, indicating the necessity for careful indicator species
choice and evaluation. The newly developed eDNA-based qPCR protocols allow detecting indicator species in
alpine springs and represent a non-invasive, sensitive and specific, cost- and time-effective alternative to con-
ventional biomonitoring approaches. Particularly in protected areas such as the Swiss National Park, the
implementation of indicator species detection in eDNA filtered water samples can be beneficial and fosters
sustainable freshwater ecosystem monitoring and assessment.

Non-invasive

1. Introduction

Alpine ecosystems are highly susceptible to environmental change
(Beniston, 2006; Fait et al., 2020; Gobiet et al., 2020; Korner, 2003;
Mastrotheodoros et al., 2020; Rogora et al., 2018), and the biota of small
water bodies are considered to be vulnerable (Oertli et al., 2007; Rob-
inson and Oertli, 2009; Rosati et al., 2017; Rosset et al., 2010). Highly
adapted species such as spring-dwelling crenobionts and crenophiles
that require oligotrophic and relatively stable environmental conditions
are endangered due to global climate change and anthropogenic impacts
(Cantonati et al., 2020; Glazier, 2014; Reiss et al., 2016; von Fumetti
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E-mail address: lucas.blattner@unibas.ch (L. Blattner).
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et al., 2017). The loss of such unique species communities (Cantonati
et al., 2020; Pascual et al., 2020; Pozojevic et al., 2020) would severely
decrease biodiversity and lead to degradation of ecosystem integrity
(Eisenhauer et al., 2019; Fanin et al., 2018). Assessment and monitoring
of vulnerable ecosystems become increasingly crucial for estimating the
impact of environmental change and informing management strategies
(Gerecke et al., 2011; Harvey et al., 2020; Kiiry et al., 2016; Reiss et al.,
2016). The development of rapid, cost- and time-effective instruments to
assess ecosystem integrity is, therefore, a critical prerequisite advancing
environmental monitoring efforts.

Bioindication by recording the presence or absence of species that
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indicate environmental integrity is widely used as tool to examine the
status quo of ecosystems (e.g., Gieswein et al., 2019; Lencioni et al.,
2020; Thomsen et al., 2012; Wiecek et al., 2013). Particularly freshwater
habitats are assessed on a regular basis with standardized bioindication
methods that have proven to be reliable and reproducible (Gerecke
et al., 2011; Hering et al., 2004; Kuefner et al., 2020; Kiiry et al., 2016;
Moriniere et al., 2017; Robinson and Oertli, 2009). Furthermore, na-
tional governments (e.g., Switzerland: Lubini et al., 2014; Stucki et al.,
2019) and the European Water Framework Directive (European Com-
ission, 2000) have admitted bioindication in freshwater environments as
an official tool to assess environmental integrity. However, conventional
protocols based on direct sampling, preservation and morphological
identification of organisms often require laborious field and laboratory
work and are therefore time and cost-intensive (Machler et al., 2014;
Stein et al., 2014; van der Loos and Nijland, 2020; Watts et al., 2019).
Furthermore, morphological identification is limited to relatively large
specimens in late larval stages (Deiner et al., 2013; Stryjecki et al., 2016;
Sweeney et al., 2011), which leads to the inclusion of by-catch species
without indicative value that do not contribute to the final ecological
assessment (Piper et al., 2019; van der Loos and Nijland, 2020). In
conjunction with sampling methods, as e.g., Surber and kick sampling,
which disperses large amounts of sediment to retrieve as many species as
possible, such techniques can be rather invasive. In small habitats like
freshwater springs, invasive sampling methods cause significant dis-
turbances and, when performed regularly or over more extended periods
of time, may lead to habitat destruction (Beng and Corlett, 2020; Bossley
and Smiley, 2019; Goldberg et al., 2016). Furthermore, undisturbed
habitats without direct human impact, and suitable for environmental
monitoring, can often be found in protected areas like National Nature
Reserves (NNRs) (Robinson and Oertli, 2009; von Fumetti and Blattner,
2016). Paradoxically, invasive and disruptive sampling techniques are
common practice and used to assess ecosystems in such areas despite
their potential negative influence on natural environments.

The development of alternative methods that overcome these
drawbacks have gained increasing attention in studies applying molec-
ular genetic approaches. Collectively, these techniques have multiple
advantages compared to conventional bioindicator sampling (Beng and
Corlett, 2020; Elbrecht et al., 2017; Liu et al., 2020; Weigand et al.,
2019; Zizka et al., 2020). DNA metabarcoding, i.e., high throughput
sequencing of PCR amplified DNA extracted from environmental or bulk
organismal samples and matching resulting sequences against reference
sequence databases of preidentified specimens (Liu et al., 2020), can be
used to identify many species in parallel, including life stages that are
not distinguishable by morphological species identification (Elbrecht
et al.,, 2017). When applied to environmental DNA (eDNA) samples
obtained from filtered water, soil, or sediment instead of bulk macro-
invertebrate samples, no living organisms need to be captured, and
sampling invasiveness is kept minimal (Beng and Corlett, 2020; Her-
nandez et al., 2020; Senapati et al., 2019). However, challenges like
inconsistent species detection efficiencies due to amplification bias or
index jumps (Krehenwinkel et al., 2017; Zinger et al., 2019), incomplete
or misleading sequence databases (Elbrecht et al., 2017; Weigand et al.,
2019), difficulties to reliably quantify species abundances (Beng and
Corlett, 2020; Elbrecht and Leese, 2015), and the need of demanding
expert knowledge can diminish the feasibility and implementation in
applied environmental monitoring projects.

In recent years, targeted quantitative real-time PCR (QPCR) detection
has become a key competence in applied environmental sciences and has
found applications in various fields such as, e.g. pathogen detection in
wastewater (Langone et al., 2020), monitoring the expansion of invasive
species (Adrian-Kalchhauser et al., 2016; Thomas et al., 2019) or
quantifying gene expression and adaptation of species to their envi-
ronment (Evans and Vis, 2020; Zhang et al., 2020). Furthermore, the
detection of rare (e.g., Hernandez et al., 2020; Lor et al., 2020) and
bioindicator taxa (Senapati et al., 2019) through species and
environment-specific qPCR assay establishment gains increasing
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importance in nature management strategies. Targeted species detection
through species-specific qPCR assays can overcome methodological
difficulties of metabarcoding, i.e., primer bias, sequencing costs, and
laborious data analysis and interpretation. Moreover, amplicon
sequencing libraries are usually generated with 30 — 35 PCR cycles (e.g.,
Gleason et al., 2020; Krehenwinkel et al., 2017; Leese et al., 2021),
whereas qPCR assays are commonly conducted with + 40 cycles. This
increases the amplification performance of low copy number target DNA
and consequently the detection sensitivity of low abundand taxa.
Therefore, it can be considered an advantageous approach when aiming
to detect specific species in freshwater environments.

Given the drawbacks of conventional bioindication methods and the
challenges of metabarcoding techniques, we aimed to develop and
implement an operational approach to detect macroinvertebrate bio-
indicator species in protected alpine spring ecosystems. We focused on a
set of six representative species and non-invasive eDNA sampling, thus
avoiding the necessity to sample living individuals or entire spring
communities. The development of a highly specific and sensitive qPCR
approach to detect indicator species in filtered water samples circum-
vents the invasiveness of conventional and laboriousness of meta-
barcoding techniques without losing the ability to assess bioindicator
species presence quantitatively.

2. Materials and methods
2.1. Study sites

The studied springs are located in the southern Swiss Alps as part of
the Engiadina Val Miistair UNESCO biosphere reserve (UBEVM) and the
Swiss National Park (SNP), which is the biosphere core area and clas-
sified as a strict nature reserve (IUCN category Ia). All 15 investigated
springs (Fig. 1, Supplementary data 1: Table Al, and Supplementary
data 7: KML file) are part of a long-term monitoring program that started
in 2019, intending to observe the integrity of spring ecosystems over
time and identify possible impacts of climate change. Therefore, spring
species communities are sampled and assessed annually in summer, and
physicochemical conditions, as well as substrate composition, are
documented by using standardized methods according to Hotzy and
Rombheld, 2008 and Lubini et al., 2014.

2.2. Conventional sampling and indicator species selection

Spring macroinvertebrate communities were sampled in July 2020
by using a hand net (200 pm). Samples were taken at the spring mouth
and not >10 m downstream, including all substrate types according to
their percental occurrence to account for high habitat diversity. Subse-
quently, bulk samples containing sediment and organic material were
separated into coarse- and fine-grained fractions using a wide-meshed
hand net (1 mm). Coarse-grained samples were sorted directly in the
field, and large macroinvertebrates preserved in 100% Ethanol. Both
fractions were separately transferred to a collecting vessel and preserved
with Ethanol (100%) to be transported to the laboratory and sorted
under a stereomicroscope. This procedure allows for optimal preserva-
tion of intact large specimens suitable for morphological identification
and the possibility to screen sediment samples for smaller organisms
that can easily be overlooked, such as small Hydrachnidia species.

Morphological identification was done with a focus on the most
abundant taxa by using widely applied identification keys (Hydrachni-
dia: Bartsch et al., 2007; Di Sabatino et al., 2010; Gerecke et al., 2016,
Plecoptera: Lubini et al., 2012 and Trichoptera: Waringer and Graf,
2011). Target species with < 1 individuals were considered as not
detected to compensate for the influence of stochasticity and accidental
detection (see Supplementary data 4 Tables D.1 and D.6). The resulting
species list reporting presence or absence in all 15 springs was subse-
quently screened for suitable indicator species by aiming at spring-
dwelling species representing the spring fauna of the study area. Due
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to relatively high species diversity, a high number of spring-bound
species, and generally high abundances, we focused mainly on Tri-
choptera, Hydrachnidia and Plecoptera (Cantonati et al., 2012, 2006;
Kiiry et al., 2016). Furthermore, Trichoptera and Plecoptera species are
among other taxa usually targeted in freshwater ecosystem bio-
indication methodologies (Blackman et al., 2019; Bush et al., 2019;
Jourdan et al., 2018; Kiiry et al., 2016) and Hydrachnidia are known to
be exceptionally diverse, with many species that are strictly bound to
springs (Blattner et al., 2019; Gerecke et al., 2018). Therefore, these
species can potentially be used as powerful bioindicators (Di Sabatino
et al., 2003; Gerecke and Lehmann, 2005; Goldschmidt, 2016; Miccoli
et al., 2013). Suitable species were chosen according to different criteria,
namely: High degree of spring specialization, spring type preference,
wide distribution range in the study area, co-occurrence in springs and
indicative value according to existing published (e.g. Blattner et al.,
2019; Nadig, 1942; von Fumetti and Blattner, 2016; Von Fumetti and
Felder, 2014) and unpublished data of the study area. The resulting
subset of species: Lithax niger (Hagen, 1859), Wormaldia occipitalis
(Pictet, 1843), Partnunia steinmanni Walter, 1906 genotype A and
Hygrobates norvegicus (Thor, 1897) genotype B sensu Blattner et al.,
2019, Dictyogenus fontium (Ris, 1896) and Protonemura lateralis (Pictet,
1836) were considered as suitable indicator species and candidates for
the development of the eDNA-based qPCR assay.

2.3. Sequence library construction

Because of the sparsity of spring species DNA sequences in preex-
isting databases, we build a custom sequence library to provide the
genetic basis for qPCR primer and probe design. Due to the advantages
of targeting mitochondrial marker regions for eDNA species detection
(Tsuji et al., 2019), mainly because of higher molecule abundance and
mutation rate compared to nuclear DNA (Goldberg et al., 2016; Han-
dley, 2015), genetic sequence libraries containing Cytochrome c oxidase
I (MT-CO1), mitochondrial cytochrome b (MT-CYB), mitochondrial 12S
(MT-RNR1) and 16S rRNA (MT-RNR2) gene fragments of the target
indicator species and as many co-occurring species as possible were
generated. Several individuals of different sampling locations per target
species were included to address the relatively high variability of
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Fig. 1. Map of the study area showing the
different springs. The location of the Engia-
dina Val Miistair UNESCO biosphere reserve
(UBEVM) within Switzerland is shown in green
colour in the overview that can be found in the
top left part of the map. The highlighted part of
the map shows the Swiss National Park, which
is the core area and most protected part of the
biosphere reserve. The map was created in
QGIS v3.18 with data of the Swiss Federal Of-
fice of Topography, swisstopo, freely available
on https://www.swisstopo.admin.ch.  (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

mitochondrial DNA and the possibility of geographic genetic separation,
which could lead to false negative detection (Arabi et al., 2012; Bergsten
et al., 2012; Boumans et al., 2016; Ketchum et al., 2009; Toews and
Brelsford, 2012; Weiss and Leese, 2016). Crenobiont species are gener-
ally not well studied by molecular methods, and sequence information is
scarce or nonexistent. Therefore, a new set of taxon-specific primer pairs
(Table 1) targeting the four regions of interest were designed by aligning
in-house generated genetic data and sequence information available on
NCBI GenBank, including published Plecoptera (Accession no.:
KF484757, MG910457, MH085453, MK290826 and MN400756), Tri-
choptera (Accession no.: KX385010, MG201852, MG669125 and
MG980616), and Hydrachnidia (Accession no.: EU856396, LC552026,
HQ386015 and MG701313) mitochondrial genomes. The alignments
were computed by the MAFFT (Katoh and Standley, 2013) algorithm
implemented in Geneious Prime 2021.0.3 (https://www.geneious.com),
and all PCR primer pairs were designed by hand, synthesized, and HPLC
purified by Microsynth AG (Balgach, Switzerland). To be able to use
universal sequencing primers for all reactions, amplification primers
were tailed with modified M13 sequences (M13: 5-TGT AAA ACG ACG
GCC AG-3' and M13r: 5-CAG GAA ACA GCT ATG AC-3') (Messing,
1983).

Subsequently, genomic DNA (gDNA) of sampled target and co-
occurring species (Supplementary data 2: Tables B.1 and B.2) was
extracted by using the magnetic bead-based DNAdvance Kit (Beckman
Coulter Live Sciences, Indianapolis USA) according to manufacturer
protocol, with 100 pl elution buffer. All PCR amplifications were per-
formed with 0.25 pl of Phusion™ High-Fidelity DNA Polymerase [2 U/
ul] (ThermoFisher Scientific, Massachusetts, USA), 5 ul of 5X Phusion™
HF Buffer (ThermoFisher), 0.5 ul of 10 mM dNTPs (SigmaAldrich,
Switzerland), 1.25 pl of forward and reverse primers [10 uM each], 5 pul
template DNA and molecular grade H,0 to a final reaction volume of 25
ul. PCRs were run with an initial denaturation of 30 s at 98 °C; 35 cycles
of 10 s at 98 °C, 30 s at primer pair-specific annealing temperatures
(Table 1), and 30 s at 72 °C followed by a final elongation step at 72 °C
for 2 min. PCR products were purified enzymatically with ExoSAP-IT™
(Affymetrix Inc., USA) according to manufacturer protocol, and Sanger
sequenced bi-directionally with the mentioned M13 primers by Micro-
synth AG. After sequence retrieval, raw bi-directional reads were
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Table 1

Ecological Indicators 129 (2021) 107916

Mitochondrial DNA library generation primers designed and used in this study. Oligonucleotide types are abbreviated as F = Forward primer and R = Reverse primer.

Locus Taxon Oligonucleotide Sequence [5' — 3'] App. Fragment Length [bp] Annealing [°C]
MT-CO1 Hydrachnidia CO1_Hy_nF CMAAYCAYAAAGAYATTGGAAC 1000 53
CO1_Hy R GCGAAWACWGCTCCTATWG
Plecoptera CO1_PLF ACAAAYCAYAARGAYATTGGAAC 1500 54
CO1_P1R GRGCTTAAATCCATTGCAC
Trichoptera CO1_Pl/TrF MAAAGAAACTAATGAAYAAACC 1100 52
CO1_Tr R GCRAAWACWGCYCCTATWG
MT-CYB Hydrachnidia CYB HyF CAAATATCYTTYTGAGGRGC 900 53
CYB _Hy R ATGTACATATCGCCCGTC
Plecoptera CYB PLF MAAAGAAACTAATGAAYAAACC 1500 52
CYB PILR CTTATGYTTTCAAAACATATGC
Trichoptera CYB TrF AGGWCAAATATCHTTTTGAGG 900 53
CYB _Tr R TTAAGTTTTCAAAACAAAWGCT
MT-RNR1 Hydrachnidia 12S Hy F GYGACGGGCGATATGTAC 400 60
12S_ Hy R AGCAGTTGCGGTTATACG
Plecoptera 12S PIF YCTACTATGTTACGACTTATCTC 400 53
12S PILR ATTTGGCGGTGTTTTAGTC
Trichoptera 12S Tr F CTACTWTGTTACGACTTRTYTY 500 53
12S_ Tr R ARACTRGGATTAGATACCC
MT-RNR2 Hydrachnidia 16S_Hy_F TTAYGCTGTTATCCCTTARG 1100 53
16S_Hy R AGGTATGARCCCRTTAGC
Plecoptera 16S_P1LF TCTATAGGGTCTTCTCGTC 1000 53
16S_PLR GAGATAAGTCGTAACATAGTAG
Trichoptera 16S_Tr F AGATAGAAACCAACCTGGC 500 53
16S_Tr R GGTYTGAACTCAGATCATG

assembled, remaining primer sequences trimmed and final contigs
checked for the presence of low quality or ambiguous base calls in
Geneious Prime. All sequences are stored and available on NCBI Gen-
Bank under accession numbers listed in Supplementary data 2:
Tables B.1 and B.2.

2.4. In silico development of qPCR primers and probes for selected
bioindicator species

Due to the high specificity and possibility to multiplex several targets
in a single reaction (Rodriguez et al., 2015; Tsuji et al., 2019, 2018), a
hydrolysis probe-based approach was developed by designing indicator
species-specific primer/probe sets. To avoid false positive detections the
sequences generated during the sequence library development (Section
2.3) containing target species sequences (Supplementary data 2:
Table B.1) as well as sequences of co-occurring macroinvertebrates
(Supplementary data 2: Table B.2) were aligned and screened for regions
that are highly specific to the target indicator species but as distinct as
possible from non-target species. The oligonucleotides were designed
according to general recommendations (e.g. Bustin et al., 2020, 2009;
Rodriguez et al., 2015) and with at least two of the oligonucleotides
having at least two mismatches with non-targets as recommended by
Currier et al. (2018). In addition, primers with multiple polymorphisms
at the 3’ end between sequences of target and non-target species were
preferred as this significantly reduces the possibility of unwanted primer
annealing and elongation (Stadhouders et al., 2010; Wilcox et al., 2013).
We aimed at theoretical melting temperatures (Ty,) of primers as close as
possible to 60-65 °C and probes 6-8 °C higher to be able to amplify
different templates with standardized qPCR conditions. Furthermore, an
amplicon length of < 200 bp was preferred because of the high level of
DNA degradation that can be expected from eDNA samples (Machler
et al., 2014; Tsuji et al., 2019; Wood et al., 2020). Several possible
primer and probe sets were designed using Primer3 v4.1.0 (Koressaar
et al., 2018; Koressaar and Remm, 2007; Untergasser et al., 2012) and
adjusted by hand if necessary. All hydrolysis probes were synthesized
with 6-FAM fluorescein at the 5’ end and double quenched with BMN-
Q535 between the 8th and 9th base and at the 3’ end, respectively.
Final qPCR oligos were ordered with HPLC purification and manufac-
tured by Biomers GmbH (Ulm, Germany).

2.5. Invitro oligonucleotide efficiency and specificity evaluation

Evaluation of possible primer/probe sets was performed in several
steps following MIQE guidelines (Bustin et al., 2009), general qPCR
recommendations (Taylor et al., 2019), and suggestions from eDNA-
specific studies (Blackman et al., 2020; Klymus et al., 2020b; Mau-
visseau et al., 2019; Wilcox et al., 2013). First, synthetic standard DNA
templates were generated by ordering the target DNA fragments as
gBlocks™ (Integrated DNA Technologies Inc., ITowa, USA) (Supple-
mentary data 6 Tables F.1), allowing for precise copy number calcula-
tion based on the molecular weight of the DNA fragments supplied by
the manufacturer. A 6-fold 1:5 dilution series of these DNA templates
was prepared to generate standard curves to test the performance of the
designed primer/probe sets. Primer/probe combinations with amplifi-
cation efficiencies < 90% and showing r? < 0.98 were considered sub-
optimal and were therefore excluded.

Specificity was evaluated by designing mock communities consisting
of gDNA of co-occurring species (Supplementary data 2: Table B.2) in
equimolar ratios, resulting in an artificial DNA template containing 0.5
ng DNA of each species. All oligonucleotide sets were tested by ampli-
fying these artificial communities with and without the target species
DNA to test for false positive and false negative detection. Only primer/
probe sets that did not fail to comply with these specificity tests were
considered suitable for the final gPCR eDNA bioindication assay. The
sensitivity of each oligonucleotide set was evaluated by calculating the
limit of detection (LOD) and the limit of quantification (LOQ). For this,
eight replicate amplifications of the 6-fold dilution series were estab-
lished. LOD was considered as the lowest initial amount of target
sequence copies per reaction with 95% detection probability, whereas
LOQ was calculated as the lowest amount of sequence copies per reac-
tion with a coefficient of variation (CV) < 35%, which are commonly
used thresholds (Conte et al., 2018; Klymus et al., 2020a, 2020b). Target
species-specific LOD and LOQ values were calculated using the LOD/
LOQ calculator script published by Klymus et al. (2020a) in R (R Core
Team, 2017).

All gPCR reactions were run on a MIC magnetic induction cycler (Bio
Molecular Systems, Upper Coomera, Australia), using the SensiFAST™
Probe No-ROX Kit (Meridian Live Science, Inc., Tennessee, USA) and
identical amplification conditions. The 20 pl final reactions consisted of
10 pl SensiFAST Probe No-ROX Mix [2X], 800 nM (0.8 pl) forward and
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reverse primer [20 uM each], 100 nM (0.2 pl) hydrolysis probe [10 pM],
5 ul DNA standard template and 3.2 pl molecular grade H20. Reactions
were run using the standard SensiFAST two-step amplification protocol,
with an initial polymerase activation at 95 °C for 5 min, followed by 40
cycles of 10 s denaturation at 95 °C and 30 s of combined annealing and
extension at 60 °C, with fluorescent signal acquisition at the end of each
cycle. No template controls (NTC) containing molecular grade water
instead of template, negative controls with mock communities lacking
DNA of target species, as well as positive controls containing gDNA of
the target species were included as duplicates in each run. The qPCR
baseline threshold was calculated with the MIC software by imple-
menting dynamic baseline correction with a fluorescence cutoff level of
5% and ignoring the first 5 amplification cycles.

2.6. Environmental DNA (eDNA) sampling

Spring eDNA was collected in July 2020, parallel to the conventional
hand-net sampling. At each spring, 1.5 1 water per sample was filtered
through 250 ml Nalgene™ Single Use Analytical Filter Funnels with
0.45 um cellulose nitrate membranes (ThermoFisher Scientific) by using
a Nalgene™ Polypropylene Vacuum Flask (ThermoFisher Scientific)
and a hand-operated vacuum pump. Each sample was composed of six
250 ml sub-samples taken directly at the stream surface between the
spring mouth and 10 m downstream. Subsequently, filters were trans-
ferred to 2 ml safe-lock tubes (Eppendorf AG, Hamburg, Germany) with
tweezers and directly put on dry ice for optimal DNA preservation before
storage at — 20 °C in the laboratory until further processing. We
considered all material that came into contact with the filtered water as
contaminated and discarded it after each sampling. Tweezers were
cleaned before and after each filter transfer by flame sterilization with
100% Ethanol and NaOCl (13%) treatment. We sampled three biological
replicates per spring and included a negative field sample by filtering tap
water brought to the field to test for possible false positive detection
caused by cross-contamination during fieldwork.

2.7. eDNA extraction and purification

Due to the possibility of PCR inhibitor presence in eDNA samples
(Deiner et al., 2015; Jane et al., 2015; Schabacker et al., 2020), we
extracted and purified the DNA captured on filter membranes with the
FastDNA Spin Kit for Soil (MP Biomedicals LLC, Santa Ana, USA), which
involves a powerful inhibitor removal step. To be able to perform
enzymatic cell lysis, which has proven to be beneficial to extract eDNA
(Deiner et al., 2015; Deiner and Altermatt., 2014; Wong et al., 2020),
instead of the initial mechanical bead beating used by default during the
FastDNA Spin Kit procedure, the first steps of the manufacturer protocol
were modified. The filter samples were cut into small pieces and trans-
ferred to 2 ml tubes containing 900 pul ATL (Qiagen, Hilden, Germany)
lysis buffer and 100 pl Proteinase K solution [> 600 mAU/ml] (Qiagen).
All samples were then incubated at 56 °C for 48 h to ensure sufficient
lysis before continuing with the FastDNA Spin Kit manufacturer proto-
col. Purified eDNA was subsequently stored at 4 °C until running the
qPCR assays, and subsequently at —20 °C for long term storage.

2.8. Indicator species detection and inhibitor control

To monitor possible false-negative indicator species detection caused
by qPCR inhibition present in the eDNA templates, we screened all
samples by spiking-in an internal positive amplification control (IPC)
directly into the qPCR reactions. A pre-established, artificial IPC tem-
plate and oligonucleotide set, qPCR DNA Extraction and Inhibitor
Control Cy®5-QXL®670 (Kaneka Eurogenetec S.A., Seraing, Belgium),
was used, and interference of the IPC and the indicator species assays
was evaluated in vitro by amplifying the previously mentioned mock
community assay (Section 2.5) as negative control and target species
gDNA as positive control before continuing with eDNA samples. The IPC

Ecological Indicators 129 (2021) 107916

assay was used according to the manufacturer’s protocol, and a 1:10'000
diluted IPC DNA template was added directly into the reactions to aim
for a quantification cycle (Cq) = 30 — 33.

The IPC evaluation reactions as well as all final eDNA indicator
species detection reactions were run in duplicates in 20 pl total reaction
volume containing 10 pl SensiFAST Probe No-ROX Mix [2X], 800 nM
(0.8 pl) forward and reverse primer [20 uM each], 100 nM (0.2 pl) hy-
drolysis probe [10 pM], 0.2 ul IPC template [1:10'000], 2 ul IPC mix
[10X], 1 uM (1 pl) BSA [20 mg/ml] and 5 ul DNA template. Amplifi-
cation cycle conditions were identical to those in section 2.5, and to
monitor potential technical issues, we additionally included NTC
negative and positive control reactions in duplicates by replacing the
DNA template. eDNA samples that showed qPCR inhibition in the first
screening were additionally treated with OneStep PCR Inhibitor
Removal Kit (Zymo Research, Irvine, USA) that has been shown to work
well for post-extraction secondary cleanup of eDNA (Machler et al.,
2016; Sanches and Schreier, 2020; Williams et al., 2017). To ensure
highly supported positive species detections, only samples with at least 2
out of 3 biological and all technical replicates showing target species
amplification were considered positively detected to minimize the pos-
sibility of false positives (Supplementary data 4: Tables D.1 and D.6).

3. Results
3.1. Conventional indicator species detection

Conventionally sampled and identified macroinvertebrates (Sup-
plementary data 3: Table C.1) showed species assemblages typical of
alpine springs in the area. We recorded 52 Hydrachnidia, Plecoptera,
and Trichoptera taxa and we were able to identify 36 of them
morphologically to species level. Individuals that were either underde-
veloped, highly damaged, or too laborious to identify were assigned to
the highest taxonomic resolution possible. With 15 identified species,
Trichoptera showed the highest species diversity, followed by
Hydrachnidia (11) and Plecoptera (9). The indicator species chosen for
the eDNA assay development showed relatively high abundances (re-
ported in Supplementary data 4: Tables D.1 and D.2), especially
P. lateralis (15 of 15 springs), D. fontium (10 springs), L. niger (10 springs)
and P. steinmanni (8 springs) were widely distributed in the study area.
H. norvegicus B and W. occipitalis showed the narrowest distributions and
occurred in only 2 and 3 springs, respectively (Supplementary data 4:
Tables D.1 and D.6).

3.2. Indicator species targeted qPCR assay development

All final indicator species-specific QPCR primer/probe sets (Table 2)
showed no cross-amplification with possible co-occurring non-target
species, which was tested with the artificially designed mock commu-
nities (Supplementary data 2: Table B.2 and Supplementary data 3:
Table C.1). The newly developed primer/probes and amplification
conditions can therefore be considered as highly specific. Mean ampli-
fication efficiencies of all primer/probe sets were > 90% and R? values
> 0.99, indicating overall good amplification performance (Table 2).
The highest LOD was measured for the Lithax niger oligonucleotide set,
approximately seven times higher compared to D. fontium and P. lateralis
(Table 2). Limits of quantification of the two Hydrachnidia species were
considerably higher compared to other taxa (Table 2). All measured
standard concentrations, efficiencies, and R? values are reported in
Supplementary data 5: Tables E.1.

3.3. eDNA indicator species detection

qPCR targeted assays of the spring eDNA samples showed mean re-
action efficiencies of 80% (L.niger & W.occipitalis), 90% (H.norvegicus B
& P.steinmanni A) and 100% (D.fontium) (Supplementary data 4:
Tables D.1 and D.6). We measured eDNA target fragment presence
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Table 2
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eDNA assay qPCR oligonucleotides designed and used in this study. Oligonucleotide types are abbreviated as F = Forward primer, R = Reverse primer and P =
Hydrolysis Probe. All probes were labeled with 6-fam fluorophore at the 5', BMN-Q535 internal quencher between the 8th and 9th base and BMN-Q535 quencher at the

3’ end.

Species Oligo- Sequence [5' — 3'] Fragment Length  Efficiency [mean + R? LOD [cp/ LOQ [cp/

nucleotide [bpl SD] [mean + reaction] reaction]
SD]
Hygrobates Hn_CYB_F GTTGTGGCCTTGGTCATAAG 124 1.00 + 0.05 0.998 + 15.01 107
norvegicus B Hn_CYBR GGGTTCAATAGGCTTGGC 0.001

Hn_CYB_P AATAACTAGTAGCTGTAAATTTAGCCCTCTT

Partnunia steinmanni  Ps_CYB_F TTGGGATTACAGCTGTAG 83 0.94 + 0.06 0.999 + 18.75 288

A Ps_ CYB_R TGTGGATAATGACTATTATTGA 0.006

Ps_CYB_P TCAGTAAGAAATGCTACCTTAAATCGT

Dictyogenus fontium  Df_ CYB _F GATCTCGCTTTCACCAGC 80 0.97 + 0.03 0.998 + < 4.83 16
Df_CYB R CAGTGTGRAGGTAAAGGCAG 0.001
Df_CYB _P CCTCCATGCCAACGGAGCATC

Protonemura lateralis P1_.CO1_F TTCGGTAACTGACTAGTTCCAT 94 0.90 + 0.02 0.999 + < 6.15 9
P1.CO1 R CAGCTCCATTTTCGACAAGA 0.001
PL_CO1_P TGGAGCTCCAGATATGGCATTC

Lithax niger Ln_CYBF TTAGGGTTAGATTTAGTTCAGTG 154 0.96 + 0.04 0.999 + 38.32 51
Ln_CYB R TGAAATGGGATTTTATCGGA 0.001
Ln CYB_P CTCCATCAAACCGGATCTTCTAACC

Wormaldia occipitalis Wo_CYB_F TTCAGCTATTCCTTATGCA 84 0.98 + 0.04 0.999 + <5.17 20
Wo_CYBR TAGCTATGATAATAAATGGAAG 0.001
Wo_CYB_P TTTGCTATTGAAAATGCCACTT

between 80 mean copies/reaction for Lithax niger and up to 4089 mean
copies/reaction when amplifying Protonemura lateralis eDNA (Supple-
mentary data 4: Tables D.3 and D.5). The inhibitor control assay showed
overall good sample purity. All replicates of samples VS and VA2 showed
no IPC amplification during the first screening, indicating the presence
of PCR inhibition, and therefore the respective samples were purified
with an additional inhibitor removal step. Subsequent IPC amplification
showed successful inhibitor removal.

3.4. Conventional vs. eDNA indicator species detection

Comparison between the two indicator species detection approaches
showed good overall accordance (Fig. 2). The Hydrachnidia species
PL PO1

PO2 P RV

detection of H. norvegicus B and P. steinmanni A is congruent with no
differences between conventional and eDNA detection when excluding
the cases were detection showed low support. For D. fontium and
P. lateralis, a single spring exhibited positive eDNA detection but absence
in the conventional samples. In both cases, conventional sampling
recorded only single individuals (Supplementary data 4: Tables D.5 and
D.6), which were detected with low support due to disagreement with
our dection criterion for bioindication purposes. In two springs (PP and
VF5), W. occipitalis was recorded in the conventional sampling but failed
the criterion of >1 individual whereas the qPCR assay detection passed
the validation criteria and reliably detected the species in the eDNA
samples (Fig. 2). Furthermore, W. occipitalis was recorded by qPCR in
sample TO but only one of two biological replicates showd positive
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Fig 2. Comparison between conventional and eDNA gqPCR bioindicator species detection for 15 freshwater springs in the Swiss National Park. Springs,
where the species detection passed our limit of detection criteria for the conventional or the qPCR assay-based approaches, are indicated in red as detected. Cases
where the species were recovered but the supported detection criteria were not met are shown in yellow as detected with weak support. The third category, in light
green, shows cases that lack a positive detection of the respective species entirely. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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amplification (Supplementary data 4: Table D.4). Lithax niger detection
showed the highest disagreement between conventional and eDNA
qPCR assays. In one out of 15 springs, eDNA detection was positive,
contradicting the conventional sampling that indicated the absence of
L. niger. The qPCR indicator species detection in eDNA samples showed a
higher rate of supported detections (41 out of 90 samples) than the
conventional approach (39 out of 90 samples), indicating higher overall
sensitivity.

4. Discussion

We developed eDNA detection assays for targeting six spring-bound
macroinvertebrate species and compared detection rates with the con-
ventional biomonitoring approach. The target spring species that were
chosen are widely distributed in the Swiss National Park and have been
recorded in previous studies (Robinson et al., 2008; von Fumetti and
Blattner, 2016; von Fumetti and Felder, 2014). All investigated springs
are inhabited by at least 2 of the indicator species belonging to different
taxa. Given the high degree of spring specialization and the presence of
multiple species per spring, we consider this species choice as suitable
for bioindication and monitoring of undisturbed alpine springs, espe-
cially in and around the studied area. Recording the disappearance of
these species during the ongoing spring monitoring projects would show
deviation from the current natural state of the protected spring habitats
and most probably indicate the influence of changed environmental
conditions.

The conventional approach is based on sampling whole macro-
invertebrate communities and morphologically identifying specimens to
species level, which is currently seen as standard spring ecosystem
assessment methodology in Europe (e.g., Germany: Hotzy and Romheld,
2008, Switzerland: Lubini et al., 2014). Furthermore, this method is
traditionally applied in freshwater assessments (Elbrecht et al., 2017).
Morphological species identification of many taxa is restricted to late
larval stages with sufficiently developed characters and intact specimens
(Deiner et al., 2013; Meredith et al., 2019), resulting in relatively high
proportions of unidentifiable individuals. Therefore, our conventional
sampling dataset contained specimens that were assigned to genus or
family level and, especially the identification of Plecoptera species is
often restricted to well-developed larvae (Lubini et al., 2012). Accord-
ingly, specimens potentially belonging to D. fontium presumably have
been assigned to Perloidea Superfamily, and P. lateralis is very likely to
be included in Protonemura sp., resulting in false-negative indicator
species detection. Furthermore, detecting singleton individuals could
potentially lead to false positives due to accidental incorporation of
specimens during field or laboratory work. This, e.g., can arise because
of the occasional occurrence of few individuals in springs that naturally
lack established populations or incorrect morphological identification.
Particularly when analyzing highly abundant species with populations
consisting of numerous individuals, singleton detections should be
addressed and discussed carefully (Meredith et al., 2019). In our case,
we decided to classify them as detected with weak support and therefore
putative false positives, which we consider as appropriate when using
the method for bioindication purposes that directly influence manage-
ment strategies. However, the appropriateness of implementing such a
criterion to validate conventional indicator species detection needs
further research and should be evaluated specific to the method used
and the environment under consideration.

We initially in silico evaluated four different mitochondrial gene
fragments (CO1, CYB, 12S and 16S rRNA) for sequence library genera-
tion and subsequent qPCR primer/probe design. 12S showed high
variability and degree of sequence and length polymorphisms between
and within species leading to a decreased suitability for species-specific
qPCR primer/probe design. In contrast, the 16S fragment dataset was
relatively uniform and, therefore, likewise not ideal. CO1 and CYB,
which we recommend for designing indicator species-specific QPCR as-
says, exhibited the best applicability. The newly designed qPCR primer/
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probe sets reliably amplified target species DNA with high specificity
and sensitivity. Results show that the theoretical limit of detection of
Lithax niger (38.32 copies/reaction) is higher compared to the other
species (e.g., < 4.83 copies/reaction for D. fontium), which could lead to
false negative detection in springs with low abundances but decreases
false positive detection probability. However, if qPCR is used to detect
the presence of indicative species in eDNA, it is not recommended to
entirely rely on theoretical LOD calculations and discard detections in
samples below LOD. This is due to the high specificity of hydrolysis
probe-based amplification detection, and even quantifications below
LOD may be recorded as present (Klymus et al., 2020a).

We generally documented slightly decreased qPCR reaction perfor-
mance applying the same amplification conditions as used during the in
vitro marker development and evaluation compared to filtered water
samples. eDNA is of high complexity and contains various types of re-
action inhibitors, sources of DNA, and DNA degrading compounds that
can influence reaction efficiency (Hunter et al., 2019; Sanches and
Schreier, 2020; Wood et al., 2020). Even though we thoroughly evalu-
ated inhibitor presence in our samples using an IPC and applied sec-
ondary inhibitor removal as recommended when processing eDNA
(Sanches and Schreier, 2020), the decreased reaction performance is
likely to result from remaining inhibitors, degraded, or low amounts of
intact DNA. However, minor performance losses are expected in such
sample types and do not affect indicator species detection (Klymus et al.,
2020Db). In contrast, accurate quantification is directly affected and re-
actions with efficiencies that are not close to 100% should be analyzed
with care if quantification is the main goal (Klymus et al., 2020b; Taylor
et al., 2019). This occured when amplifying L. niger and W. occipitalis
eDNA. Therefore, we do not recommend using these assays if accurate
quantification is of importance. Furthermore, our results show high
quantification variability between sample replicates, e.g. ranging be-
tween 10' and 10° copies/reaction for D. fontium in the VF3 spring.
Therefore, a thorough establishment of standardized spring eDNA
sampling protocols would be crucial to increase the reproducibility of
quantification between sample replicates (Deiner and Altermatt., 2014).

Comparison of both indicator species detection methodologies
applied to the 15 investigated springs showed good overall congruence.
However, as in the example of the PO2 spring, P. lateralis was detected
solely by qPCR and the same was observed for D. fontium in spring VS2b.
In both cases, the conventional species detection was considered nega-
tive due to singleton individuals recorded in the samples, which we
considered as putative false-positives. This contradiction indicates that
either the conventional sampling at this site was biased or that our
criterion of classifying single individuals as false positive detections in
the conventional approach needs to be reconsidered, which would be
adequate for rare species (Meredith et al., 2019). Our experience shows
that generally high numbers of P. lateralis individuals can be found in
springs. Therefore, we assume a biased conventional sampling in this
case. Furthermore, we also recorded the opposite situation, where the
gPCR assay failed at reliably detecting an indicator species compared to
the conventional approach as e.g. L niger results report in VA2 and VF1.
Apart from that, L. niger showed the most discrepancies between con-
ventional and eDNA-based qPCR detection and the most putative false
positives, indicating that the suitability of this species for bioindication
purposes may need further research compared to the other spring in-
vertebrates. The slightly decreased qPCR efficiency could be addressed
by modifying the primer/probe set or testing an alternative target locus
if accurate quantification is requested but with the aim of bioindication
not required. Overall, qPCR detection in eDNA samples showed a
generally higher detection sensitivity when excluding detections with
low support compared to the conventional approach supporting the
robustness of our newly developed assay.

We conclude that detecting bioindicator species through targeted
gPCR in environmental DNA water samples is a an effective tool that can
be used in alpine spring ecosystem assessments. Furthermore, it is a
powerful supplement to conventional methodologies and can overcome
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their relative drawbacks. The main advantage is the possibility to test
the quality of detection rates by biological and technical replication,
performance evaluation, and high specificity, enabling the prevention of
false negative and false positive indicator species detection. Such bio-
indication assays can similarly be developed for various ecosystems
(Beng and Corlett, 2020; Liu et al., 2020; Thomsen and Willerslev,
2015). Especially in freshwater habitats located in protected areas,
eDNA approaches can serve as a completely non-invasive monitoring
tool to investigate ecosystem integrity over long periods of time. As
shown by our results, one of the major challenges when developing
targeted eDNA detection assays is the choice of suitable indicator species
that should be based not only on the organism’s ecological prerequisites
but also on qPCR specific aspects and a thorough method evaluation.
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Chapter V

General Discussion and Conclusion

Despite the scarcity of supporting empirical data, the assumption of a high degree of
habitat isolation among springs has been one of the main arguments to consider springs as
vulnerable ecosystems and promote their importance for landscape management and nature
conservation (Cantonati et al., 2012; Davis et al., 2017). Therefore, one primary aim of this
thesis was to provide conclusions on the degree of spring habitat interconnection by inferring
the population genomic structure of a strictly crenobiontic species, the water mite Partnunia
steinmanni. Compared to other taxa, water mites qualify for this purpose because of their high
degree of spring habitat preference and evolutionary background that may have favoured
speciation in springs (Dabert et al., 2010, 2016; Walter & Proctor, 2013; Gerecke et al., 2018).
Furthermore, they exhibit rather weak dispersal abilities with migration limited to a phoretic
phase during the parasitic larval stage (Di Sabatino et al., 2003; Walter & Proctor, 2013).
Pioneer investigations on spring habitat isolation in Chapter III were therefore conducted on a
system likely to reveal putative population isolation, an ideal baseline to further research spring
interconnection including more actively dispersing species.

Water mites, however, are rather understudied and molecular methods as well as basic
evolutionary insights into that taxon need to be developed first to enable more advanced
investigations. Therefore, I assessed the mainly morphology-based species description and
delimitation with molecular genetic methods, re-evaluated basic aspects of water mite
taxonomy by phylogenetic placement and developed a genetic species identification database
for the most abundant European spring water mite species (Chapter II). Results showed good
overall congruence among genetic vs. traditional methods and fully supported the initially

assumed taxonomical classification. In congruence with the phylogenetic inferences conducted
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by Dabert et al. (2016), results strongly support the monophyly of Hydrachnidia with a new
broad empirical data set. Additionally, the Hydryphantoidea are shown to be monophyletic and
its members presumably share a common ancestor, which was questioned until recently (Dabert
et al., 2016). Supplementary to these findings, the phylogenetic and distance-based clustering
of specimens revealed hidden genetic diversity, indicating species putatively new to science
and an underestimation of spring water mite diversity. The final description and definition of
the newly discovered genotypes as distinct species, however, needs extended sampling,
thorough morphological examination as well as an assessment of the species-specific
autecology and contact zones to separate high intraspecific divergence from speciation
processes in each particular case (see e.g., discussions in Harvey et al., 2019).

Among populations morphologically attributed to Partnunia steinmanni sensu Di
Sabatino et al. (2010), two different genotypes (here called A and B) could be identified. The
investigated specimens belonging to P. cf. steinmanni B showed a rather northern distribution,
and genotype A was dominant across the Alps in populations located in the Swiss National
Park, the Adamello-Brenta Nature Park and around Zermatt in Switzerland. Furthermore, clade
A showed to be more closely related to the crenophilous/rhithrobiontic Partnunia angusta
(Koenike, 1893) that exhibits a manly alpine distribution area (Di Sabatino et al., 2003, 2010),
indicating potentially two reproductively isolated species, an alpine (= genotype A) and a
northern species (= genotype B). Partnunia steinmanni not only exhibits high genetic diversity,
alpine distribution and high degree of spring restriction, but also belongs to Hydryphantoidea,
a monophyletic water mite superfamily that is known to be phylogenetically basal and therefore
can be assumed to represent a broad time scale of evolutionary events (Dabert et al., 2016;
Blattner et al., 2019 and references therein). Partnunia steinmanni populations across the Alps
were then sampled, and the population genomic structure was investigated (Chapter III) to

contribute to the understanding of alpine springs as insular habitats (Von Fumetti & Blattner,
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2017). The strong genetic distinctiveness that was revealed, finally showed a high degree of
population isolation and therefore isolation of springs, presumably over a relatively long period
of time. With these results, I was able to support the original presumption of the island-like
character of springs. Furthermore, my results revealed an underestimation of species richness
and also showed that springs can exhibit a high degree of genetic distinctiveness, which is the
basis of reproductive isolation and therefore enables further speciation over time (Harvey et
al., 2019; Rader et al., 2019).

Increasing anthropogenic influence on springs can be expected and as shown in Chapter
I, direct impact such as decreasing spring discharge due to groundwater overuse as well as
indirect, human-induced climate change effects threaten natural spring ecosystems. To
effectively monitor potential species loss and consequently decreasing environmental integrity
of spring biodiversity hotspots (see Chapter II and III), I developed a set of qPCR assays to
detect alpine spring-dwelling species in eDNA water samples (Chapter IV; Blattner et al.,
2021). The detection of bioindicator species in eDNA samples circumvents many substantial
drawbacks of conventional methods (Elbrecht et al., 2017; Blackman et al., 2019) and the non-
invasive and cost-effective character of an eDNA qPCR approach can be seen as highly
beneficial, especially when applied in protected areas such as National Parks. With the
developed method, specifically the chosen Hydrachnidia, Trichoptera, and Plecoptera species
can be detected. Such an approach, however, is not suitable to assess and monitor overall
biodiversity and for that purpose needs to be supplemented with traditional as well as eDNA
metabarcoding techniques (e.g., Taberlet et al., 2012; Leese et al., 2021). Despite a gradual
growth of available sequence data, one major challenge would be developing reliable genetic
species identification databases (Thomsen & Willerslev, 2015; Weigand et al., 2019; Beng &
Corlett, 2020) for alpine spring species. In addition to the water mite identification sequences

provided (Chapter II), many other taxa still lack dependable references.
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In conclusion, I provided novel insight into the genetic species delimitation,
identification, phylogeny and diversity of spring-dwelling water mite species. For the first time,
I empirically showed that alpine springs are strongly isolated biodiversity islands with a high
potential for ongoing speciation processes. Furthermore, I developed new eDNA spring
bioindication assays to non-invasively monitor and assess ecosystems integrity. In addition to
the conceptual contributions to crenobiology, the different studies conducted in this doctoral
thesis also provide empirical data and new methodological approaches to advance further
acorological research, a scientific discipline that is underestimated although having high
potential to shed light on complex interactions between various environments, ecosystems, and
its biota.

As presented in the general introduction, freshwater spring ecosystems and the species
characteristic for these habitats show a relatively long history of scientific research and have
been studied intensively. Despite this substantial base of knowledge and the data as well as
conclusions that I was able to contribute, many open research questions, such as the
evolutionary context of spring adaptation and specialization, still remain unanswered. Main
challenges are, among others, the complexity of interactions among the diverse spring species
and environmental conditions. The concept of “Ecohydrogeology* proposed by Cantonati et
al. (2020) and defined as “The unifying, synthetic scientific field integrating the approaches of
ecology and hydrogeology in the study of groundwater-related ecosystems, habitats,
organisms, and socio- cultural processes to advance understanding, stewardship, and policy”,
describes the different spheres that need to be taken into account to holistically understand
springs. As shown in this Ph.D. thesis, each of these entities, however, needs to be studied

separately to provide the knowledge necessary to advance crenobiology.
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